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Abstract 

 
              Soybean is one of the leading oilseed crops in the world and is showing a 

remarkable surge in its utilization in formulating animal feeds and supplements. Its 

dietary consumption, however, is incongruent with its existing industrial demand due 

to the presence of anti-nutritional factors in sufficiently large amounts. Phytic acid, in 

particular, raises concern as it causes a concomitant loss of indigestible complexed 

minerals and charged proteins in the waste and results in reduced mineral 

bioavailability in both livestock and humans. Reducing the seed phytate level thus 

seems indispensable to overcome the nutritional menace associated with soy grain 

consumption.  

              To conceive our objective, we designed and expressed an inositol poly-

phosphate 6-/3-/5-kinase gene-specific intron-containing self-complementary hairpin 

RNAi construct in the seeds of Pusa-16 soybean cultivar. Inositol polyphosphate 6-/3-

/5-kinase is a multifunctional kinase which catalyzes the formation of inositol 

pentakisphosphate, the immediate substrate of PA biosynthesis. Due to a broad range 

of substrate specificity, it plays a pivotal role in regulating the cellular phytic acid 

turnover and is therefore conceived to be the most appropriate target for effective seed 

phytate reduction.  

              We subsequently conducted a genotypic, phenotypic, and biochemical 

analysis of the developed putative transgenic populations and found low phytic acid 

levels, moderate accumulation of inorganic phosphate and elevated mineral content in 

some lines. These low phytic acid lines did not show any reduction in seedling 

emergence and displayed an overall good agronomic performance, thus, proving to be 

a successful attempt.  
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Chapter 1 
Introduction 

 

1.1 General Introduction 

 

The soybean crop, since the twentieth century, has achieved a global status owing to 

its superior quality protein and oil rich in healthy fats. Popularly known as the ‘golden 

bean’ or ‘miracle bean’, soybean is an exceptionally nutritious, low glycemic index 

crop which provides all the essential factors crucial to support human growth and 

development. Soybean, as an industry, is showing rapid expansion globally. Essential 

to livestock feeding, soy has become an integral part of our diet as well. Scientists 

around the world are learning new methods to extract a variety of products from 

soybeans for human food, animal feed, and industrial applications. Annually, around 

85% of the global soybean produce is turned into oil and meal [1]. Majority of the 

meal (~98%) thus derived is converted to animal feed.  The use of soy meal is popular 

in livestock feed due to its year-round availability, low-cost and consistent high-

quality nutrition. The remaining meal is used to prepare soy flour and products 

including tofu, soy milk, soy sauce, textured vegetable protein, soy protein isolates 

and concentrates and fermented foods such as natto, tempeh, etc. Soybean holds the 

first rank amongst oilseed crops in its production, with a world produce of 333.219 

million metric tons during the year 2016-2017. Most of its oil fraction is used directly 

for cooking and in the food industry for manufacturing products such as vegetable 

shortening, dressings, sauces, mayonnaise, etc. The remaining oil fraction is used for 

resins, pharmaceuticals, cosmetics, biodiesel and more. According to World Wildlife 

Fund, soy is expected to fulfil about 10% of EU’s biofuel demand by 2020. 
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Despite the facts presented above, the true potential of soy to fulfil nutritional 

requirements in humans and non-ruminant livestock has not yet been explored as they 

are unable to digest a few compounds accumulated throughout the development and 

maturation of its seed [2]. In this process, developing soybean seeds accumulate a 

principal phosphorus (P) storage compound, phytic acid (PA) which accounts for 

approximately two-thirds of total seed P. Due to its chemical structure, PA precipitates 

in protein storage bodies in the form of mineral salts especially with iron (Fe), zinc 

(Zn), magnesium (Mg), potassium (K), calcium (Ca), manganese (Mn), etc. to form 

phytate salts. During germination, these phytate reserves are hydrolyzed by phytase 

enzymes to remobilize the stored P and other minerals in order to support seedling 

growth. Paradoxically, the function that makes PA valuable to the plants constitute 

antinutritional character for non-ruminants that feed on the grains enriched with it. 

Monogastrics due to a lack of endogenous phytase in their gastrointestinal tract, fail to 

process these phytates and thus compromise their mineral bioavailability [3-6]. To 

compensate for their nutritional P requirement, a common practice is to supplement 

the feeds with nutrient P or phytase [7]. However, a very small amount of it is 

effectively absorbed by the animals. On the other hand, the phytate that remains 

undigested is eliminated in the animal waste which is reintroduced to the agricultural 

fields in the form of manure [8]. P and other nutrients in runoff from these fields 

accelerate eutrophication of surface waters and contribute significantly to water 

pollution [9, 10]. Thus, besides having a negative impact on nutrition, PA also results 

in serious environmental implications. These reasons, therefore, developed a 

significant interest of the scientific community to alter phytate production in the 

soybean crop. 

Different strategies have been devised to overcome the effects of seed-derived PA. 
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Approaches as simple as following certain food processing and preparation techniques 

[11] to dietary supplementation with minerals [12, 13] and phytases [14-18], mutation 

breeding for impaired phytic acid biosynthesis [19], have proved useful to a certain 

extent. Golovan et al. [20] genetically modified pigs to produce heterologous phytases 

in their salivary glands. Crops have been genetically engineered to overexpress 

phytase [21, 22], reduce PA biosynthesis [23, 24], or target its transport and storage 

[25]. Of all these strategies, engineering crops is the most versatile and cost-effective 

alternative to achieve PA reduction in food grains. One of the most popular transgenic 

approaches is to generate plants over-expressing phytase enzyme in their seeds. 

However, the efficacy of this approach is limited by two main factors, first, loss of 

recombinant phytase activity in soil due to modification of its biochemical properties 

[26] and immobilization by adsorption [27], second, co-suppression induced silencing 

of phytase triggered by multiple gene copies [28]. Therefore, research on another 

major transgenic approach of targeting PA synthesis or its transport began increasing. 

This approach, however, demands strategic planning to produce desired outcomes. 

Previous studies have shown that perturbing either PA biosynthesis during early stages 

or its transport and storage post-synthesis both produces many downstream impacts 

that ultimately result in reduced plant performance, yield and nutritional quality [19]. 

It may thus suggest that engineering low-phytate trait by targeting PA synthesis during 

later stages may be prudent to avoid these negative impacts. 

Tremendous efforts are currently being invested in developing genomic tools for 

transgenic enhancement of crops. The most recent technology of gene silencing called 

RNA interference (RNAi) has revolutionized customization of gene knock-downs. 

RNAi offers great advantages over previously discovered technologies of antisense-

mediated silencing and co-suppression owing to its specific silencing, thus higher 
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efficiency and rapid screening [29]. It uses small double-stranded RNA molecules 

(dsRNA) to target the degradation of homologous mRNAs [30]. Various methods of 

introducing dsRNA into plant cells to successfully activate the RNAi pathway have 

been studied [30-35]. Tissue/organ-specific RNAi vectors have recently been proven 

useful to enable spatial control of gene silencing resulting in negligible interference 

with the plant life cycle.  

Keeping in mind the above mentioned, in order to develop low PA (lpa) soybean, we 

propose to engineer its metabolic pathway by regulating three major factors viz. the 

selection of an appropriate target gene, the use of a specific promoter, and the 

deployment of an efficient gene silencing approach. For successfully engineering the 

lpa trait, firstly, we decided to select inositol polyphosphate 6-/3-/5-kinase (GmIPK2), 

one of the late PA pathway enzymes as our target gene. It is a promiscuous kinase 

which participates in sequential phosphorylation of inositol polyphosphates, i.e.,      

D-myo-inositol 1,4,5-trisphosphate to D-myo-inositol 1,3,4,5,6-pentakisphosphate. 

Owing to this multiple substrate specificity, GmIPK2 play a lead role in regulating the 

turnover of cellular PA levels. We, therefore, believe that if we perturb PA synthesis at 

this particular step, we can achieve a high reduction in PA levels. Once we confirmed 

GmIPK2 as the gene target, we decided to use vector-based RNAi technology in order 

to achieve its efficient silencing. We considered two major factors in designing the 

RNAi construct, first, the type of effective small interfering RNA (siRNA) and 

second, the control excised on its expression. To efficiently produce siRNAs, we 

designed and introduced GmIPK2 specific intron-spliced hairpin transgene in our 

silencing construct. Smith et al. [31] proved that inverted repeat self-complementary 

sequences linked by an intron are almost 100% effective in triggering RNAi. 

Thereafter, many research groups working with plants used hairpin RNA expression 
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vectors to successfully silence the corresponding target genes. Several siRNA 

expression vectors are commercially or publicly available. To express our transgenic 

hairpin RNA cassette, we chose a vector containing vicilin storage protein gene 

promoter with the aim to restrict PA perturbations only to phytate-accumulating seeds 

(since soybean cotyledon contains 90% of the seed phytate [36]). The seed-specific 

suppression of GmIPK2 gene has the potential to avoid unintended effects on normal 

plant phenotype, and may thus result in lpa lines with a good overall performance and 

yield. Therefore, we based our hypothesis keeping in mind the same. 

 

1.2 Hypothesis  

 

The suppression of GmIPK2 gene in the seeds of soybean cv. Pusa-16 would result in 

reduced PA accumulation and, a corresponding increase in available phosphorus and 

some PA bound minerals.   

 

1.3 Objectives 

 

1. Isolate inositol polyphosphate 6-/3-/5-kinase (GmIPK2) gene from cDNA of 

developing soybean seeds and perform its characterization by in silico analysis, 

homology modeling and molecular docking simulation.   

2. Design a GmIPK2 specific self-complementary hairpin RNA construct, capable of 

expressing under the control of a seed-specific promoter and perform cotyledonary 

node transformation of soybean with Agrobacterium tumefacians harbouring the 

RNAi construct to generate lpa transgenics. 

3. Perform molecular screening of putative transgenic lines and conduct their 

biochemical and morphological traits analysis.  
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Chapter 2 
Literature Review  

 

2.1 Soybean 

 

2.1.1 Origin, classification, and cultivation  

 

Soybean, Glycine max (L.) Merr. is a member of the large botanical family of 

legumes, namely Leguminosae or Fabaceae. It originated in Southeast Asia, first 

domesticated by farmers in China from where its cultivation spread to Japan and 

Korea. Centuries later it was introduced to the Indian sub-continent and even later to 

the Americas and Europe. It is now a major crop in the United States, Brazil, 

Argentina, China, and India. Currently, India stands fifth in world soy production. 

Soybean is adaptable to varied agro-climatic conditions though its growth is optimum 

in a subtropical climate with mean temperatures between 20 to 30°C and soils rich in 

organic content such as alluvial soil. Glycine max is the cultivated variety of soybean, 

that belongs to the subgenus Soja of genus Glycine Willd, with a chromosome number 

2n = 40 and an estimated size of approximately 1.1 Mbp/1C [37]. It is an annual 

species having several varieties with different characteristics viz. flower colour, seed 

colour, seed size, seed shape, seed hilum colour, plant height (cm), plant growth type, 

hypocotyl anthocyanin pigmentation, etc. The plant generally grows to a height of 20-

180 cm, bear white or purple flowers and form clusters of pods in the leaf axils which 

usually contain 2-3 seeds with a yellow, green, brown, or black hull. The roots bear 

nodules formed by Rhizobium japonicum which fix nitrogen from the atmosphere into 

the soil in order to stimulate plant growth. Mature seeds with less than 14% moisture 

content is harvested typically 90-100 days after they are planted. However, the harvest
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depends upon several factors such as variety, date of plantation, growing regions, 

local weather, etc. Generally, an active harvest is done during October and November. 

 

2.1.2 Biochemical composition  

 

Soybean due to its exceptional nutritional composition has immense prospects to 

facilitate food security and prevent malnutrition in developing (undernutrition) and 

developed (over-nutrition) countries.  

 

2.1.2.1 Nutritional highlights 

 

Protein (40-42%) and oil (18-22%) are the two major seed constituents that make 

soybean a significant crop. However, their percentages are influenced greatly by 

genetic as well as environmental factors. Its high-quality protein often referred to as a 

complete protein holds a Protein Digestibility-Corrected Amino Acid Score (PDCA 

AS) of one which is equivalent to animal protein (meat, eggs, and casein) and thus 

reflects its importance as a plant protein in human growth and health. Some unique 

peptides in soy (defensins, glycinins, conglycinins and lunasin) are known to have 

health-promoting effects including improved blood pressure and blood sugar 

regulation, better immune function, etc. The raw bean oil is rich in unsaturated fatty 

acids with 95% present as polyunsaturated fat, mainly linoleic acid and is a rich 

source of sphingolipids. The oil also contains phytosterols which can be converted 

into steroid hormones. Besides protein and oil, carbohydrates also account for a major 

30% of dry bean weight. The majority of soy carbohydrates are insoluble complexes 

that constitute a good source of dietary fibre and thus make the whole beans very low 

on the glycemic index. The soluble carbohydrates have prebiotic properties that help 

promote a healthy gut microbiota. Soybeans are packed with essential minerals and 
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vitamins including iron, phosphorus, potassium, manganese, molybdenum, copper, 

zinc, magnesium, vitamin C and several B vitamins, particularly thiamine and folate. 

In general, 100 g of raw soybeans supply 446 kcal energy, 36 g protein, 20 g total fat, 

30 g carbohydrates, and 9 g water.  

 

2.1.2.2 Anti-Nutritional factors  

 

Raw soybean seeds contain several biologically active factors which cause 

physiological damage when consumed over a long period of time. These factors with 

anti-nutritional (ANFs) properties include PA, proteinase inhibitors (trypsin and 

chymotrypsin inhibitors), alpha-amylase inhibitor, goitrogens, urease, lathyrogens, 

tannins, saponins, glycinins, hemagglutinin, etc. Some ANFs can be destroyed or 

inactivated by proper physical and chemical treatment methods or reduced to safer 

levels while others are unaffected by the current methods applied commercially. 

Amongst the humungous ANFs listed above, PA particularly summons our attention 

as it impairs the bioavailability of essential mineral nutrients particularly P in humans 

and animals who depend on soybeans and many soy-containing products and subject 

them to a higher risk of deficiencies of these minerals.  

 

2.2 Phytic acid 

  
2.2.1 Structure and function 

 

Hartig in 1855 [38] discovered PA in tiny non-starch grains from several plant seeds. 

PA is a major component of mature seeds constituting around 1-5 percent of its dry 

weight. It functions as a reserve material for P accounting for 60-80 percent of total 

seed P [39, 40]. The distribution of PA in seeds and grains varies in monocot and dicot 
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plants. In monocots, such as rice, PA is concentrated in the germ or aleuronic layer 

and only traces are found in the endosperm whereas in dicot seeds such as soybean, 

PA is mainly found in the cotyledon. During seed development, the PA is accumulated 

with other seed storage compounds within globoid inclusions dispersed all through 

the cotyledon in case of dicots [41, 42]. Factors such as genetic variation, 

environmental fluctuations, and growing conditions can affect the PA content in 

mature grains [43]. Apart from seeds, it is found in different plant organs including 

roots [44], leaves [45], tubers [46], pollen, fruit etc in amount relatively low when 

compared with that in seeds and grains.  

PA, also known as myo-inositol hexakisphosphate (InsP6), is the hexaphosphoric ester 

of hexahydric cyclic alcohol myo-inositol (Figure 2.1). For many years during the 

twentieth century, its structure has been intensively discussed in the chemical society 

[47]. In mature plant seeds, PA due to its anionic nature exists in the form of complex 

mineral salts known as phytin [42] and in some cases, bind to proteins and starches.  

 

 

 

 

 

 

 

 

 

 

Figure 2.1: Chemical structure of phytic acid. 
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In seeds, phytin serves: 1) as a reservoir of P, 2) as a storehouse of energy, 3) as an 

adversary for adenosine triphosphate production through phytin biosynthesis at seed 

maturity, 4) as a chelator of bivalent mineral cations required for regulating cellular 

processes, and 5) to modulate the level of inorganic phosphorus (Pi) in the seeds [48]. 

It supports seedling growth during germination by undergoing phytase degradation to 

fulfil the above-stated functions. Research over the years has shown that PA pathway 

enzymes and metabolites play regulatory roles in cell signalling [49, 50] and plant 

processes including membrane trafficking [51], stress response [52-54], P homeostasis 

[55], photomorphogenesis [56], and mRNA nuclear export [57]. 

Besides plants, PA is a ubiquitous cellular component in almost all the mammals 

where it performs numerous regulatory functions [58]. It plays an important role in 

regulating cellular apoptosis [59, 60], imparts neuroprotection [61], and function as an 

enzyme cofactor [62]. Investigative research in yeast have suggested that it also play 

an essential part in nuclear export of mRNA [63], DNA repair [64], and regulation of 

chromatin structure [65, 66]. PA has strong antioxidant properties with the potential to 

alleviate the risk of certain types of cancers [67]. It also finds applications in reducing 

the risk of cardiovascular diseases, osteoporosis, diabetes and reducing menopausal 

symptoms [68]. For these reasons, speculating the role of dietary phytate in human 

health and nutrition is of foremost concern.  

 

2.2.2 Anti-nutritional properties 

 

There is growing interest in seed PA due to its significant role in influencing human 

health and nutrition. Studies have shown that phytate in humans and animals affects 

nutrient bioavailability. The deplorable effect can be accounted to its chemical 

structure which provides 12 reactive sites (replaceable protons). Six of these sites 
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are strongly acidic in nature [69] and carry a negative charge at the physiological pH 

which makes it capable of binding polyvalent mineral cations such as Zn
2+

, 

Fe
2+

/Fe
3+

, Ca
2+

, Mg
2+

 into stable complexes (Figure 2.2) [70-75].  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2: Interaction of phytic acid with mineral cations, protein, and starch.   

 

These complexes are highly insoluble in nature and are readily hydrolyzed by 

phytases [5]. Since monogastrics lack phytases in their digestive tract, they show 

poor PA digestibility [70, 76]. This consequently diminishes the nutritive value of 

the seeds by restricting the release and hence bioavailability of P and other bound 

minerals. For this reason, mineral deficiencies are often observed in populations 

which rely on cereal and legume as staple grains [77]. Iron and zinc contribute to the 

most widespread PA associated micronutrient deficiencies often referred to as 

„hidden hunger‟ (UNICEF, 1990). Amongst the number of cases of rickets reported 

in people belonging to Pakistan, Northern India, Iran, etc., a strong correlation was 
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discovered with their diets rich in PA particularly in the form of chapatis [78-80].  

In addition to chelating important minerals, PA also binds positively charged terminal 

amino groups of proteins like lysyl, histidyl and also inhibits essential digestive 

enzymes pepsin, carboxypeptidase, trypsin, amylase [81]. The binding of PA with 

starch has also been reported which may reduce its availability from the diet [48]. 

 

2.2.3 Environmental impact  

 

In areas of intense livestock production in order to fulfil animal‟s nutritional 

requirements, the feeds are supplemented with inorganic P or commercial phytases. 

Manure derived from these animals is subsequently applied as fertilizer to the 

croplands. A wide range of phytases inherent to the soil microorganisms contributes to 

hydrolyze the phytates present in livestock litter [82]. This results in a continuous P 

supply to the fields in amounts greater than that can be deployed in the agricultural 

produce and create an imbalance in the soil P levels causing it to rise. Lott and co-

workers [83] estimated that PA phosphorus from crops amounts to nearly 65% of the 

world annual P fertilizer share. This eventually results in P pollution of agricultural 

systems and stimulates or accelerates eutrophication of water bodies, raising a serious 

environmental concern [84].  

 

2.3 Phytic acid biosynthesis pathway 

 

PA biosynthesis have been studied in a number of organisms including mungbean 

[85], duckweed [86], Arabidopsis [87, 88], rice [89], soybean [90], common bean 

[91], wheat [92], slime mold [93], yeast [94], Drosophila [95], and human [96]. Two 

alternative routes have been suggested for its formation: a “lipid-dependent” pathway, 
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and a “lipid-independent” pathway (Figure 2.3) [86, 97-100].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3: A schematic diagram of phytic acid biosynthesis pathway in plants via 

both lipid-independent (green) and lipid-dependent (orange) routes. Substrate and 

enzyme abbreviations are elaborated under section 2.3. Red line indicates the pathway 

steps distrupted in our study to generate lpa soybean.        
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In plants, the former pathway has been characterized in almost all the tissues while 

the later appears to predominate in seeds. In this section, we provide a brief review of 

the important genes and metabolites involved in PA synthesis.  

 

2.3.1 Early pathway 

 

The first step in PA biosynthesis pathway via both the routes stated above is the same i.e. 

the de novo production of myo-inositol. The D-myo-inositol 3-phosphate synthase (MIPS) 

enzyme catalyzes the synthesis of myo-inositol by converting D-glucose 6-phosphate to 

myo-inositol 3-phosphate (Ins(3)P1). The number of loci encoding MIPS gene varies 

across species [86, 91, 100-104]. Soybean contains four MIPS isoforms of which the 

GmMIPS1 isoform is expressed most strongly in seeds [21]. Ins(3)P1 is then either 

phosphorylated to myo-inositol 3,4-phosphate (Ins(3,4)P2) by the action of 

phosphoglycerate kinase (PGK) in lipid-independent pathway or hydrolyzed to free myo-

inositol and P by enzyme inositol monophosphatase (IMP) in lipid-dependent pathway in 

a reversible manner to re-supplement lipid-independent pathway by the action of enzyme 

myo-inositol kinase (MIK). In lipid-dependent pathway, free myo-inositol so generated is 

sequentially processed to phosphatidylinositol (PtdIns), phosphatidylinositol 4-phosphate 

(PtdIns(4)P1), and phosphatidylinositol 4,5-bisphos-phate (PtdIns(4,5)P2) by 

phosphatidylinositol synthase (PtdIS), phosphatidylinositol 4-kinase (PtdI4K) and 

phosphatidylinositol 4,5-bisphosphate kinase (PtdIP5K) respectively. PtdIns(4,5)P2 is 

finally hydrolyzed by phospholipase C to yield Inositol 1,4,5-trisphosphate (Ins(1,4,5)P3).  

 

2.3.2 Late pathway  

 

Inositol triphosphates (InsP3s) generated from both the pathways are sequentially 

phosphorylated to PA by three main classes of inositol kinases, namely inositol 
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polyphosphate 6-/3-/5-kinase (IPK2), inositol 1,3,4-trisphosphate 5-/6-kinase (ITPK), 

and inositol polyphosphate 2-kinase (IPK1), which together constitute this part of the 

pathway. IPK2 and ITPK catalyze the conversion of inositol triphosphates to inositol 

pentakisphosphate. IPK2 kinase is known to participate specifically in the lipid-

dependent pathway which is not suspected to be the major route for PA synthesis in 

the seeds. Previous studies although have shown that its activity is important to seed 

PA synthesis [87]. During seed development, its transcripts show the highest 

accumulation after that of MIPS and IMP [105]. IPK1 catalyzes the final conversion 

of inositol pentakisphosphate to PA. Like MIPS, the number of loci encoding this gene 

also varies across species. Amongst three of its orthologs identified in soybean, only 

one shows high expression in the seeds [106]. PA once synthesized in the cytoplasm is 

actively transported by a multidrug-resistance-associated ATP-binding cassette (ABC) 

transporter protein and ultimately stored as mixed salts inside the protein storage 

vacuoles. Research has shown that it plays a significant role in regulating PA levels in 

the seeds [25, 107].  

 

2.4 IPK2: Late pathway myo-inositol kinase  

 

The inositol polyphosphate 6-/3-/5-kinase gene encodes a multifunctional enzyme 

that carries two-step phosphorylation of myo-inositol trisphosphate (InsP3) to myo-

inositol pentakisphosphate (InsP5) via a myo-inositol tetrakisphosphate (InsP4) 

intermediate. Its 6/3/5-kinase activity was reported by Stevenson-Paulik and co-

workers [108]. They identified two isoforms of the gene, AtIpk2α and AtIpkβ in 

Arabidopsis that were able to phosphorylate InsP3 with a Km of 14.6 μM and InsP4 

with a Km 15.5 μM and 31.7 μM. In yeast, IPK2 reportedly play an important role 

in PA biosynthesis and its disruption has shown to lower the production of PA by a 
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100-fold [109]. Besides its kinase activity, IPK2 in yeast is also an integral part of 

ArgR-Mcm1 transcriptional complex which controls arginine metabolism [94]. 

Apart from Arabidopsis and yeast, IPK2 has been characterized in other organisms 

including human [110, 111], rat [112, 113], and chicken [114].  

 

2.5 Strategies for regulating dietary PA consumption  

 

2.5.1 Food preparation and processing techniques 

 

Several efforts are underway to overcome the negative health effects (highlighted 

above) associated with plant-derived dietary PA consumption. Detailed studies have 

been done in the past on food processing methods used to reduce the PA content of 

plant-based foods. Processes involving enzymatic hydrolysis of PA such as 

germination, malting, and fermentation [115-118] and non-enzymatic methods such as 

soaking, milling, thermal processing [119-122] have shown to reduce the concen-

tration of PA and improve other minerals bioavailability in some plant staples. These 

strategies however have some disadvantages such as significant loss of vitamins & 

minerals found in the aleurone layer or germ in case of milling, loss of water-soluble 

minerals and proteins during soaking and germination, accumulation of lower inositol 

phosphates during germination and fermentation, altered chemical nature of the feed 

in case of thermal processing, etc.  

 

2.5.2 Dietary supplementation  

 

2.5.2.1 Mineral supplementation 

 

One of the most common ways to make up for the loss of PA associated minerals is 

through dietary supplementation. Sodium iron ethylenediaminetetraacetic acid [NaFe 
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(III)EDTA], has been successfully used as a dietary fortificant in developing countries 

[12, 123-125]. Animal feeds are also supplemented with an available form of P and 

other minerals [13]. However, such food fortification programs are widely practiced 

on industrially processed food items. Their success, therefore, relies on the 

availability of infrastructure, purchasing power, access to markets and healthcare 

systems, which can be afforded by only fifty percent of the world‟s population [126].  

 

2.5.2.2 Phytase supplementation 

 

Dietary supplementation with exogenous phytase is another widely used strategy to 

ameliorate bioavailability of P and other minerals [127]. Phytases are a special class 

of phosphatases which sequentially hydrolyze phosphate ester bonds of PA [128] to 

yield inorganic phosphorus (Pi) and myo-inositol or a succession of lower esters of 

phosphoric acid [129]. Microbial phytases are frequently used enzyme supplements in 

the diets of monogastric animals [130]. The first commercial phytase was isolated in 

1991 by Gist-Brocades from a genetically modified strain of Aspergillus niger and 

marketed under the brand name Natuphos. Since then, other phytase preparations such 

as RonozymeP, Phyzyme XP, OptiPhos, Finase, Quantum, etc. were successfully 

launched in the market. Li and co-workers [131] expressed A. niger gene PhyA from 

suspension cultures of soybean. Denbow and co-workers [132] evaluated the 

effectiveness of supplemental phytases by conducting an experiment with male 

broilers fed on supplemented soybean meal and found that 31 to 58% of phytate P was 

released and made available. In addition to a reduction in supplemental Pi, exogenous 

phytase results in a concomitant reduction of fecal P excretion [133]. Vats and 

Banerjee, 2004 from their study suggested replacement of Pi supplementation 

equivalent to 1 g with 500-1000 units of phytase enzyme to improve bioavailability 
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and simultaneously reduce P excretion by 30-50% [134]. Phytase in feeds also 

increases the feed conversion ratio for the animals thus improving their growth 

performance [135]. However, the use of phytases in food and feed industries call for 

some critical challenges. When part of a formulation, they can be inactivated by 

several factors in its surroundings such as temperature, pH, etc. [136-138]. Apart from 

this, phytases are recognized as occupational allergens with the potential to cause 

immune responses specific to IgE.  

 

2.5.3 Developing low phytic acid crops  

 

2.5.3.1 Mutation breeding 

 

Another promising strategy is to generate low phytic acid (lpa) phenotype [139] by 

inducing mutagenesis. Several lpa mutations induced by radiations and chemicals 

have been segregated by phenotypic screening in major grain crops (Table 1). 

Downregulation of PA synthesis, transport, and storage, genes have been traced to 

most of these mutants. Genotypic characterization traced lpa mutations into three 

different categories depending upon the PA biosynthesis gene it targets: 1) early 

pathway mutations (MIPS, MIK, IMP) mainly altering the first step (MIPS, D-glucose 

6-phosphate to myo-inositol 3-phosphate) of PA synthesis thereby affecting substrate 

supply, 2) mutations perturbing late pathway genes (ITPK, IPK2, IPK1), 3) mutations 

affecting PA transport and storage (MRP). Lpa mutations are normally distinguished 

by reduction in PA levels and a simultaneous equivalent increase in Pi. Unfortunately, 

a majority of lpa mutants report adverse agronomic traits, such as poor seed 

germination and in extreme cases seed abortion, stunted plant growth, low seed 

weight, etc. which make them unappealing to the plant-breeders [148, 157-160].  
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These negative effects are expected since many lpa mutations primarily disturb 

cellular inositol metabolism that is essential to support normal plant progression. The 

strength of pleiotropic effects observed in lpa mutants is a result of the number of lpa 

loci affected. In addition, a number of studies described metabolic crosstalk between 

PA and signalling pathways which may result in unexpected phenotypes in mutants 

that result in PA reductions of more than 70% [161-164]. Researchers are therefore 

seeking a different approach to overcome the severe pleiotropic problems associated 

with lpa mutation breeding. 

 

2.5.3.2 Genetic engineering 

 

Genetic manipulation of the PA biosynthetic pathway is being explored, wherein 

different enzymes involved in the pathway are regulated to reduce phytate content. 

This approach of generating lpa crops provide several advantages over random 

"whole-plant" mutations discussed in the above section.  

 

2.5.3.2.1 Expressing recombinant phytase in plant seeds 

 

Genetic engineering has enabled researchers to introduce a stable phytase-encoding 

gene in the desirable seed tissue, which is active during both seed development as 

well as in matured seeds. Studies have proven that microbial phytases being most 

stable are the most promising phytases for such biotechnological applications [165]. 

Transgenic seeds containing a reserve of these phytases provide a high phosphate and 

mineral nutritional value than conventional phytase supplemented feeds and reduce P 

excretion by providing for better utilization of phytin reserves stored in the seed. 

These recombinant microbial phytases have been expressed in several plants. Pen and 

co-workers [166] demonstrated that seeds of transgenic tobacco plant showing 
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constitutive expression of recombinant phytase PhyA of Aspergillus niger fused with 

signal peptide PR-S protein is a source of apoplastic phytases capable of releasing 

free P from dietary phytate. Later, Denbow and co-workers [16] also constitutively 

engineered recombinant A. niger PhyA in soybean under CaMV 35S promoter. 

Feeding trials were subsequently conducted by combining standard diets with 

recombinant tobacco and soybean seeds containing engineered phytases, in order to 

digest dietary phytate, and improve its nutritional accessibility and simultaneously 

reduce the level of Pi excreted. Transgenic alfalfa and canola seeds expressing 

apoplastic PhyA have been patented as an important feed supplement [22]. Drakakaki 

and co-workers [167] and Chen and co-workers [168] successfully expressed A. niger 

PhyA driven by an endosperm-specific promoter in maize. Rice [169] and Wheat 

[170] expressing seed fungal phytases have also been generated. Besides fungal, 

phytases from other microbial sources have also been expressed in transgenic crops. 

Hong and co-workers [171] expressed bacterial phytases in the germinated rice seeds 

while Hamada and co-workers [172] expressed yeast phytase in its leaves. Bilyeu and 

co-workers [22] transformed Escherichia coli appA gene in soybean and observed 

that the PA levels were reduced in the mature seeds by more than 90%. Apart from 

microbial phytases, phytases from plants are also utilized. Chiera and co-workers 

[173] cloned GmPhy [21] in soybean under promoter β-conglycinin specific for seeds 

and reduced the phytate content in its seeds by 8%. Besides the stated advantages, this 

approach faces a major drawback. The seeds from these transgenic crops before 

feeding to the animals must first be processed by grinding and incubation in water at 

37°C in order to activate the enzyme. This thus adds to high processing and labor 

cost. Therefore, in order to circumvent this approach, a simple, sustainable, and a 

cost-effective solution is required. 
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2.5.3.2.2 Silencing endogenous phytic acid biosynthesis genes 

 

Gene silencing is an essential mechanism to regulate gene expression in eukaryotes. In 

silencing, several small RNA molecules lead sequence-specific inhibition of either gene 

transcription or translation [174-177]. RNA silencing plays a significant role in regulating 

chromatin structure, genome stability, defense against viral infections and other foreign 

genetic material and other important biological processes [178-181]. While it is an 

evolving class of mechanisms, the most common and well-studied amongst them is RNA 

interference (RNAi). It is the most powerful and efficient dominant gene silencing 

approach [31] at times resulting in complete silencing of the gene as observed in a 

knockout approach. It was initially employed as a tool to manipulate metabolic pathways 

by targeting the suppression of their genes. It instantly gained remarkable attention owing 

to its successful application in genomic-scale studies. It holds great potential in the field 

of clinical research and therapeutics [182], to design new drugs against different disease 

targets in animal and humans [183, 184]. In plant sciences, RNAi technology has been 

successfully employed for genetic improvement of crops [185-187] such as to enhance 

their nutritional value, to confer resistance against diseases and certain pathogens, etc. 

[184]. RNAi manipul-ation of PA biosynthetic pathway has been explored in many crops 

and can, therefore, be explored in soybean crop whereby different enzymes involved in 

the pathway can be down-regulated to reduce seed phytate content. 

 

2.6 RNA interference 

 

2.6.1 Discovery 

 

In the early 1990s, scientists in the United States made accidental discovery of RNAi 

in unanticipated outcomes of experiments performed in plants. In 1990, Napoli and 
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co-workers [188] were working on enhancing the pigment coloration of commercial 

petunia flowers by constitutively over-expressing the CHS gene. To their surprise, the 

flowers instead of having a deep purple color unexpectedly appeared variegated and 

even white. They observed that the introduction of CHS gene silenced both the 

endogenous and transgenic genes, resulting in a phenomenon termed co-suppression. 

Romano and Macino [189] and Cogoni and co-workers [190] reported a similar 

phenomenon named quelling in the fungus Neurospora crassa. Andrew Fire and 

Craig Mello later discovered small RNA molecules in Caenorhabditis elegans which 

evidently suppressed the target gene expression and caused their silencing [191-193]. 

They named this kind of gene silencing as “RNA interference” (RNAi). Guo and 

Kemphues [194] later discovered by their investigations in C. elegans that a gene can 

be successfully silenced by injecting either its corresponding sense or antisense RNA 

molecule. Waterhouse and co-workers [195] found that gene silencing can be induced 

more efficiently by expressing sense and antisense RNAs concurrently. Considering 

the findings made for the gene silencing alternatives discussed above it was later 

revealed that they all lead to the activation of RNAi by a common route of generating 

double-stranded RNAs (dsRNAs) to silence homologous loci [196-199]. 

 

2.6.2 Basic mechanism  

 

The general process of RNAi is triggered by endogenous or exogenous dsRNA 

molecules (viral genome, transgene or other foreign genetic element) sharing 

exclusive sequence homology to the target gene, delivered in the cell [200-202]. 

dsRNAs can form by sense and antisense hybridization, folding back of inverted-

repeat sequences, hybridization of foreign RNA molecules showing sequence 

complementarity or synthesis by RNA-dependent RNA polymerases (RDRs). Two 
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functional types of RDRs are recognized in plants RDRα and RDRγ [203]. Following 

the initial identification of dsRNAs, the overall process of RNAi (Figure 2.4) can be 

divided into three stages:  

 

1) Generation of small RNAs 

 

Long dsRNAs in the cell that are either endogenously produced or delivered by 

scientific experiment are converted to small RNAs by a ribonuclease III enzyme, 

Dicer. Dicer polypeptide share four key domains: a dsRNA binding domain, a helicase 

domain specific to the amino terminal, a PAZ (Piwi/Argonaute/Zwille) domain and 

RNase III domain [204-206]. It binds the 2-nucleotide 3′ overhang of dsRNAs 

through its PAZ domain and cleaves them to 21-25 bp double-stranded small RNAs 

(sRNAs) [178, 207-209]. sRNAs in eukaryotes can be divided into several major 

classes including micro RNAs (miRNAs), small interfering RNAs (siRNAs), piwi- 

interacting RNAs (piRNAs), small temporal RNAs (stRNAs), etc. Amongst them, 

siRNAs and miRNAs have been well characterized in plants [210-211]. Several 

classes of siRNAs have been recognized including hairpin-derived siRNAs 

(hpRNAs), natural antisense siRNAs (natRNAs), secondary siRNAs, heterochromatic 

siRNAs (hetRNAs), trans-acting siRNAs (TaRNAs) and repeat-associated siRNAs 

(RaRNAs), based on their biogenesis and functions. All sRNAs in plants are 2′-O-

methylated at the 3′ end to confer stability by protection from 3′ uridylation and 

degradation [212]. We will discuss siRNAs induced RNAi mechanism in the 

remaining section as it is the chosen mode for our study.  

 

2) Silencing complex formation 

 

Following production, Dicer incorporates siRNAs into a multiprotein endonuclease 

complex called the RNA-induced silencing complex (RISC). The Argonaute protein, 
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AGO forms an integral part of this complex. AGOs have characteristic sRNA 

binding PAZ domain which recognizes its 3‟ end and a PIWI domain essential to 

induce cleavage of target mRNA [213, 2141]. In RISC, AGO combines with siRNAs 

to form its core. X-ray crystallographic analysis revealed that the phosphorylated 5' 

end of siRNAs forms a nucleation site by divalent interactions (such as magnesium) 

and aromatic stacking of the nucleotide with a conserved active site tyrosine residue 

[215, 216]. The AGO associated siRNAs serve as guides for sequence-specific 

recognition of target messenger RNAs. In other words, these AGO proteins direct 

mature siRNAs to its target mRNA.  

 

3) Activation of silencing complex and mRNA degradation 

 

Finally, siRNA duplex unwinding is performed by the helicase domain of RISC in an 

ATP-dependent process [217]. RISC then distinguishes between the two separated 

siRNA strands and retains only the antisense strand also known as the guide strand, 

degrading the passenger (sense) strand [218]. The guide strand directs RISC (with 

nuclease activity) to homologous mRNAs and induces cleavage of their 

phosphodiester bonds resulting in mRNA degradation [204, 215, 219], or causes 

suppression of their translation, collectively called post-transcriptional gene silencing 

(PTGS). Following complete cleavage, the RISC and siRNA complex is free to 

participate in a fresh round of target mRNA recognition and cleavage [220]. The 

RNAi effect is further amplified by RDRs which supplement the existing pool of 

siRNAs by using them as primers to synthesize new siRNAs [221, 222]. Besides 

PTGS, siRNAs also guide transcriptional gene silencing (TGS) by participating in 

DNA methylation and histone modification in the nucleus [181]. 
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Figure 2.4: Diagram showing the basic mechanism of RNA interference pathway.  
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2.6.3 Applications in crop improvement  

 

RNAi technology is drawing growing attention of plant molecular biologists 

throughout the world due to its direct or indirect effect on several plant 

physiological and biochemical processes which collectively control many important 

agronomic traits. It has been effectively exploited for altering plant architecture, 

developing biotic and abiotic stress resistance, in development of male sterile plants, 

engineering secondary metabolites, nutritional improvement, prolongation of fruit 

shelf-life, seedless fruit development, removal of toxic compounds, etc. [223].  

Recently, RNAi based techniques are attracting focus to improve the nutritional value 

of many significant plant species by manipulating their metabolic pathways [224]. 

Common nutritional targets include micronutrients, vitamins, fatty acids, amino acids, 

and antioxidants. In cotton (Gossypium spp.), hpRNA regulated silencing was 

successfully employed to downregulate D9-desaturase and x6-desaturase encoding 

genes and consequently achieve elevation in oleic (77%) and stearic (40%) fatty acids 

content for enhancing human health [225]. In potato, β-carotene hydroxylase gene 

(BCH) was silenced to successfully enhance its β-carotene and lutein content and 

serve as an excellent source of vitamin A [226]. Davuluri and co-workers [227] 

improved the carotenoid and flavonoid levels in tomatoes by expressing the RNAi 

construct targeting DE-ETHIOLATED1 (DET1) gene under a fruit-specific promoter. 

Similarly, the rapeseed (Brassica napus) carotenoid (3-carotenes: zeaxanthin, 

violaxanthin, and lutein) content was also improved by downregulating lycopene 

epsilon cyclase (e-CYC) gene expression [228]. The lysine content of major cereals 

and legumes can be improved with the help of RNAi technology. A lysine-rich maize 

variety was developed by Houmard and co-workers [229] by suppressing lysine-

ketoglutarate reductase (LKR) and saccharopine dehydrogenase (SDH) gene in its 
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endosperm.  

Further, Regina and co-workers [230] reported an enhanced synthesis of amylose 

(>70%) in wheat by RNAi-mediated suppression of SBE isozymes under a seed-

specific promoter. A similar increase in amylose content was reported in sweet potato 

[231] and barley [232] as well. Ogita and co-workers reduced the caffeine content of 

coffee by up to 70% by RNAi induced suppression of theobromine synthase gene 

[233-234]. In 2005, Hüsken and co-workers used RNAi to inhibit UDP-Glc:sinapate 

glucosyltransferase gene responsible for bitterness in Brassica napus [235]. Sunil 

Kumar and co-workers reduced gossypol content in cotton seeds by expressing δ-

cadinene synthase gene RNAi construct under a promoter specific for seeds [236]. 

These seeds can be used as a source of protein and calories in countries suffering from 

malnutrition and starvation. A company named J.R. Simplot developed Innate potato 

by using RNAi to silence four different proteins in five popular potato varieties 

including Ranger Russet, Russet Burbank, and Atlantic potatoes to resist blackspot, 

bruising and browning. The company also claims that Innate potato produces up to 

70% less acrylamide, a potential human carcinogen than other potatoes cooked at the 

same temperature [237]. Jorgensen and co-workers achieved a 92% reduction of 

cyanogenic glucosides in cassava tubers by RNAi induced suppression of cytochrome 

P450 genes (CYP79D1 and CYP79D2) responsible for producing linamarin and 

lotaustralin [238]. 

 

2.7 RNA silencing in soybean 

 

Soybean is an exceptionally difficult crop species to investigate gene function and 

regulation because it has a large, complex genome with number of gene families and 

highly duplicated regions [239, 240]. However, efficient RNAi cloning vectors along 
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with recent advancements in soybean transformation technology [241], and soybean 

expressed sequence tag (EST) databases & gene chips have augmented global gene 

function and expression analyses and enabled genetic improvement of soybean. Novel 

traits have been engineered in soybean through gene expression or RNAi-mediated 

gene silencing using transgenes as well as viral vectors [242]. Different metabolic 

pathways have been manipulated to accumulate valuable nutritional metabolites in its 

seeds and/or divert the undesirable ones (Table 2). Nunes and co-workers [23] and Shi 

and co-workers [25] reduced PA content up to 95% by silencing MIPS1 and ABC 

transporter respectively and improved P availability in soybean seeds. Takagi and co-

workers reduced saponin biosynthesis by RNAi targeted silencing of β-amyrin 

synthase gene [252]. Herman and co-workers achieved reduction in the accumulation 

of a major allergen in soybean seeds by utilizing transgene-induced RNAi without any 

phenotypic alterations [253]. Soybean seed fatty acid composition has also been 

modified to lower its polyunsaturated fatty acid (PUFA) content for stable seed oil. 

Wang and Xu designed a silencing construct carrying an inverted-repeat fragment of 

the fatty acid desaturase (GmFAD2) gene and obtained high oleic acid content (71.5-

81.9%) [245]. Flores and co-workers effectively carried out siRNA-mediated 

silencing of the FAD3 gene family in soybean in order to regulate the synthesis of -3 

polyunsaturated α-linolenic acid [244]. Yu and co-workers engineered soybean to 

increase isoflavone content in its seeds [247]. 

 

2.8 Strategy for RNA interference of IPK2 gene in soybean seeds  

 

Earlier results of RNAi were obtained by, the transformation of plants with antisense 

and sense (co-suppression) RNA producing constructs. However, Chuang and Meyer-

owitz observed that RNAi could be more efficiently triggered using a transgene 
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designed to express an inverted repeat (IR) sequence of the desired gene [262].  
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Later, in the same year Smith and co-workers further improved this technology by 

replacing a random fragment of DNA with an intron to link the inverted repeat 

sequences and formed a self-complementary hairpin structure, also referred to as 

intron-containing self-complementary hairpin RNA (ihp) [31]. Wesley and co-workers 

in their study proposed that using an intron-derived spacer sequence enhances the 

silencing efficiency by improving the stability of ihp RNA [32]. ihp induced RNAi 

can silence a large number of genes with a remarkable 100% transgene silencing 

efficiency and no visible phenotypic change [263-265]. In plants, the majority of 

transgene-induced RNAi silencing is achieved using ihp [185]. Therefore, in our 

current study, we designed an IPK2 specific ihp construct to target PA reduction in 

soybean. 

Many RNAi cloning vectors are available commercially. However, care must be taken 

to avoid vectors designed to express dsRNA/ihp constitutively, since, their ectopic 

expression may lead to undesirable effects on normal plant phenotype. Vectors 

designed to include tissue or organ-specific promoters are in the majority of cases a 

better option [33-35]. Because soybean seeds are the most valued product of soybean 

plants, one of the main focus of RNA silencing in soybean has been on modification 

of seed components. In our current study, we used vicilin storage protein gene 

promoter to express the designed ihp for down-regulating PA only in the soybean 

seeds. 

Furthermore, a reliable protocol for stable transformation of soybean explants with 

RNAi silencing constructs using Agrobacterium as the mode of transfer is still 

unavailable. The general procedure for generating dsRNA encoding plants involves: 

1) constructing an RNAi vector corresponding to the target gene along with, a specific 

promoter to drive its expression at the desired location and, a marker gene to trace its 
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existence in the host, 2) transferring the silencing cassette into a binary vector, 3) 

mobilizing the binary plasmid into Agrobacterium, and 4) Agrobacterium 

transformation of the host plant. The success of the process is dependent on several 

factors primarily, bacterial strain interaction with genotype, choice of the selectable 

marker gene, type of explants, participation of transformed cells in de novo shoot 

formation, etc. [266]. Thus, to generate strong, consistent and heritable transformation 

events more knowledge and effort is required for optimizing the various parameters 

involved. The type of explant and choice of the selectable marker are two critical 

factors which determine the success of a transformation experiment. Therefore, in our 

study, we used a cotyledonary node method to transform the silencing construct into 

soybean which also bears an herbicide-resistant bar gene as the plant selectable 

marker. Regeneration of fertile soybean transgenics from cotyledonary node explants 

saves time and effort as it does not require the maintenance of any parent or long-term 

cultures [267]. The bar gene used for selecting transgenic plants was originally cloned 

from a bacterial species Streptomyces hygroscopicus which produces the tripeptide 

bialaphos as a secondary metabolite. Bialaphos also commercially available as Basta, 

Buster, or Liberty contains phosphinothricin, is a glutamate analogue which inhibits 

glutamine synthetase enzyme. Bar gene encodes an acetylating enzyme phosphino-

thricin acetyl transferase (PAT) which inhibits the herbicide bialaphos by causing 

acetylation of phosphinothricin and thus confer resistance against it. Non-transgenic 

plants devoid of bar gene show lethal inhibition of glutamine synthetase enzyme 

which results in toxic accumulation of ammonia in both bacterial as well as the plant 

cells. Ammonia accumulation kills bacteria and causes severe damage to the plant 

tissues which ultimately result in the death of the plants treated with bialaphos. Bar 

gene allows stringent selection of only bialaphos-resistant transgenic plants. It has 
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been successfully used as an important marker in the selection of various transgenic 

plants including tomato and potato [268], rice [269], wheat [270], sorghum [271, 

272], etc.  

 

2.9 Advantages of RNA interference 

 

Gene silencing by RNAi technology provides several advantages. First, since RNAi is 

dominant in nature, it is comparatively easy to achieve genetic manipulation and 

subsequently screen the transgenic individuals. Second, the expression of genes can 

be manipulated spatially and/or temporally by using tissue/organ-specific promoters. 

Third, its sequence-specific mechanism results in a higher gene silencing efficiency 

and potency. Fourth, it can silence an endogenous target gene without causing any 

modification in its structure or function and thus evade lethality. Fifth, it can 

overcome potential gene redundancy problems by simultaneously inhibiting the 

expression of several homologous genes.  
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Chapter 3 
Isolation & characterization of soybean inositol 
polyphosphate 6-/3-/5-kinase, a key phytic acid 
pathway gene by in-silico analysis, homology 
modeling, & docking simulation 
 

 

3.1 Introduction 

 

Phytic acid is a principal reserve form of phosphorus and inositol which accumulate 

in plant seeds to feed the developing embryo and guarantee seed germination and 

plantlet emergence. However, during its accumulation PA forms mixed salts known as 

phytin with various minerals such as Fe, Ca, Mg, K, Mn, and Zn which renders it 

indigestible by non-ruminants and thus compromise their mineral absorption [98, 

273]. This undigested phytate is excreted in feces and later digested by microbial 

phytases present in the soil. Phosphorus and other minerals released from PA 

digestion contribute to environmental pollution by causing eutrophication of water 

bodies [98]. Collectively, these problems have developed a significant interest in 

altering seed phytate production in agriculturally significant plants. 

PA biosynthesis in plants is proposed to occur through the lipid-independent pathway 

[19, 274] and the lipid-dependent pathway [275, 276] which is present in most 

eukaryotic cells. The two routes differ only in the steps leading to the synthesis of 

inositol trisphosphates (InsP3) [15]. In lipid-dependent pathway, myo-inositol is 

sequentially converted to PtdIns, PtdIns(4)P1 and PtdIns(4,5)P2 by phosphatidyl-

inositol synthase, phosphatidylinositol 4-kinase and phosphatidylinositol 4,5-bisphos-

phate kinase respectively. PtdIns(4,5)P2 is finally hydrolysed by phospholipase C to 
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yield Ins(1,4,5)P3. On the other hand, lipid-independent pathway involves sequential 

phosphorylation of myo-inositol to soluble inositol phosphates (IPs). In both the 

pathways, phosphorylation from InsP3 to PA uses three main classes of inositol 

phosphate kinases viz. inositol polyphosphate 6-/3-/5-kinase (IPK2), inositol 1,3,4-

trisphosphate 5-/6-kinase (ITPK) and inositol polyphosphate 2-kinase (IPK1). The 

first step of InsP3 to PA conversion is catalyzed by IPK2 enzyme, also known as 

inositol polyphosphate multikinase. It is a promiscuous enzyme which phosphorylates 

a number of InsP3/InsP4/InsP5 substrates [277] and thus plays a key role in regulating 

these InsPs as well as PA turnover. Therefore, if we perturb PA synthesis at this 

particular step, we can achieve a desirable reduction in PA levels. In order to achieve 

this, it is important to first lay a groundwork by characterizing the gene encoding this 

enzyme that will further act as a building block. We thus, conducted an in-silico 

research to study the enzyme molecule in detail as well as investigated its spatio-

temporal expression patterns in soybean.  

 

3.2 Materials and Methods 

 

3.2.1 Plant materials  

 

Soybeans [Glycine max (L.) Merr.] cv. Pusa 16 were procured from the fields of 

Genetics Division at IARI, Delhi, for use in this study. For spatial and temporal 

expression profiling, stem, flower, root and leaf tissues were harvested from plants 

which were 30 days old while developing seeds were harvested regularly after 

flowering until maturation and sorted based on their sizes. All the samples were 

frozen immediately in liquid nitrogen and stored at -80°C until further use. 
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3.2.2 Isolation and cloning of GmIPK2 

 

3.2.2.1 RNA extraction and cDNA synthesis 

 

Total RNA was extracted from seeds, stems, flowers, roots, and leaves using TRIzol 

reagent method (Invitrogen, Thermo Fisher Scientific). All the reagents used for 

RNA extraction were prepared in diethylpyrocarbonate (DEPC) treated water and 

glassware were baked at 180°C for 5-8 hours [278]. 50-100 mg of all the samples 

were homogenized in liquid nitrogen and extracted at room temperature with 1 ml of 

TRIzol reagent and 200 l chloroform by vigorous stirring to form an emulsion 

followed by incubation for 5 min. The extracts were centrifuged at 12,000 rpm, 4°C 

for 20 min. Total RNA was recovered from the aqueous phase by extracting with 

one volume of chilled isopropanol and subsequent precipitation by centrifugation at 

12,000 rpm for 20 min following incubation at room temperature for 10-15 min. The 

pellets thus obtained were washed twice with 70% ethanol and air dried before 

finally suspending in RNase-free water. The integrity of isolated RNA was 

evaluated by denaturing agarose gel electrophoresis (see Appendix II), and its yield 

was determined using NanoDrop 2000 spectrophotometer (Thermo Scientific, 

USA). The total RNA was then prepared for cDNA synthesis by treating with DNase 

I (NEB, UK) to remove any genomic DNA residues.  

Single-stranded complementary DNA (sscDNA) synthesis was subsequently 

performed from the DNA-free total RNA using RevertAid
TM

 H Minus Reverse 

Transcription kit (Thermo Scientific, USA). One microgram of total RNA was 

transcribed by preparing the cDNA synthesis mix as follows:  
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cDNA synthesis mixture 

Reagent Volume (μl) 

Total RNA      1 µg 

Oligo dT Primer                                   1 

5X Reaction Buffer                                                                                               4 

RiboLock RNase Inhibitor (20 U/µL)                                         1 

10 mM dNTP Mix                                             2 

RevertAid M-MuLV RT (200 U/µL)                1 

NFW     to 20 

 

The reaction mix was incubated for 1 hr at 42°C, after which the reaction was stopped 

by inactivating the enzyme at 70°C for 5 min. The cDNA product thus obtained was 

placed at -80°C for prolonged storage. 

 

3.2.2.2 PCR amplification, cloning, and sequencing  

 

Oligonucleotide primers used for the amplification of GmIPK2 cDNA were designed 

using soybean IPK2 transcript sequence (Glyma.12G240900.1) retrieved from the 

plant genomics resource Phytozome v9.1. The primers were designed to isolate 

complete GmIPK2 coding sequence (CDS) as well as a fragment of its 3' untranslated 

region (UTR) with the aim to design RNAi silencing construct in the future specific to 

this highly conserved region. The primers thus designed were tested using a primer 

design and analysis tool OligoAnalyzer (IDT, USA). PCR amplification of GmIPK2 

was subsequently achieved using these upstream and downstream primers, by 

preparing the reaction mixture and following the generalized cycling conditions 

described as follows:  
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Primers sequences used for amplification: 

GmIPK2 FP: -5′ ATGCTCAAGATCCCGGAG 3′   

GmIPK2 RP: -5′ CAGTTAGTCTGCGACACTAATTCAAGC 3′ 

 

PCR reaction mixture 

Reagent Volume (μl) 

10X PCR buffer 2.5 

dNTP mix (10mM each)                                      1 

25mM MgCl2                                                       2 

GmIPK2 FP (200 pmol/μl)                           0.5 

GmIPK2 RP (200 pmol/μl)                           0.5 

Template DNA (50ng/μl)                                     2 

TaqDNA polymerase (5U/μl)                           0.5 

NFW      to 25 

 

Once prepared, the PCR reaction mixture was placed on a PTC-100
TM

 Peltier thermal 

cycler (MJ Research) to perform GmIPK2 amplification. 

 

PCR cycling protocol 

Steps Temperature Time Cycles 

Initial denaturation    94
o
C   4 min   1 

Denaturation                                      94
o
C 30 sec  

Annealing 62.5
o
C 30 sec 35 

Extension    72
o
C 30 sec  

Final extension                                          72
o
C  10 min   1 

 

On completion, the quality and the approximate size of the amplification product was 

evaluated by agarose gel electrophoresis (see Appendix II) alongside a 1 kb DNA 

ladder. The PCR reaction was gel-purified by using gel/PCR DNA Fragments 

Extraction Kit (DF100) from Geneaid to remove any undesired amplification products 

as well as primer dimers which subsequently improve the ligation efficiency. The 

desired amplicon was then ligated in the TA cloning vector pGEM-T Easy (Promega, 

USA) by following the manufacturer's instructions as described below: 
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Ligation mixture  

Reagent Volume (μl) 

2X Rapid Ligation Buffer                                 5 

pGEM-T Easy Vector (50 ng/μl)                                                        1 

GmIPK2 insert (4 ng/μl)                                                                                     2 

T4 DNA ligase (3 Weiss units/μl)                    1 

NFW                               to 10 

 

The ligation mixture was incubated at 4
o
C overnight and used directly for 

transformation of competent E. coli DH5α cells (see Appendix II). The recombinant 

plasmids were identified by blue-white screening, isolated (see Appendix II), and 

confirmed by restriction digestion with EcoRI. The nucleotide sequence of GmIPK2 

was determined on ABI 3730xl automated DNA Analyzer by analysis of overlapping 

plasmid clones using T7/SP6 universal primers. The sequence so obtained was 

deposited in INSDC database GenBank. 

 

3.2.3 Gene expression analysis by RT-PCR and qRT-PCR 

 

To study the spatio-temporal expression profile of GmIPK2, we first performed semi-

quantitative reverse transcription PCR (RT-PCR) to obtain an expression pattern and 

then further estimated the transcript levels by relative quantitative RT-PCR also 

known as real-time PCR or qRT-PCR. RT-PCR was performed with first strand cDNA 

template, using the same pair of GmIPK2 specific primers and thermal cycling 

conditions which were described for its cloning. We further performed qRT-PCR 

analysis on a PikoReal
TM

 96 platform (ThermoFisher Scientific, USA). The reactions 

were set up using DyNAmo Flash SYBR Green qPCR Kit (Thermo Scientific, USA) 

with cDNA first strands as the template DNA to monitor the quantitative amplification 

of GmIPK2. The expression of GmIPK2 was normalized to an endogenous control, 

the housekeeping gene phosphoenolpyruvate carboxylase (PEPCo) [279, 280]. The 
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primers for both the gene and the internal control were designed using PrimerQuest 

tool by IDT, USA. The experimental reactions were prepared by adding components 

in the following order: 

 

Primers sequences used for amplification: 

qIPK2 FP: -5′ CGCGGATCCGCGTTGCAGAAGCTCAAG 3′ 

qIPK2 RP: -5′ TCCCCGCGGGGAGCGACACTAATTCAAG 3′ 

qPEPCo FP: -5′ CATGCACCAAAGGGTGTTTT 3′ 

qPEPCo RP: -5′ TTTTGCGGCAGCTATCTCTC 3′ 

 

qPCR reaction mixture 

Reagent Volume (μl) 

2X Master mix                                                   10 

Primer Mix (0.25 μM each)                                  2 

cDNA template (5 ng/μl)                                      4 

NFW      to 20 

 

The qPCR mixture was mixed thoroughly to ensure homogeneity and dispensed into 

96 wells plate. The reactions were placed in the instrument, and the following 

program was run:  

 

qPCR cycling protocol 

Steps Temperature Time Cycles 

Initial denaturation 95
o
C    4 min  1 

Denaturation                                   95
o
C 15 sec  

Annealing/extension 60
o
C 30 sec    40 

Data acquisition Fluorescence data collection -  

Melt curve                                                     60-95
o
C -  1 

 

The cycler was set to collect fluorescence data during the annealing/extension step 

of each cycle. A melting curve was also recorded post-amplification. Three technical 

replicates were carried out for each of the three biological replicates to minimize 

variation in the output. The 2
-∆∆CT

 method described by Livak and Schmittgen [281] 
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was employed to calculate the relative abundance of GmIPK2 transcripts. 

 

3.2.4 Sequence analysis and phylogenetic tree construction  

 

We performed a homology search of the deduced GmIPK2 sequence using the PSI-

BLAST tool of NCBI, to shortlist homologous IPK2 sequences based on their 

percentage sequence identity. The primary sequence composition of shortlisted 

sequences was determined using EMBOSS Pepstats [282]. The physico-chemical 

parameters of proteins were predicted using the ExPASy web server tool ProtParam 

[283]. The subcellular location was predicted using TargetP 1.1 Server with 95% 

specificity cut-offs [284] and the outcome was compared to predictions obtained 

from MemType-2L [285], SubLoc v1.0 [286], WoLF PSORT [287], and CELLO 

v2.5 [288]. Its transmembrane topology was predicted with PSIpred [289], TMpred 

[290], and NPS@ web programs [291]. Presence of potential secretory signal 

peptides or mitochondrial targeting peptides was analyzed with SignalP 4.1 web 

server [292]. M-Coffee multiple sequence alignment (MSA) of the selected amino 

acid sequences was carried out to produce quality alignments which served as the 

basis for phylogenetic analysis to detect its evolutionary placement and 

phylogenetic similarity with other similar genes [293]. The evolutionary tree was 

constructed using the Neighbor-Joining (NJ) clustering method and Poisson model 

for computing corrected amino acid distances [294] in MEGA (Molecular 

Evolutionary Genetic Analysis) Version 6.0 [295]. Bootstrap replications were set at 

1000 to assess the degree of confidence for each clade of the observed tree. All the 

branches generated in < 50% bootstrap replications were collapsed. The final image 

was rendered with the Interactive Tree of Life server (iTOL) [296]. 
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3.2.5. Promoter isolation and prediction of regulatory motifs 

 

A motif search was carried out in the promoter sequences using PlantCARE [297] to 

define putative cis-acting elements involved in the regulation of IPK2 expression. 

PlantCARE is a database of known cis-regulatory elements present in plants as well 

as a web-tool which enables in silico analysis of promoter regions. To identify these 

cis-regulatory elements, we retrieved around 2 kb upstream sequence of the IPK2 

homologs by NCBI‟s nucleotide BLAST program and fed them to the PlantCARE 

web tool. Its database identified individual sites and consensus sequences of 

regulatory elements as well as defined their properties based on the existing literature. 

Unlike CDS, these regulatory sequences indirectly influence their immediate 

phenotype.  

 

3.2.6 Secondary structure analysis and domain prediction 

 

Multiple sequence alignment (MSA) of the selected amino acid sequences was carried 

out by M-Coffee alignment, and the final alignment was curated in Jalview [298]. The 

conserved amino acid sequences so identified were highlighted in blue. Ungapped 

motifs were also detected using MEME web tool available on MEME suite 4.11.1 

[299]. The motifs present were further verified using My Hits motif scan tool [300]. 

The domain composition was analyzed using CDD tool (www.ncbi.nlm.nih.gov/ cdd) 

on the NCBI server. A combined secondary structure consensus from amino acid 

sequences was built based on predictions made with SOPMA (nearest-neighbor 

method) and PHD (neural networks method). This helps in correct prediction of 

82.2% of the amino acid residues [301, 302]. Cysteine species and disulfide 

connectivity of protein sequences were determined using web tool DiANNA [303]. A 
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secondary structure topology map of the 3D model was built with ProMotif [304] and 

Topdraw [305]. 

 

3.2.7 Protein modeling and model quality assessment   

 

The three-dimensional (3D) model of GmIPK2 was constructed by homology 

modeling using automated comparative protein modeling servers, SWISS-MODEL 

[306] and PHYRE2 [307] as well as a standalone comparative modelling program 

MODELLER 9.16 [308]. Comparative modeling of protein 3D structures usually 

consists of five steps. The first two steps deal with the search and selection of related 

protein structures for use as an appropriate template. We obtained the template for 

homology modelling by alignment of the in silico translated amino acid sequence of 

GmIPK2 against the PDB database of NCBI by PSI-BLAST search. Protein with the 

best hit having the lowest E-value, highest sequence similarity was selected as the 

most appropriate template. The next task in modeling is to generate an accurate target 

(GmIPK2 in our case) and template sequence alignment. The accuracy of the 

alignment is of great importance since the quality of the model is dependent on it. In 

MODELLER, target-template sequence alignment is done using a dynamic align2d() 

algorithm which considers structural details of the template for generating alignment 

and thus reduce chances of errors by one third in comparison to the standard 

alignment procedure. All the parameter files were prepared in PIR format readable by 

MODELLER. The script files used to run MODELLER are written in the Python 

programming language. A 3D model of the target was constructed, once a good 

alignment between the target and template was generated. The construction is a step-

wise process that begins with modeling the core regions. The backbone conformation 

from the template is transferred to the target, and the residues that are conserved retain 
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these conformations while the non-conserved side chains are transferred without any 

reference to the template. The next step is modeling of loop regions which is a 

challenging step since loops tend to be less conserved and of varying lengths in the 

target and the template. A loop homology search is generally performed where the 

sequence of the loop is used to search for loops with similar sequence and known 

conformation to construct a non-conserved loop region. The last step is the rotation of 

non-conserved side chains and optimization [309]. MODELLER calculates the 3D 

model using its automodel class which relies on the satisfaction of spatial restraints. 

There are two main sources of spatial restraints: 1) restraints applied on the dihedral 

angles and the distances of the target protein following its alignment, and 2) restraints 

on the stereochemical properties of the target protein due to the applied Charmm-22 

force field. By default, five comparative models are generated, and each model is 

assessed for quality based on its molpdf, GA341 [310], and DOPE (Discrete 

Optimized Protein Energy) [311] scores. The Molpdf scoring function is derived from 

collective restraints, GA341 is based on statistical potentials and DOPE is based on 

the atomic distances. A model with the least molpdf and DOPE scores was selected as 

the final model, and its quality was further assessed. After a model is built, it is 

important to check it for possible errors. In the final step of comparative modelling, 

the stereochemical and energetic properties of the obtained models were evaluated 

with RAMPAGE [312], VERIFY 3D [313], and ProSA servers [314]. The quality of 

models was additionally assessed by comparing it with the template structure on the 

UCSF Chimera‟s MatchMaker tool [315] and calculating the Cα root mean square 

deviation scores (RMSDs) for each of the comparative models. The secondary 

structures of the final and template proteins were also compared by pairwise 3D 

alignment using MATRAS 1.2 [316]. Also, any disordered regions in the model were 
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predicted using PrDOS server [317]. The final model was chosen based on the 

majority in the best scores from all the quality analyses. In order to make an accurate 

model as much possible with the available structural data, careful thought was put in 

throughout the modeling process, including literature, database searches, multiple 

sequence alignments as well as model building. The final model was used for further 

molecular dynamics and molecular docking analysis. 

 

3.2.8 Refinement of homology model 

 

We subsequently optimized the obtained GmIPK2 model by performing molecular 

dynamics (MD) simulation. The process was conducted in explicit solvent for 50 ns 

using the Groningen Machine for Chemical Simulations, GROMACS 4.5.5 package 

[318]. The whole simulation was divided into the following major steps: 

 

3.2.8.1 Energy Minimization: At the beginning of a simulation, each atom of a 

molecular system strives to find a stable arrangement in the space in response to an 

applied molecular mechanics force field. To begin simulation, we solvated our protein 

model by adding simple point charge (SPC216) water in a 0.7 nm pre-equilibrated 

cubic box. We then applied a GROMOS96 53A6 force field recommended for 

simulation of biomolecules in explicit water in order to begin energy minimization. 

During minimization, the force experienced by each atom is reduced in a stepwise 

fashion which is reflected in a change in its geometry until the net force experienced 

by each atom is close to zero and a global energy minimum is attained. The process is 

divided into discrete time steps, and the force acting on each atom is computed.  

We used a maximum 1000 steps to perform minimization of our protein. In every 

step, the position and velocity corresponding to each atom were calculated using 

Newton‟s laws of motion. There are chiefly three procedures to achieve minimization 
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viz. steepest descent, conjugate gradient, and Newton-Raphson. We used the steepest 

descent algorithm to perform the energy optimization of our protein. In steepest 

descent, we move along the negative of the gradient direction such that we get a 

maximum decrease in the potential energy to attain a global minimum. This procedure 

requires the smallest amount of CPU time per step of minimization. 

3.2.8.2 Equilibration: In this stage of MD, we performed equilibration of solvent 

molecules and ions around the protein molecule. This process is divided into two 

phases. The first phase of temperature equilibration performed using NVT ensemble 

(constant Number of particles, Volume, and Temperature), also referred to as 

"isothermal-isochoric" or "canonical” where the temperature of the system is raised to 

the desired temperature of simulation to establish the proper orientation of the protein 

about the solute. In this case, we heated the system to 300K and stabilized it for 100 

ps. Once we arrived at the correct temperature, we applied pressure to the system until 

it reached a proper density. To achieve pressure equilibration, we engaged the NPT 

ensemble (constant Number of particles, Pressure, and Temperature), also referred to 

as "isothermal-isobaric" ensemble. A stable density of 1008 kg m-3 corresponding to 

that of the SPC model over time indicate satisfactory equilibration of the system, and 

thus we can move to the next stage of simulation. 

 

3.2.8.3 Production MD: In this stage, known as the dynamic stage we release the 

applied position restraints and run the simulation. The only things that we changed 

were that we removed the position restraints, turned off the pressure coupling and 

increased the simulation length to 50 ns. We performed the MD simulation just like in 

the previous steps. The entire simulation was done using supercomputing facility at 

IIT Delhi on remote servers linked from windows desktops with ssh putty, and all the 

file were transferred using the WinSCP tool. 
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3.2.8.4 Analysis: After successfully completing the production run, we analyzed the 

results by collecting data using a post-processing tool, trjconv which extracts the 

coordinates and fix for periodicity. We used this corrected trajectory to study the 

stability and function (i.e. dynamics) of our simulated protein structure by studying 

how the distance between the Cα atoms of the protein residues evolves with time. For 

this, we calculated RMSD and root mean square fluctuations (RMSF) of Cα backbone 

atoms of the model along the simulation time using g_rms and g_rmsf tools and 

analyzed the output using simple plotting program called xmgrace [319].  

 

3.2.9 Molecular docking and MD simulation of the docked complexes 

 

Molecular docking was performed to predict and characterize the 3D structure of the 

protein-ligand complexes which will help in determining the crucial amino acid residues 

involved in complex formation. Based on the available literature for IPK2, D-myo-inositol 

1,4,5-trisphosphate (PDB: 5GUG-I3P) & D-myo-inositol 1,4,5,6-tetra-kisphosphate (PDB: 

4A69-I0P) ligands were selected for optimized GmIPK2 protein receptor (Figure 3.1).  

 

(A)                                                            (B)  

 

Figure 3.1: Chemical structure of ligands: (A) D-myo-inositol-1,4,5-trisphosphate (PDB 

ID: 5GUG-I3P) (B) D-myo-inositol-1,4,5,6-tetrakisphosphate (PDB ID: 4A69-I0P).   
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Docking of these ligands onto the GmIPK2 protein was performed using AutoDock 

Vina (version 1.1.2). The process of molecular docking consists of two parts: 1) 

sampling to generate trial protein-ligand poses and 2) scoring to evaluate a pose by 

assigning it a value that presumably reflects its accuracy. AutoDock Vina uses a 

sophisticated sampling algorithm, Iterated Local Search global optimizer to generate a 

diverse set of conformations of the compounds in vacuo by the sampling of torsional 

and rotational degrees of freedom [320], and further, evaluate these generated poses 

using its inbuilt scoring function. These conformations are placed into the binding 

pocket of the homology model as a starting point for global optimization of the energy 

function where iterations of random torsional and positional moves are performed, 

followed by local energy minimization. The conformations of the compounds are 

either accepted or rejected based on energy [321]. The low energy conformations are 

stacked, saved, and ranked based on the docking energy. The quality of docking 

depends on the flexibility and quality of the protein and ligand structures and, thus 

important to consider. Even though the fully flexible docking approach produces 

highly accurate results, depicts the real-life nature of the complex, it is often ignored 

as it is computationally very demanding. We thus used a more common approach of 

semi-flexible docking where the ligand is treated as flexible and the target as rigid 

[322]. AutoDock Vina reads all the molecules in a simplified PDB file representation, 

termed PDBQT and thus coordinates of both the GmIPK2 protein and its ligands were 

prepared using MGL. The solvent atoms and water molecules were removed, and the 

polar hydrogen atoms were added to the protein. Only the ligand molecules were 

allowed to rotate and explore the binding pockets. Vina uses a customized rectangular 

3D cartesian grid for defining the binding site of the protein and for efficient 

geometric scoring. We customized the dimensions of the grid to make sure that the 
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size of the search space is large enough for proper rotation of the ligand. The program 

was then run to generate ligand poses, each with definite binding energy (kcal/mol) 

which is calculated based on Vina‟s default scoring function. The scoring function 

ranks the possible conformations/orientations of the ligands according to binding 

tightness in the pocket, ideally giving top rank to the pose closest to the 

experimentally determined mode. The conformations with the lowest binding affinity 

were chosen, and the interaction diagrams were generated using Discovery Studio 

Visualizer 4.1 (Accelrys Software Inc., USA, 2013). The amino acid residues that 

were present at a distance of approximately 2Å were considered as the binding 

partners of the ligands. The active amino acid residues were also predicted by 

combining results of three different interface prediction web servers, CASTp [323], 

FTSite [324], and FunFOLD2 [325] into a consensus. The final complexes were 

equilibrated by MD simulation by following the procedure described for protein 

model in explicit water under the section 3.2.7 but by applying restraint on the ligands 

to prevent them from moving away from the binding site. Once equilibrated, we 

simulated the complexes for 50 ns and analyzed their resulting trajectories to 

understand the relative stability of the ligands inside its binding pocket using g_rms, 

g_rmsf, and g_mmpbsa tools. MD simulations based on molecular mechanics and 

Newton's laws of motion [326] are often considered as an integral part of docking; 

however, they differ in their basic principles. 

 

3.3 Results and Discussion 

 

3.3.1 Isolation, cloning, and sequencing 

 

Isolation of a gene is the pre-requisite for its thorough characterization. Generally, to 
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isolate any gene of interest there are two major approaches: 1) PCR amplification, and 

2) Genomic/cDNA library screening. In the present study, we used a PCR based 

approach to fish out the PA biosynthetic pathway gene, GmIPK2 from G. max. We 

first performed a BLASTN analysis in Phytozome v9.1 [327] using the soybean IPK2 

gene sequence available in NCBI (GenBank: NM_001250522) as the query to retrieve 

a 1241 bp transcript sequence. Based on the sequence data thus derived, we designed 

primers specific to amplify complete GmIPK2 coding sequence (CDS) as well as a 

fragment of its 3' untranslated region (UTR) with the aim to design silencing construct 

in the future specific to this highly conserved region because of its substantial role in 

gene regulation. To accomplish this, we isolated total RNA from 8-10 mm developing 

seed stage (Figure 3.2A), synthesized cDNA from it and performed PCR 

amplification (Figure 3.2B) from the synthesized cDNA template as per the protocol 

described in section 3.2.2. We then cloned the amplicon into the pGEM-T easy vector 

(Figure 3.3A) and introduced it into the bacterial host E. coli (DH5α). We further 

verified the putative cDNA clones by restriction analysis with EcoRI and sequence 

characterized to ~910 bp residues in length (Figure 3.3B).  

 

(A)                  (B)  

 

Figure 3.2: (A) Electrophoresis of total RNA isolated from developing seeds, 8-10 

mm in size of G. max on 1% agarose gel (Lanes 1-3). (B) PCR amplification product 
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of GmIPK2 gene separated on 0.8% agarose gel. Lane M: 500 bp DNA ladder, lanes 

1-3: ~ 910 bp amplified product.  

 

 

 

 

 

(A)           

 

 

(B)               

 

Figure 3.3: (A) Simplified map of ~910 bp GmIPK2 cDNA cloned into pGEM-T 

Easy vector by TA cloning. (B) Restriction digestion of the clones with EcoRI. Lanes 

1-3 showing release of vector backbone (~3 kb) and GmIPK2 insert (~910 bp), Lane 

M: 500 bp DNA ladder.  
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>KF297702.1 Glycine max cultivar Pusa 16 inositol polyphosphate 

6-/3-/5-kinase mRNA, complete cds 

ATGCTCAATATCCCGGAGCACCAGGTGGCCGGGCACAAGGCCAAGGACGGGATCCTGGGCCCGCT

CGTCGACGATTTTGGAAAATTCTACAAGCCCCTCCAGACCAACAAAGACGACGACACCCGCGGTT

CCACCGAACTCTCCTTTTACACCTCTCTCGCCGCCGCCGCCCACGACTACTCCATCCGCTCCTTC

TTCCCCGCCTTTCACGGCACCCGCCTCCTGGACGCCTCCGACGGCTCCGGTCCCCACCCTCACCT

GGTCCTGGAGGACCTCCTCTGCGGCTACTCCAAACCCTCCGTCATGGACGTAAAGATCGGCTCCA

GAACCTGGCACCTGGGAGACTCCGAGGACTACATCTGCAAGTGCTTGAAGAAGGACAGAGAGTCC

TCTAGCTTGCCCTTGGGTTTCAAAATCCCGGGAGTCAAGGACTCTATCTCCTCCTGGGAACCTAC

CAGGAAATCTCTCCAGTGTCTATCCGCCCATGGTGTTGCACTTGTTCTCAACAAGTTCGTTTCCT

CTAATAATATCAACCATGATGATCATCATCCCGATTGCGCTTTCGCAACGGAGGTCTACGGCGCC

GTTTTGGAGCGCTTGCAGAAGCTCAAGGACTGGTTCGAGGTTCAGACGGTGTATCACTTCTATTC

TTGTTCTGTTCTTGTGGTGTACGAGAAGGATCTAGGGGAAAGGAAAGCTACCAACCCTCTGGTCA

AACTCGTTGACTTTGCACACGTGGTGGACGGAAACGGTGTCATTGATCACAACTTCTTGGGTGGC

CTTTGTTCCTTCATCAAGTTCCTCAAGGATATCCTAGCAGTAGCATGTCTTCACAAGTGA 

 

Figure 3.4: Nucleotide sequence of GmIPK2 (Accession: KF297702) gene was 

submitted to GenBank.   

 

It contains a single ORF ~840 bp long which potentially encode a single polypeptide 

of 279 amino acid residues and a ~70 bp 3′ UTR fragment. We submitted the obtained 

CDS data to NCBI (GenBank: KF297702) (Figure 3.4) and used the information as a 

query to conduct protein homology search using the PSI-BLAST algorithm. Amongst 

sequences producing significant alignment, we shortlisted 30 plant IPK2 sequences 

besides GmIPK2 based on percentage sequence identity to carry out further in silico 

analysis.  

 

3.3.2 Spatiotemporal expression profiling 

 

Tissue-specific modulation of IPK2 gene in order to generate a lpa genotype is 

essential to evade any possible pleiotropic effects. Before this can be achieved it is 

vital to investigate its spatial expression profile in different tissues as well as its 

temporal expression profile in developing seeds, to provide an initial point for the 

strategic achievement of a desired level of silencing.  

In order to study the expression of GmIPK2 gene in different tissues of a soybean 
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plant and during seed development, we performed semi-quantitative as well as real-

time PCR expression analysis using total RNA isolated from root, stem, leaf and 

flower tissues of 30-day-old G. max plants and developing seeds ranging from 0 to 16 

mm in size distributed in eight different progressive stages. Semi-quantitative PCR 

analysis revealed a differential pattern of GmIPK2 transcript expression across the set 

of experimental tissues analyzed, with the highest level of transcripts observed in 

seeds (Figure 3.5A). The same was confirmed by the steady-state qRT-PCR analysis 

which also detected the highest level of transcripts in seeds (Figure 3.5B).  

 

 

 

 

(A) 

 

 

 

 

 

 

(B)   

 

 

Figure 3.5: (A) RT-PCR expression profile of GmIPK2 gene in different plant tissues 

of soybean, separated on 1% agarose gel compared with housekeeping 

gene PEPCo as an internal control. (B) Relative quantification of GmIPK2 transcript 

levels in the samples analyzed above by qRT-PCR, normalized to soybean 

housekeeping gene PEPCo. The leaf tissue was taken as calibrator. The data is mean 

of technical triplicates of each of the three biological replicates with error bars 

indicating standard deviation (SD). 

 

This suggests that GmIPK2 play a key role in PA biosynthesis in this tissue for use as 

a primary source of energy during germination. In both the analyses, the same level of 
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amplification was observed for PEPCo housekeeping gene. Since PA is also required 

for several other vital functions throughout the plant system, a basal level of it is 

observed in all the other tissues as well. Thus, amongst the tissues analyzed in our 

study, expression of GmIPK2 was also recorded in roots and flowers but at a level 

lower than that observed in the cotyledons. The strong presence of GmIPK2 

transcripts in these tissues may be attributed to its role in regulating cytosolic calcium 

gradient which correlates with pollen germination, growth of pollen tube [328-331] 

root growth and root hair development [332-334]. A low level of expression was also 

observed in stems and leaves as it is studied to be involved in regulating a vital 

function of axillary shoot branching by participating in auxin signaling [335]. 

 

 

 

 

(A) 

 

 

 

 

 

 

 

 

(B) 

 

 

Figure 3.6: (A) RT-PCR expression profile of GmIPK2 gene in developing seeds of 

soybean, compared with housekeeping gene PEPCo as an internal control.  

(B) Relative quantification of GmIPK2 transcript levels in the samples analyzed 

above by qRT-PCR, normalized to soybean housekeeping gene PEPCo. The 0-2 mm 

seed stage was taken as calibrator. The data is mean of technical triplicates of each of 

the three biological replicates with error bars indicating SD. 
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We then analyzed its temporal expression pattern during eight progressive seed 

development stages viz. from 0-2 mm to 14-16 mm. In both semi-quantitative as well 

as real-time PCR expression analysis, we observed that its expression increased as the 

development progressed and reached a peak value at the later stages of seed 

development (Figure 3.6). This pattern of expression coincides evenly with the pattern 

of accumulation of PA which is linear throughout most of the seed development 

(Raboy and Dickinson, 1987). We obtained comparative results in the microarray 

transcriptome study conducted in the past in our laboratory (GEO: GSE69821). This 

observation can be explained by the increase in production of phosphorus compounds 

required to support growth and development during initial stages of seed development 

when the synthesis of the phosphorus reserve, PA is minimal [336].  

The spatiotemporal analysis, in summary, identifies seed as the major tissue for its 

expression with maximum relative expression occurring during the later stages of its 

development. Thus, from the present study, we can hypothesize that targeting the 

GmIPK2 gene expression during late seed development may provide a potential 

strategy for generating lpa soybean with enhanced nutritional value. 

 

3.3.3 Sequence analysis 

 

3.3.3.1 Identification of regulatory promoter elements  

 

Spatial and temporal gene expression patterns are established and maintained 

primarily by transcription regulation. The time and location of gene expression are 

controlled partly by the cis-elements present in the promoter regions and their 

corresponding interaction with transcription factors. Therefore, to understand the 

transcriptional regulation mechanism of IPK2 gene, we analyzed the promoter region 
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of all its homologs and identified different cis-regulatory elements located therein. A 

2-kb sequence upstream to the open reading frame was identified and subjected to 

PlantCARE analysis. Database search revealed the presence of many motifs related to 

seed-specific promoters, hormone-responsive cis-elements (HRE), and cis-elements 

responsive to stresses (DSRE) which together contribute to the differential regulation 

of our gene (Table 3).    
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Light responsive elements [343-346] were observed most frequently which suggest a 

probable diurnal regulation of IPK2 expression. The highly conserved GCN4 and 

Skn_1 promoter motifs found within the seed storage protein genes of cereals were 

also located within the IPK2 promoter. These cis-acting elements play a role in 

regulating endosperm-specific gene expression [337-339]. 

We also identified multiple HREs particularly those known to be involved in abscisic 

acid (ABA) and gibberellic acid (GA3) sensing. An ABA-responsive element (ABRE) 

with the core sequence PyACGTG/TC and three GA-responsive elements (GARE) 

AAACAGA, TCTGTTG, and TATCCAC/T [340-342] which correlate with PA 

accumulation during grain filling [350, 352] were identified. Aggarwal and co-

workers [353] reported that IPK2 is an ABA-induced gene which is antagonistically 

suppressed by GA3 underlining the crucial role played by these hormones in 

regulating PA pathway genes. Putative methyl-jasmonate, drought inducibility, and 

anaerobic induction response elements were also observed which help combat 

assorted types of abiotic factors that plants are exposed to under natural environment 

[347-349, 351]. 

 

3.3.3.2 Computation of physico-chemical parameters and subcellular localization 

prediction 

 

3.3.3.2.1 Physico-chemical parameters: GmIPK2 sequence similarity search using 

PSI-BLAST revealed homology to other IPK2 protein sequences showing maximum 

similarity with Glycine soja (98%) and Vigna radiata (74%) (Table 4). Primary 

sequence analysis of these homologs by ExPASy ProtParam and PEPSTATS tools 

indicate that leucine is the most abundant aminoacid which makes up to approx. 9 to 

11 mole percent of its backbone residues while the percentage of tryptophan and 
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methionine were found to be the least at approx. 1% across species. The isoelectric 

points (pI) of all IPK2 proteins were computed to be under 7 suggesting that they are 

most likely to precipitate in acidic buffers except Glycine soja, Medicago truncatula, 

Zea mays, and Sorghum bicolor which has a pI of 7.1, 8.57, 10.48, and 8.26 respect-

ively indicating their solubility in basic buffers. The calculated pI will be useful for 

empirical protein purification by isoelectric focusing (IEF) and ion-exchange 

chromatography. The extinction coefficient (EC) [354] of IPK2 proteins measured at 

280 nm in water was found to range from 23950 to 36900 M
–1

cm
–1

 with respect to the 

concentration of their aromatic amino acids (11-15%) and cystine (disulfide bonds). 

These EC values can be used to calculate protein concentration in a solution. The 

instability indices (Ii) computed for selected IPK2 proteins are used to determine their 

in vivo half-lives [355]. Rogers and co-workers [356] reported that proteins having Ii 

values greater than 40 have an in vivo half-life of less than 5 hours, while, those 

proteins having Ii values less than 40 have a longer in vivo half-life of around 16 

hours. 

 

Table 4: Physico-chemical parameters of shortlisted plant IPK2 sequences computed 

using the ProtParam tool. 

Organism Accession No. MW pI EC Ii Ai GRAVY -R +R 

Glycine max AGW99177.1 30979.2 6.29 29910 29.72 89.07 -0.18 35 30 

Glycine soja KHN19419.1 19898.87 7.10 23950 29.73 95.73 -0.059 21 21 

Vigna radiata XP_022634636.1 31482.10 6.59 28420 38.17 93.67 0.045 29 27 

Cajanus cajan XP_020232596.1 29463.71 6.86 28420 33.70 91.31 -0.132 31 30 

Phaseolus vulgaris XP_007133857.1 28951.0 6.59 26930 38.90 90.38 -0.017 27 25 

Lotus japonicus AFK39224.1 31348.76 5.66 32430 42.36 87.74 -0.139 39 30 

Cicer arietinum XP_004510840.1 33061.70 6.12 26930 31.59 91.11 -0.250 38 33 

Medicago truncatula XP_003627882.1 47961.8 8.57 29910 31.89 85.02 -0.344 49 53 

Arachis hypogaea ALT56981.1 32684.01 6.45 28420 36.41 84.01 -0.227 34 32 

Arachis duranensis XP_015937330.1 32883.25 6.45 28420 37.35 84.01 -0.248 35 33 

Corchorus capsularis OMO94774.1 32498.97 5.84 28420 40.75 92.43 -0.159 38 33 

Theobroma cacao EOY22693.1 34213.77 6.32 31400 37.61 84.61 -0.292 39 36 
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Herrania umbratica XP_021285810.1 34392.01 6.56 36900 40.38 83.38 -0.307 38 36 

Durio zibethinus XP_022738659.1 32954.54 6.71 28420 38.72 87.83 -0.237 36 35 

Solanum lycopersicum XP_004235863.1 32476.9 5.93 28420 34.32 83.23 -0.261 35 30 

Solanum tuberosum NP_001335929.1 44295.0 5.96 28420 20.21 93.19 -0.254 50 43 

Brassica rapa XP_009112000.1 30640.7 6.25 34380 30.25 80.66 -0.283 36 33 

Capsicum baccatum PHT32205.1 40995.36 5.97 32890 33.47 90.19 -0.297 50 44 

Nicotiana attenuata XP_019263239.1 40865.55 5.51 31400 30.30 93.51 -0.179 48 40 

Capsicum annuum PHT66064.1 41015.41 5.91 32890 32.27 92.01 -0.277 50 43 

Capsicum chinense PHU00941.1 40986.37 5.81 32890 32.27 92.27 -0.271 51 43 

Brassica napus XP_013749343.1 31961.0 5.87 35870 30.23 75.86 -0.387 40 34 

Arabidopsis lyrata XP_020870073.1 33671.08 5.82 31400 29.76 83.47 -0.324 42 35 

Prunus avium XP_021815221.1 31100.28 6.20 31400 26.98 86.41 -0.209 34 30 

Trifolium pratense PNY08557.1 30275.83 5.50 23950 29.99 96.70 -0.054 37 26 

Arabidopsis thaliana NP_200984.1 33486.7 5.72 31400 25.96 80.23 -0.329 40 31 

Prunus persica XP_007209445.1 31303.57 6.50 31400 28.39 85.39 -0.252 35 33 

Lepidium latifolium ACK86969.2 33212.5 6.59 34380 29.25 81.95 -0.285 31 29 

Zea mays XP_008649440.2 26665.45 10.48 29450 65.74 68.79 -0.517 22 37 

Aegilops tauschii XP_020147020.1 30607.86 6.13 26930 38.85 88.43 -0.052 33 29 

Sorghum bicolor XP_002452184.1 34550.64 8.26 28420 39.34 90.93 -0.013 32 34 
MW: Molecular weight in g/mol; pI: Isoelectric point; EC: Extinction coefficient in M-1cm-1; Ii: Instability index; Ai: Aliphatic 

index; GRAVY: Grand average hydropathy; -R: Number of negative residues; +R: Number of positive residues. 
 

 

Our study showed that Ii values of all the homologs are less than 40 and hence are 

thermally stable with a long half-life except for Lotus japonicas and Zea mays kinases 

that have an Ii above 40 which indicate their possible thermal instability. 

Thermostability of proteins results from a combination of several factors acting 

synergistically. Here we assess the thermal stability of our proteins in direct 

proportionality with their aliphatic index (Ai) which is a relative measure of the 

volume occupied by the aliphatic side chains [357]. The Ai values determined for 

IPK2 kinases ranged from 68.79 to 96.70 with those from Brassicaceae family 

showing lowest thermal stability. This, in turn, is indicative of their greater flexibility 

at a wide range of temperatures when compared to proteins of other families. Grand 

average of hydropathicity (GRAVY) number reflects the average hydropathy of a 
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protein, the positively rated being hydrophobic and negatively rated being hydrophilic 

in nature [358]. GRAVY index for IPK2 kinases was found ranging from -0.517 to      

-0.013 which indicate that these proteins interact favourably with water except for 

Vigna radiata which is potentially hydrophobic with an index of 0.045. 

  

3.3.3.2.2 Subcellular localization: Protein localization and target peptide predictions 

are significant studies as they aid in functional genome annotation. From the acidic 

amino acid composition of IPK2 homologs determined by the physico-chemical 

analysis conducted above, we can assume that they are cytoplasmic in nature as 

opposed to the membrane proteins which have basic amino acid composition for their 

stability [359]. Further sequence analysis based on TargetP scores (cTP: 0.163, mTP: 

0.066, SP: 0.087, other: 0.906) also suggests that IPK2 kinases may be located 

anywhere in the cell besides chloroplast and mitochondria. Their low signal peptide 

(SP) score indicate the absence of a signaling pre-sequence which reinforce their 

soluble nature. Besides, a consensus of predictions obtained from WoLF PSORT, 

CELLO v2.5, SubLoc v1.0 and MemType-2L servers (Table 5) also established the 

cytoplasmic character of IPK2 protein.  

 

Table 5: Consensus subcellular localization prediction of GmIPK2. 

Tools Subcellular localization Value Reliability index Method 

CELLO v2.5 Cytoplasmic 4 5 SVM 

SubLoc v1.0 Cytoplasmic 2.281 Higher Value SVM 

WoLF PSORT Cytoplasmic 7 14 K nearest neighbors classifier 

MemType-2L Cytoplasmic Not Defined Not Defined Pre-PSS 
Pre-PSSM and SVM stands for Pseudo Position-Specific Score Matrix and support vector machines respectively.  

 

However, TMpred, PSIPRED, NPS@, and DAS servers identified a single consensus 

C-terminal transmembrane region positioned at 259-274. This prediction could be a 

mistake based on a sheer coincidence of the presence of a large number of hydro-

phobic residues in its C-terminal region and the use of hydrophobicity as the only 
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criterion to predict membrane-spanning regions. The absence of any transmembrane 

helix is also well documented in the hydrophobicity plot generated using waveTM 

server (see Appendix I Figure 1) [360] as the majority of amino acids show negative 

for hydrophobicity. 

 

3.3.3.3 Domain identification and evolutionary analysis 

 

3.3.3.3.1 Domain identification: Multiple sequence alignment (MSA) of the selected 

plant IPK2 homologs was performed using M-Coffee web server which is a meta-

method for assembling MSA by combining the output of several individual methods 

into one. The consensus alignment thus generated revealed several significantly 

conserved motifs and sites unique to inositol phosphate kinases (Figure 3.7). A 

signature inositol-phosphate-binding motif, PxxxDxKxG was identified in all the 

aligned sequences [94, 361] which confirms that they belong to IPK superfamily of IP 

kinases. Holmes and Jogl [362], state that all the members of this superfamily share 

several strictly conserved signature motifs with each other and are predicted to 

assume the same overall fold, despite the low sequence conservation. A core catalytic 

tyrosine kinase motif, RxxxExxxY was also discovered in all the sequences which 

suggest that they are tyrosine-specific protein kinases [363]. IPK2 sequences from 

Solanaceae and Rosaceae families were found to contain a Glycine-rich consensus 

ATP-binding GxGxxG motif characteristic of protein kinase C (PKC) catalytic 

domain [364]. The classical PKC and plant CDPKs recognized phosphorylation 

S/TxK/R motif [365-367] was also identified in some of the sequences speculating 

their role in lipid-dependent PA biosynthetic pathway. Such promiscuous kinase 

activity suggests that both lipid-dependent and independent pathways regulate PA 

biosynthesis as well as basic nuclear and cellular processes in plants [108, 368]. A 

protein recognition LxxLL motif common to all of the aligned sequences indicate 
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their participation in protein-protein interactions, regulating cell signalling, cell 

adhesion and transcription [369]. 
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Figure 3.7: M-Coffee multiple sequence alignment diagram of selected plant IPK2 

protein sequences rendered with Jalview. The sequence motifs shared amongst all the 

representatives are highlighted in blue colour. The consensus row at the bottom shows 

the most frequent residue at each column or a „+‟ if two or more residues are equally 

abundant.  

 

Further analysis by MEME suite web server identified total eleven conserved 

ungapped motifs, with motif PxxxDxKxG being the most conserved amongst all IPK2 

homologs as indicated by its lowest E-value of 2.9e-487 (see Appendix I Figure 2). 

The obtained motifs were subjected to further analysis by BLASTP for confirming 

their annotations which established that they all belong to the IPK superfamily 

domain (CDD Acc: cl12283) and thus substantiate our previous results. We then 

explored GmIPK2 protein sequence only by Motif Scan which recognized its diverse 

protein kinase phosphorylation sites (Table 6). Since phosphorylation acts as a 

molecular switch in modulating protein function, structural rearrangement, and 
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cellular localization, we can suggest that GmIPK2 play a critical role in many 

biological regulatory events of signalling, proliferation, differentiation, and apoptosis. 

Its role in biological processes as diverse as mRNA export [63], DNA repair [64], 

chromatin structure regulation [65, 66], plant pathogen resistance [52], and apoptosis 

[370] have been studied in the past.  

 

Table 6: Sequence motifs identified in GmIPK2 protein using MyHits Motif Scan. 

Motif information No. of sites Amino acid residues 

Inositol Polyphosphate Kinase 1 16-269 

Tyrosine kinase phosphorylation site 1 42-50 

Protein kinase C phosphorylation site 3 35-37, 61-63, 152-154 

Casein kinase II phosphorylation site 3 35-38, 100-103, 147-150 

c-AMP and c-GMP dependent protein kinase 

phosphorylation site  

1 231-234 

N-myristoylation site  2 141-146, 259-264 

 

3.3.3.3.2 Evolutionary analysis: Conserved motif analysis of IPK2 protein sequences 

points at a distinct evolutionary association between these kinases. The phylogenetic 

analysis would provide a further basis to determine their relatedness as well as to 

understand their collective evolution from a common ancestor. Previous research has 

reported that IPK superfamily of kinases to which IPK2 belongs evolved from a 

common ancestor [371, 372]. In our study, based on the alignment obtained in section 

3.3.3.3.1 of GmIPK2 and its homologs, we constructed a neighbor-joining phylo-

genetic tree using MEGA 6.0 software (Figure 3.8). The tree topology derived was 

supported by high bootstrap values. The IPK2s were clustered into six-well delineated 

groups. The clusters consist of members of the Poaceae, Brassicaceae, Malvaceae, 

Rosaceae, Solanaceae, and Fabaceae families. The Poaceae family of monocots (Zea 

may, Sorghum bicolor and Aegilops tauschii) was found to be most distantly related to 

G. max in comparison to the Fabaceae family of eudicots (Glycine soja, Phaseolus 

vulgaris, Vigna radiata, Cajanus cajan, Trifolium pratense, Cicer arietinum, 
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Medicago truncatula, Lotus japonicas, Arachis duranensis, and Arachis hypogaea) 

which are most closely related. Glycine soja, V. radiata, P. vulgaris, and C. cajan are 

orthologs of G. max (bootstrap value 0.979; 98%, 74%, 71%, and 71% pairwise 

similarity respectively).  

 

 

Figure 3.8: Phylogenetic tree showing the evolutionary relationship of GmIPK2 with 

other plant IPK2s. The sequences are divided into five clades and color coded to 

indicate the plant family to which they belong. The posterior probability values are 

indicated corresponding to every node.  

 

3.3.4 Secondary structure prediction 

 

The secondary structure of a protein is more conserved than its nucleotide sequence 

and is, therefore, a prized source of information in understanding its classification, 

function, molecular evolution and interaction with macromolecules [373]. In addition, 

the secondary structure provides the first framework for homology-based prediction 

of a protein 3D-model. Thus, in the current study, we inferred the secondary structure 

composition of IPK2 kinases from a three-state prediction done by using NPS@ web 

server (Table 7).  

A high coil content was observed in most of the sequences including GmIPK2 while 
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some showed them in nearly equal proportion with α-helix. This structural state can 

be justified based on the rich content of highly flexible glycine and kink inducing 

proline amino acid residues.  

Table 7: Three-state description of secondary structure content and disulfide pattern 

prediction of IPK2 sequences. The secondary structure data was generated by joint 

prediction with SOPMA and PHD while disulfide bonding pattern was determined 

using DiANNA (DiAminoacid Neural Network Application) 1.1 server. 

Organism 

                       

α-Helix 

(%Hh) 

Extended strands 

(%Ee) 

Random coil 

(%Cc) 

Disulphide bridge prediction 

Glycine max  26.88 13.26 31.54 94-121, 123-276, 158-186 

Glycine soja 34.27 29.78 35.96 20-117, 22-85, 161-175 

Vigna radiata 29.72 17.13 24.48 127-190, 263-281 

Cajanus cajan 25.84 13.11 29.21 119-177 

Phaseolus vulgaris 24.62 21.21 28.79 116-176, 208-249 

Lotus japonicus 25.44 14.49 26.86 94-215, 149-187, 261-283 

Cicer arietinum 21.96 14.53 28.72 122-185, 217-279, 260-274 

Medicago truncatula 18.54 15.02 31.69 98-262, 325-357 

Arachis hypogaea 24.58 14.48 33.67 120-188, 223-288, 269-292 

Arachis duranensis 24.58 14.48 33.33 223-288, 269-292 

Corchorus capsularis 19.52 20.21 25.34 120-187, 222-267 

Theobroma cacao 19.74 16.78 39.14 50-120, 187-222, 267-298 

Herrania umbratica 18.69 14.75 42.95 120-296, 222-298, 267-288 

Durio zibethinus 18.98 22.37 26.10 93-120, 149-222, 267-288 

Solanum lycopersicum 18.03 18.37 30.27 120-187, 222-267 

Solanum tuberosum 17.40 17.65 26.23 120-187, 222-283 

Brassica rapa 13.50 21.17 22.63 144-186, 221-264 

Capsicum baccatum 17.65 17.38 30.75 120-187, 222-283 

Nicotiana attenuata 21.47 15.76 25.82 156-223, 258-303 

Capsicum annuum 19.52 16.58 30.48 120-187, 222-267 

Capsicum chinense 20.32 16.31 30.21 120-187, 222-267 

Brassica napus 18.25 18.25 24.56 120-220, 144-185, 264-281 

Arabidopsis lyrata 22.00 17.00 23.33 120-187, 222-272 

Prunus avium 17.44 17.44 27.05 120-222, 156-187 

Trifolium pratense 21.61 15.75 31.87 173-205, 203-250 

Arabidopsis thaliana 22.00 16.67 24.67 120-187, 197-272 

Prunus persica 17.02  17..02 29.79 120-222, 156-187 

Lepidium latifolium 17.85  17.17 28.62 78-269, 120-187, 222-285 

Zea mays 16.25 10.42 44.17 101-203, 192-200 
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The 

percentage of extended strands (%Ee) in all the kinases were found ranging from 13-

29% except for the Poaceae family kinases which showed a low %Ee conformation 

(below 13%). PDBSum tool PROMOTIF analysis of GmIPK2 polypeptide identified 

total of eight α-helices and eight β-strands arranged to form three antiparallel β-

sheets, interspersed throughout by regions of coil or turn conformations (Figure 3.9).  

 

 

 

 

 

 

 

 

 

      

 

 

Figure 3.9: Topology map of GmIPK2 generated using ProMotif and Topdraw. There 

are a total of 8 α-helices (1-8) and 3 β-sheets (β-sheet 1: strands A1 and A2; β-sheet 2: 

strands B1, B2, B3, and B4; β-sheet 3: strands C1 and C2). 

 

We also recognized a varying number of bonded half-cystine pairs in all the IPK2 

protein sequences using DIANNA server. It revealed the presence of 8 Cys residues in 

GmIPK2 and the most probable half-cystine pairs predicted by CYS-REC were 94-

121, 123-276 and 158-186. These potential long-term disulfide interactions participate 

Aegilops tauschii 28.57 7.67 31.36 110-188, 124-267 

Sorghum bicolor 30.12              12.42 26.40 13-300, 137-160 
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in stabilizing the native conformations of our proteins and may as well contribute to 

the differences in their tertiary structures. 

3.3.5 The modeled 3D structure of GmIPK2 

 

3.3.5.1 Model building: To derive structural information about GmIPK2 protein we 

built its theoretical model by following the homology modeling approach since no X-

ray crystal or NMR structure of it is available. The homology modeling technique 

takes advantage of structural conservation found in similar proteins that have evolved 

from a common ancestor. Yeast IPK2 protein was the first member of the inositol 

multikinase family whose crystal structure was determined [362], but it was found to 

show very low sequence similarity with GmIPK2 protein. As we know, aligning two 

sequences can be difficult in case of low sequence similarity, we decided to use the 

GmIPK2 protein sequence as a query in PSI-BLAST to find sequences amongst the 

PDB database of proteins with resolved 3D structures to use as a potential template. 

The only closest homologous sequence available in PDB was that of chain A of 

Arabidopsis thaliana inositol phosphate multikinase (PDB: 4FRF) which showed 

55% sequence identity with an e-value of 9e-99. The initial comparative models i.e. 

GmIPK2-S and GmIPK2-P were built using fully automated SWISS-MODEL and 

PHYRE2 servers respectively which also identified 4FRF_A as the most reliable 

template using sensitive hidden Markov model searches and used the same as the 

structural input. A global quality estimation score (GMQE) of 0.62 was provided by 

SWISS-MODEL which indicates a reasonably reliable structure. The 3D structure of 

GmIPK2-S was visualized by using PyMol molecular graphic system (Figure 3.10).  

A homology model was additionally built using MODELLER 9.16 program from the 

X-ray crystal structure coordinates of the previously identified template structure 

(4FRF_A). The software generated five different models by optimizing the objective 
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function of spatial restraints in cartesian space. Three different energy scores viz. 

Molpdf, DOPE, and GA341 were computed for each of these models and compared to 

one another to select the best 3D structure (Table 8).  

 

 

 

Figure 3.10: Homology model of GmIPK2 protein generated using Swiss-model and 

rendered using PyMOL. The structure obtained was verified using ProSA and 

Verify3D servers.  

 

Table 8: Summary of GmIPK2 models produced using Modeller 9.16. 

Filename molpdf DOPE score GA341 score 

GmIPK2-M1 1904.96094 -26781.98828 1.00000 

GmIPK2-M2 1823.05139 -27677.49023 1.00000 

GmIPK2-M3 1818.68884 -26874.69922 1.00000 

GmIPK2-M4 1734.48291 -27846.58203 1.00000 

GmIPK2-M5 2397.21655 -26359.73828 1.00000 

 

Model 4 (GmIPK2-M4) with the least Molpdf energy of 1734.48291 based on 

restraint violations and a DOPE score of -27846.58203 was chosen as the principal 

conformation. Some natively disordered regions with high flexibility could however 

not be modelled. Therefore, a sensitive prediction of disorder probability of each 

residue was made by PrDOS server which reported 18.28% of disordered residues at a 
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false positive rate of 15% (see Appendix I Figure 3). Instability was found largely 

confined to both the terminals of the protein suggesting its possible role in molecular 

recognition [373, 374].  

 

3.3.5.2 Structure validation: We then assessed the accuracy and reliability of all the 

three predicted models viz. GmIPK2-S, GmIPK2-P, and GmIPK2-M4 using various 

online diagnostic tools. RAMPAGE server which evaluates the 3D-structures based 

on Ramachandran plot calculations showed variable distribution of torsion angles in 

all the models. Figure 3.11A shows the Ramachandran plot for GmIPK2-S model, 

with 92.5% residues in the favourable region, 4.9% in the allowed region and, just 

2.7% residues in outlier region of the plot which reflects its superior backbone 

geometry.  
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Figure 3.11: (A) Ramachandran plot generated by RAMPAGE server, validating back 

-bone dihedral angles of the energy minimized model. 

We then utilized ProSA-web computational engine to analyze the overall quality of 

the models based on their z-scores and local quality based on their residue energies. 

GmIPK2-S model showed a better z-score of -6.56 as displayed in the energy 

distribution plot derived from other experimentally determined protein structures of 

similar size which indicates it is very much within the range of native conformations 

of this group (Figure 3.11B). Moreover, its residue energy computed with a window 

size of 40 was found to be highly negative (Figure 3.11C). We further analyzed the 

accuracy of 3D-models from their energy profiles obtained by Verify3D program. 

Figure 3.11D shows 3D-1D profile for GmIPK2-S model with 97.82% of the model 

residues showing an average 3D-1D profile score >= 0.2 and hence validate that 

majority of its amino acid sequence reconcile to its environment in the 3D structure.  
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Figure 3.11: (B) Z-score plot generated using ProSA program showing a z-score of     

-6.56 indicating the overall quality is within the range of scores typically found for 

native proteins of similar size. 

 

  

 

 

 

 

 

 

 

 

 

            

 

 

Figure 3.11: (C) Energy plot also generated using the ProSA program showing 

negative energy values throughout the sequence indicating a good local model quality. 

 

 

 

                   

 

 

 

 

 

 

 

 

 

 

Figure 3.11: (D) 3D-1D profile showing the compatibility of GmIPK2-S model 

structure with its amino acid sequence. Residues showing positive compatibility 

scores are reasonably folded.   

 

Additionally, the pairwise 3D structural alignment of GmIPK2-S model with the 
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template protein (4FRF_A) done using MATRAS 2.1 program revealed that both the 

structures shared 91.3% secondary structure identity (Figure 3.12A) and the average 

distance between the Cα backbone atoms of their 3D structures i.e. root mean square 

deviation (RMSD) measured through superimposition was 0.44 Å (between 196 atom 

pairs) (Figure 3.12B). Based on the majority of winning scores, GmIPK2-S was 

chosen as the best comparative model for energy minimization and further analyses. 
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Figure 3.12: (A) 3D structural alignment between model (GmIPK2-S) and the 

template protein (4FRF_A) generated using MATRAS server showing 91.3% 

secondary structure identity.  
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Figure 3.12: (B) Superimposed 3D structures of template 4FRF_A protein (red) and 

refined GmIPK2_S model (blue). 

 

3.3.5.3 Molecular dynamics simulation  

 

3.3.5.3.1 Trajectory files generation: We subsequently performed MD simulation on 

our predicted GmIPK2-S model using the GROMOS96 53A6 force field to compute 

its stability and dynamics. Initial potential energy minimization of the solvated model 

showed that the maximum force dropped below the defined value of 1000 kJ mol
−1 

nm
−1

 in nearly 500 steps. The protein structure was then subjected to 50 ns simulation 

run at a constant temperature and pressure to obtain the molecular trajectories.  

 

3.3.5.3.2 Root mean square deviation and Root mean square fluctuation plot 

analysis: These molecular trajectories were used to compute RMSD of Cα 

backbone atoms of the model using the starting structure of simulation as a 

reference. Figure 3.13A shows RMSD for each run as a function of simulation time. 
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No significant change was observed in the pattern of deviation corresponding to 

each simulation run. There were no detectable intramolecular clashes after the 

minimization process. We observed that the protein stabilized around 10 ns of the 

production run and converged to ~0.57 nm at 50 ns. The initial RMSD increase can 

be attributed to the restraints applied to the system during the equilibration phase 

and, their release later at the beginning of the production phase. Besides RMSD, we 

also calculated root mean square fluctuations (RMSFs) to monitor motility of 

residues over the simulation time to draw an idea of its flexibility regions. From the 

RMSF plot (Figure 3.13B), we identified Leu (75, 135, 272), Asp (76, 79, 127), Ala 

(77), Ser (78, 130-132), Gly (80, 136), His (84), Lys (126, 154), Glu (129, 230), and 

Arg (128, 153) residues showing higher movement from their native position. In 

other words, these residues are dynamic in nature and therefore functionally more 

relevant. We also converted these RMS fluctuations to B-factor values to highlight 

residues with dynamic mobility in the final 3D model of the protein (Figure 3.13C). 

Thus, overall, simulation results highlight the stable nature of our protein model and 

find it reliable to be used for further active site predictions. 
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Figure 3.13: (A) Root mean square deviations and (B) Root mean square fluctuations 

of the Cα backbone atoms in GmIPK2_S model over 50 ns MD simulation. 

 

 

 

                

 

 

 

 

 

 

 

 

 

Figure 3.13: (C) Protein backbone coloured in a blue-red-white gradient with the B-

factor values indicating most flexible regions of the protein in red. 

 

3.3.6 Molecular docking with inositol phosphates 



Isolation and Characterization 

 

 79 

  

3.3.6.1 Active site prediction: Once the protein model was refined, a comparative 

study was performed to detect possible binding pocket residues using CASTp, FTSite 

and FunFOLD2 binding site prediction servers (see Appendix I Figure 4). The 

predictions made by these servers helped in reducing the amount of sampling done 

during the docking procedure. Lys 105, Thr 110, Lys 122, Lys 126, Ser 130, Lys 138, 

Ile 139, Pro 140, Arg 153, Lys 154, Gln 157 and Ser 219 were determined as possible 

active site residues in GmIPK2-S model. Similar predictions were also made in 

template protein (4FRF_A) which identified Arg 104, Thr 105, Pro 108, Phe 137, Lys 

149, Arg 152, His 216, Asn 218, Ser 219, Gln 242 and Val 246 as the probable 

binding site residues. From these studies, we deciphered that Lys, Arg, Pro, Thr, Gln, 

and Ser residues are highly conserved in active sites of functionally identical model 

and template proteins.  

 

3.3.6.2 Docking and residue interaction analysis: Molecular recognition is vital to 

many biological processes. However, experimental determination of structures of 

molecular interactions is cost intensive, demand time and expertise. We, therefore, 

chose computational molecular docking to model our protein-ligand binding and 

characterize the interactions between its binding pocket residues and known active 

ligands. In addition, we further evaluated the quality of the constructed homology 

model with the aid of molecular docking by checking whether the model contains 

protein-ligand contact suggested by experiments. Multiple substrate specificities have 

been described previously for IPK2 gene product, primarily catalyzing 5GUG-I3P and 

4A69-I0P [108]. We thus docked these centroid ligands into the binding cavity of 

GmIPK2 protein using molecular docking program Autodock Vina based on a semi-

flexible docking approach with the scaling factor defined within 0.1 nm to predict 



Isolation and Characterization 

 

 80 

their bound geometry. VINA uses its iterated local search global optimizer algorithm 

to produce 9 different poses of which pose 1 corresponding to each ligand was 

identified as the best binding mode based on their lowest binding affinity score of -6.2 

kcal/mol for 5GUG-I3P and -5.8 kcal/mol for 4A69-I0P computed by VINA's default 

statistical scoring function (Table 9). 

 

Table 9: Ligands with their binding affinity with the best mode highlighted in red.   

Modes Binding affinity (kcal/mol) 

Ligands 

  5GUG-I3P       4A69-I0P 

1 -6.2                 -5.8 

2 -5.8                 -5.2 

3 -5.6                 -4.9 

4 -5.5                 -4.9 

5 

6 

7 

8 

9 

-5.5                 -4.6 

-5.3                 -4.5 

-5.3                 -4.5 

-5.2                 -4.5 

-5.1                 -4.3 

 

 

We further inspected the molecular interactions between these protein-substrate poses 

using Discovery Studio to predict functionally important amino acid residues and 

found that both the ligands were stabilized in their active site area by strong hydrogen 

bonding interactions (Figure 3.14A and 3.14B). Lys 105 and Lys 126 were identified 

as H-donors to the phosphate group oxygen of both 5GUG-I3P and 4A69-I0P while 

Arg 153 an H-acceptor for hydrogen bonds formation suggesting that these binding 

pocket residues may play a pivotal role in enzymes function and protein structure 

stability. Based on the previous work conducted by Holmes and Jogl [362], we 

hypothesize that side chains of these amino acid residues may assist in inducing 

conformational changes on inositol phosphate binding, enabling the enzyme to 

interact with differently phosphorylated inositol polyphosphates in different 

orientations, thus endorsing its substrate versatility. Besides, Ser 217 also form a 
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stabilizing hydrogen bond with the 4A69-I0P ligand. Gln 157 and Pro 140 were 

observed to form an unconventional carbon-oxygen hydrogen bond with 5GUG-I3P 

and 4A69-I0P respectively indicating their possible contribution to ligand binding 

affinity and ligand recognition [376]. 
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(B) 

 

Figure 3.14: Molecular docking of substrates to the GmIPK2_S model. Hydrogen 

bonding interactions of (A) 5GUG-I3P (B) 4A69-I0P substrates with residues in the 

active site of the protein. The substrate is depicted in stick representation with carbon 

atoms coloured turquoise, oxygen atoms red, hydrogen atoms yellow and phosphorus 



Isolation and Characterization 

 

 82 

atoms blue. The interacting protein side chains are represented as maroon sticks in A 

and green sticks in B.  

Table 10A: Hydrogen bonds between the active site residues of GmIPK2 and its 

substrate 5GUG-I3P along with their distances and angles. 

                        GmIPK2 

        Residue       Atom      Chemistry 

                      5GUG-I3P  

           Atom         Chemistry 

       Distance  

          (A°)                                                                              

       Angle 

    (Degree°) 

        Lys105         HZ3        H-Donor       O7           H-Acceptor 2.074 49.9029 

        Lys126         HZ3        H-Donor       O14         H-Acceptor 1.852 44.2482 

        Arg153         O            H-Acceptor  H39         H-Donor 2.168 45.6080 

        Gln157         CA          H-Donor      O18         H-Acceptor 3.348 52.1869 

 

Table 10B: Hydrogen bonds between the active site residues of GmIPK2 and its 

substrate 4A69-I0P along with their distances and angles. 

                       GmIPK2 

     Residue       Atom      Chemistry 

                      4A69-I0P  

          Atom         Chemistry 

       Distance  

          (A°)                                                                                  

      Angle 

   (Degree°) 

       Lys105        HZ2       H-Donor      O18        H-Acceptor 2.693 47.8602 

       Lys105        HZ3       H-Donor      O24        H-Acceptor 2.078 28.0171 

       Lys126        HZ3       H-Donor      O28        H-Acceptor 2.179 35.7367 

       Lys126        O            H-Acceptor H40        H-Donor 2.121 39.3959 

       Pro140         CA         H-Donor      O4          H-Acceptor 3.732 60.3277 

       Arg153         O           H-Acceptor H36        H-Donor 2.187 16.0359 

       Ser217         HG         H-Donor     O27        H-Acceptor 2.899 22.5987 

  

 

                      

 

 

 

 

 

 

 

 

 

 

(C)                                                                      (D) 
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Figure 3.14: (C) & (D) 2D-schematic representation of the interactions shown in 

Figure 3.14 A & B respectively drawn using Discovery Studio Visualizer. 

Lengths and angles of hydrogen bonds stabilizing the GmIPK2-I3P and GmIPK2-I0P 

complexes are enlisted in Table 10A and Table 10B respectively. Moreover, our 

analysis indicates that Thr 110, Lys 138 and Lys 154 show non-bonding interactions 

with the ligands. 2D protein GmIPK2-I3P/I0P ligand interaction diagrams (Figure 

3.14C and 3.14D) were also generated using Discovery Studio.  

 

3.3.6.3 Molecular dynamics simulation of GmIPK2-I3P and GmIPK2-I0P 

complexes: We subsequently subjected our docked protein-ligand complexes to MD 

simulation using the GROMOS96 43A1 force field to compute their stability and 

dynamics. The trajectories obtained were utilized to construct their respective RMSD 

and RMSF plots. The GmIPK2-I3P and GmIPK2-I0P complexes exhibited a deviation 

between ~0.5 to 0.6 nm (Figure 3.15A and Figure 3.16A) that converged to ~0.58 nm 

and ~0.55 nm respectively at 50 ns. This suggests stabilization of the structures post-

simulation.  
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Figure 3.15: Simulation behavior of GmIPK2 complexed with 5GUG-I3P over 50 ns 

MD simulation. (A) Root mean square deviations. 
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Figure 3.15: Simulation behavior of GmIPK2 complexed with 5GUG-I3P over 50 ns 

MD simulation. (B) Root mean square fluctuations.  
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Figure 3.16: Simulation behavior of GmIPK2 complexed with 4A69-I0P over 50 ns 
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MD simulation. (A) Root mean square deviations.            

                

 

 

 

 

 

 

 

 

(B)  

 

Figure 3.16: Simulation behavior of GmIPK2 complexed with 4A69-I0P over 50 ns 

MD simulation. (B) Root mean square fluctuations. 

 

From their RMSF plots, we observed fluctuations up to ~0.38 nm in the GmIPK2-I3P 

complex (Figure 3.15B) and ~0.29 nm in the GmIPK2-I0P complex (Figure 3.16B) 

which reveal the characteristic regional flexibilities of functional significance in each 

complex. Lastly, we calculated the binding free energies (ΔGbinding) of both the 

complexes by using g_mmpbsa for their respective trajectories. ΔGbinding values of -

12.4 kcal/mol and -11.9 kcal/mol were estimated for GmIPK2-I3P and GmIPK2-I0P 

complexes respectively. These values indicate that the binding of ligands is 

thermodynamically favourable and thus validates the reliability of our simulation. 

 

3.4 Conclusion 
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The present work elucidates molecular characteristics, structure, and function of  

GmIPK2 gene and the protein. To conduct this study, we isolated and cloned a partial 

sequence of the gene from G. max cv. Pusa16 and analyzed it using computational 

tools. Structural annotation of the gene highlighted seed-specific cis-acting regulatory 

motifs in its promoter region. Further assessment of its transcripts verified its pre-

dominant expression in the seeds, specifically during later stages of development. We 

thus speculated that perturbing GmIPK2 gene expression in seed tissue could be a 

viable strategy for reducing PA biosynthesis. Sequence similarity search of the 

translated GmIPK2 ORF identified homologous proteins with shared functions. 

Alignment of these homologs located small conserved motifs which were further 

confirmed by the evolutionary analysis. Motif analysis characterized GmIPK2 as a 

tyrosine-specific protein kinase which participates in different cellular processes such 

as protein-protein interactions, cell signaling regulation, cell adhesion, and trans-

cription. These motifs also predicted cytoplasmic localization of the GmIPK2 protein. 

Phylogenetic tree recognized IPK2 protein from G. soja, V. radiata, P. vulgaris, and 

C. cajan as the closest homologs of GmIPK2 which indicate that they are functionally 

very similar. Since protein structure is the foundation for understanding its function, 

we determined the 2D and 3D homology model of GmIPK2 protein and performed its 

docking. The will assist in making structure-based predictions of its function such that 

based on the 3D structure of an active site motif as well as in determining its 

empirical model. The docking studies will also help in designing potent IPK2 

inhibitors for studying PA biosynthesis pathway in detail. In summary, these results 

provide preliminary data for achieving the main objective of reducing PA content in 

soybean seeds to enhance its nutritional quality, addressed in the following section. 
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This work has been published in “3 Biotech”, Springer, entitled “Molecular 

characterization, modeling, and docking analysis of late phytic acid biosynthesis 

pathway gene, inositol polyphosphate 6-/3-/5-kinase, a potential candidate for 

developing low phytate crops”.  
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Chapter 4 
Development and evaluation of low phytate (lpa) 

soybean by targeting seed-specific silencing of 

inositol polyphosphate 6-/3-/5-kinase gene via 

encoding a self-complementary hairpin RNA 
 

4.1 Introduction 

 

Soybean represents one of the most important, inexpensive sources of energy-dense 

and nutrient-rich vegetarian food supply to the world population. In many countries, 

soy meal is a major source of protein and minerals for animals. Its high nutritional 

value comes from the accumulation of many beneficial storage compounds during its 

seed development. However, along with these compounds, there is a corresponding 

accumulation of molecules with anti-nutritional properties. Phytic acid amongst them 

is one of the most prominent antinutrients found as it represents the most abundant 

form of phosphorus occurring in its seeds (up to 85%) and other tissues and organs. 

Owing to its chemical structure, PA function as a chelator of nutritionally important 

positively charged macro and micro minerals and form stable salts with them called 

phytins [5, 377]. Due to lack of phytase activity in the gut of monogastric animals, 

most of the phosphorus and minerals in these salts remain unutilized and are excreted, 

potentially contributing to nutritional deficiency in human and animal populations [6, 

98, 378, 379]. In addition, animal waste rich in phytins is used as a ready source of 

fertilizer, causing accumulation of excess phosphorus in the soil which contributes 

significantly to eutrophication of surface waters [139, 380]. To overcome the 

nutritional deficiencies foods and feeds were supplemented with available forms of 

dietary phosphorus. However, this doesn’t solve the problem of PA derived
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phosphorus pollution. Therefore, scientists began looking into approaches which 

obviate these problems simultaneously. Amongst them, generation of low phytate 

crops (lpa) was the highlight. 

               The first generation of lpa crops was developed using classical breeding/ 

mutagenesis which blocked the synthesis or accumulation of PA. These efforts were 

augmented with subsequent advancements in technology by the aid of forward 

genetics. Several lpa genotypes have been isolated for a number of crop species 

including maize [140, 274], wheat [158], barley [144, 381], rice [150, 151], and 

Arabidopsis [87]. Lpa mutant lines CX1834 [140] and LR33 [100] were developed in 

soybean. Some animal and human nutrition studies have shown that subjects 

consuming low-phytate feeds show increased phosphorus utilization and reduced 

phosphorus elimination in their waste as well as the increase in percentage absorption 

of Fe, Zn and Ca [382-385]. Unfortunately, these lpa crops thus generated were 

largely unsuccessful due to their poor agronomic performance which called in for 

some alternate approach which maintains plant quality.    

               Research in the past has provided evidence that manipulating plants by 

genetic engineering techniques hold great potential for crop improvement, and hence 

this approach was explored by research teams working on generating lpa crops. The 

first strategy that was followed to develop lpa soybean was the transgenic 

accumulation of microbial phytases in their seeds [16, 131]. However, the cost and the 

labour incurred for its processing made it an economically unviable alternative. 

Successively, a sustainable approach directing expression of soybean phytase during 

embryo development at the site of PA synthesis/storage was followed [157, 386]. 

Nonetheless only a maximum reduction of 25% in PA level could be attained by this 

method which is significantly less than what was achieved previously. Therefore, to   
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reduce the PA level even further albeit optimally, we explored a reverse genetics 

technique of RNA interference (RNAi) in our study, which was recently success-

fully used to generate lpa rice [387, 388] and wheat [389]. Nunes and co-workers 

back in 2006 [23] achieved up to 95% reduction in soybean seed PA by RNAi but at 

the cost of embryo abortion in the progeny zygotes. The observed effect can partly 

be accounted for by firstly, the choice of gene and secondly, the promoter used for 

expression of the transgene. To manipulate PA biosynthesis, Nunes followed 

inhibition of the first step of the pathway which is suggested to be the most effective 

strategy. However, suppressing myo-inositol-1-phosphate synthase (GmMIPS) 

expression may lead to critical alterations in seed PA biosynthesis [24], 

subsequently disturbing the cellular phosphorus and inositol homeostasis. Therefore, 

in our study we decided to choose one of the late PA pathway enzymes, inositol 

polyphosphate 6-/3-/5-kinase (GmIPK2) as the target gene and designed an intron-

containing self-complementary hairpin (ihp) RNA specific to it. Due to its multiple 

specificities resulting in sequential phosphorylation of 1D-myo-inositol-1,4,5-tris-

phosphate to 1D-myo-inositol-1,3,4,5,6-pentakisphosphate and a strategic position 

in the pathway, we hypothesize that this enzyme will achieve a higher but optimal 

level of PA reduction. Recently, much research on the constitutive expression of ihp 

RNA has been reported to silence target genes efficiently in a variety of species 

[390]. The ability of constitutive promoters to direct high levels of transgene 

expression can, however, be a limiting factor when temporal and spatial gene 

expression control is required to achieve manipulation in specific plant organs or 

developmental stages [391]. Its been observed to interfere with plant development 

resulting in abnormal phenotypes [392, 393]. Nunes also used a constitutive 

promoter CaMV 35S to drive the expression of the target gene. However, he obser- 
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ved that it resulted in a strong silencing in vegetative tissues other than the 

developing seeds. From this, we concluded that the promoter we use for expression 

should be active only in the target tissue i.e. developing seeds, the storage site of PA 

which will help in minimizing any off-target effects. Also, we kept in mind that the 

promoter we use should have the same temporal and spatial activity in the seed as 

our target gene GmIPK2 to achieve its successful silencing. To solve our purpose, 

we selected the promoter of reserve protein vicilin, located in protein bodies which 

is the same site as GmIPK2 gene expression to drive our RNAi construct.  

                 In summary, in the present study, we attempted the use of RNAi based 

ihp RNA to silence GmIPK2 gene expression in soybean seeds using a seed-specific 

promoter vicilin and achieve a reduction in its seed phytate levels and a corres-

ponding increase in available phosphorus and some PA bound minerals.  

 

4.2 Materials and Methods 

 

4.2.1 Seed material  

 

Glycine max [L.] Merr. cv. Pusa-16 was procured from Division of Genetics, IARI, 

New Delhi, India for isolating GmIPK2 gene as described in the previous chapter and 

as the recipient genotype for subsequent genetic modifications. Quantitative character 

-istics of this cultivar grown primarily in northern plain and hill zones of India are 

described by Karnwal and Singh [394] and Ramteke and co-workers [395, 396]. 

 

4.2.2 Vectors 

 

IPK2 sense, antisense, and intron fragments were generated initially in pCR
TM

2.1-
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TOPO® TA cloning vector. The final ihp construct was sub-cloned in the binary 

vector pCWAK (Figure 4.1) prepared in-house in a previous work by ligating 

fragments from the expression vector pCW66 containing seed-specific promoter 

vicilin and binary vector pAKVS with plant selectable marker bar gene. Both the 

vectors were obtained from Dr. Craig Atkins Laboratory, Department of Botany, 

School of Plant Biology, University of Western Australia, Australia. 

 

 

 

Figure 4.1: Circular map of binary vector pCWAK containing bacterial and plant 

selectable marker genes kanamycin and bar respectively as well as seed-specific 

promoter vicilin. 

 

4.2.3 Preparation of GmIPK2 specific ihp silencing construct   

 

When designing an ihp RNAi construct, one of the biggest challenges is to an obtain 

inverted versus direct orientation of the double-stranded target RNA fragment. In order to 

overcome this challenge, we adapted directional cloning of the sense, antisense, and 

intron cDNA fragments by incorporating pairs of compatible restriction enzymes in their 

respective PCR amplicons. Restriction of these enzymes generates compatible cohesive 
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ends that increase the frequency of obtaining correct inverted repeats. 

 

4.2.3.1 Cloning of GmIPK2 sense sequence   

 

For cloning GmIPK2 in sense orientation (GmIPK2_S), a 305 bp cDNA fragment 

(including 250 bp of its 3' end coding sequence and a 55 bp conserved sequence from 

its 3' untranslated region) was PCR amplified from GmIPK2 transcript cloned 

previously (section 3.3.1) using gene-specific primers containing BamHI and SacII 

restriction sites in forward and reverse primers respectively.   

 

Primers used for amplification: 

GmIPK2_S FP: -5′ CGCGGATCCGCGTTGCAGAAGCTCAAG 3′   

GmIPK2_S RP: -5′ TCCCCGCGGGGAGCGACACTAATTCAAG 3′ 

 

PCR reaction mixture 

Reagent Volume (μl) 

10X PCR buffer 2.5 

dNTP mix (10mM each)                                      1 

25mM MgCl2                                                       2 

GmIPK2_S FP (200 pmol/μl)                           0.5 

GmIPK2_S RP (200 pmol/μl)                           0.5 

Template DNA (50ng/μl)                                     2 

TaqDNA polymerase (5U/μl)                           0.5 

NFW      to 25 

 

After preparing the PCR reaction mixture, amplification was performed by placing the 

reactions on a PTC-100
TM

 Peltier thermal cycler (MJ Research). 

 

PCR cycling protocol 

Steps Temperature Time Cycles 

Initial denaturation 94
o
C   4 min      1 

Denaturation                                   94
o
C 30 sec  

Annealing     65.3
o
C 30 sec    35 

Extension 72
o
C 30 sec  

Final extension                                       72
o
C 10 min      1 
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On completion, 2μl of the amplification product was evaluated by agarose gel 

electrophoresis (see Appendix II) alongside a 1 kb DNA ladder to determine the 

approximate size of the amplicon. The PCR reaction was gel-purified to remove 

undesired amplification products and primer dimers by using gel/PCR DNA 

Fragments Extraction Kit (DF100) from Geneaid and subsequently improve the 

ligation efficiency. The desired amplicon was then ligated in the TA cloning vector 

pGEM-T Easy (Promega, USA).  

 

Cloning reaction 

Reagent Volume (μl) 

Salt Solution                                                       1 

TOPO® vector                                                   1 

GmIPK2_S insert                                               1 

NFW                                 to 6 

 

The ligation mixture was incubated at 4
o
C overnight and used directly for the 

transformation of competent E. coli DH5α cells (see Appendix II). The recombinant 

plasmids were identified by blue-white screening, isolated (see Appendix II), and 

confirmed by restriction digestion with EcoRI to release the amplicon fragment as 

well as by sequence analysis. The clone was named as pMS. 

 

4.2.3.2 Cloning of GmIPK2 antisense sequence 

 

For cloning GmIPK2 in antisense orientation, a 305 bp cDNA fragment (including 

250 bp of its 3' end coding sequence and a 55 bp conserved sequence from its 3' 

untranslated region) was PCR amplified from GmIPK2 transcript cloned previously 

(section 3.3.1) using gene-specific primers (GmIPK2_As; FP 5'-CCGCTCGAGCGG 

AACGTCTTCGAGTTC-3' and RP 5'CCATCGATGGCGCTGTGATTAAGTTCGTA-

3') containing XhoI and ClaI restriction sites respectively. The PCR reaction mix and 
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cycling conditions are the same as that for GmIPK2_S fragment amplification.  The 

PCR product was then cloned in pCR
TM

2.1-TOPO® vector similarly as that described 

for GmIPK2_S. The positive clones were confirmed by restriction with EcoRI as well 

as by sequence analysis. The clone was named as pMAS. 

 

4.2.3.3 Cloning of GmFad2-1 intron sequence 

 

A 395 bp soybean fatty acid desaturase genes’ (GmFad2-1) intronic sequence 

containing six and nine base pair exonic sequence at its 5' & 3' ends respectively 

was PCR amplified using primer pairs (GmFad2-1; FP 5'-TCCCCGCGGGGAAGG 

TCTGTCTTATTTTGAATC-3' and RP 5'-CCATCGATGGTATACCGCACTAGTAA 

ACCAC-3') containing SacII and ClaI restriction sites respectively and cloned in 

pCR
TM

2.1-TOPO® vector in similar manner as that described for GmIPK2_S and 

GmIPK2_As. The clone was named as pMINT. It was used as the base vector for 

assembling the final GmIPK2 ihp silencing construct. 

 

4.2.3.4 Assembly of GmIPK2 ihp silencing construct   

 

GmIPK2 ihp silencing construct is put together in two stages: 1) Ligation of gene-

specific sense and intron fragments, 2) Ligation of antisense fragment to sense-intron 

ligated fragments to form the complete silencing cassette.    

 

4.2.3.4.1 Ligation of GmIPK2_S and GmFad2-1 fragments 

Both pMS and pMINT vectors were digested independently with BamHI and SacII 

restriction enzymes in double digestion to facilitate directional cloning of GmIPK2_S 

and GmFad2-1 fragments. The base vector pMINT was first digested with the enzyme 
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pair to linearize the plasmid with BamHI and SacII overhangs. The pMS vector was 

then digested with the same enzyme pair to generate the same overhangs on the 

cloned GmIPK2_S PCR fragment. The GmIPK2_S with compatible cohesive ends 

was subsequently ligated into the linearized pMINT vector. The restriction reaction 

common to both the digestions were prepared as follows: 

           

          Restriction mixture 

Reagent Volume (μl) 

pMINT/pMS (1-2 μg)                                          5 

10X NEBuffer 4                                                   2 

BamHI (20U/μl)                                                   1 

SacII(10 U/μl)                                                      2 

NFW                               to 20 

 

The reaction mixtures were incubated at 37
o
C for 4 hrs. Following restriction, the 

reactions were assessed by electrophoresis on 1% agarose gel and purified by using 

Geneaid gel/PCR DNA Fragments Extraction Kit (DF100). The purified fragments 

were ligated by preparing the following reaction mix: 

 

Ligation mixture 

Reagent Volume (μl) 

Excised GmIPK2_S fragment (100 ng)               2 

Linearized pMINT (200 ng)                                4 

10X Ligase buffer                                                2 

T4 DNA ligase (5 U/μl)                                       1 

NFW                               to 20 

 

The ligation mixture was incubated at 4
o
C overnight and used directly for the 

transformation of competent E. coli DH5α cells. The positive clones were identified by 

blue-white screening and confirmed by restriction digestion with BamHI and ClaI to 

release ~700 bp GmIPK2_S plus GmFad2-1 fragment. The clone thus obtained was 
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named as pMIS. 

 

4.2.3.4.2 Cloning of GmIPK2_As fragment into pMIS  

 

Both pMAS and pMIS vectors were digested independently with ClaI and XhoI 

restriction enzymes in double digestion to facilitate directional cloning. The vector 

pMIS was first digested with the enzyme pair to linearize the plasmid with ClaI and 

XhoI overhangs. The pMS vector was then digested with the same enzyme pair to 

generate the same overhangs on the cloned GmIPK2_As PCR fragment. The 

GmIPK2_As with compatible cohesive ends was subsequently ligated into the 

linearized pMIS vector. The restriction digestions, DNA ligation and E. coli 

transformation were carried out as discussed in section 4.2.3.4.1. The positive clones 

were identified by blue-white screening and confirmed by restriction digestion with 

BamHI and XhoI to release ~1 Kb GmIPK2 ihp silencing cassette. The clone thus 

obtained was named as pMIHP. 

 

4.2.4 Sub-cloning GmIPK2 ihp cassette into plant expression vector pCWAK   

 

The GmIPK2 ihp construct thus generated was cloned to binary vector pCWAK, 

carrying seed specific vicilin promoter and bar gene selection marker, for further use 

of conducting soybean plant transformation. For sub-cloning silencing cassette into 

pCWAK, GmIPK2 ihp cassette was excised from pMIHP by double digestion with 

BamHI and XhoI and ligated to BamHI and XhoI linearized pCWAK plasmid. The 

restriction of pMIHP was carried out as described in section 4.2.3.4.1. pCWAK was 

restricted in a reaction mixture containing: 
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Restriction mixture 

Reagent Volume (μl) 

pCWAK (1-2 μg)                                              20 

10X Buffer                                                           5 

BamHI (20U/μl)                                                   1 

XhoI (10 U/μl)                                                      2 

NFW                               to 50 

 

The reaction mixtures were incubated at 37
o
C for 4 hrs. Following restriction, the 

reactions were assessed by electrophoresis on 1% agarose gel and purified by using 

Geneaid gel/PCR DNA Fragments Extraction Kit (DF100). The purified fragments 

were ligated by adding insert and vector in 3:1 ratio respectively in the following 

reaction mix: 

 

Ligation mixture 

Reagent Volume (μl) 

Excised GmIPK2 ihp fragment (150 ng)          3 

Linearized pCWAK (50 ng)                                1 

10X Ligase buffer                                                2 

T4 DNA ligase (5 U/μl)                                       1 

NFW                               to 20 

 

The ligation mixture was incubated at 4
o
C overnight and used directly for 

transforming competent E. coli DH5α cells. The positive clones were identified by 

blue-white screening and confirmed by restriction digestion with BamHI and XhoI. 

The final clone thus obtained was named as pCWAK-IPK2ihp.  

 

4.2.5 Mobilizing recombinant clones into Agrobacterium EHA105 

 

The binary vector from confirmed recombinant pCWAK-IPK2ihp clones were 

mobilized into Agrobacterium tumefaciens strain EHA 105 by using a form of 

bacterial conjugation called triparental mating where the transfer is assisted by a 
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conjugative plasmid present in another bacterial strain. The vector pCWAK-IPK2ihp 

is capable of replicating in both E. coli as well as Agrobacterium. The transfer of 

pCWAK-IPK2ihp from the donor E. coli DH5α cells to the recipient Agrobacterium 

EHA 105 [397] cells was performed with the helper bacterial strain PRK 2013 in a 

seven days long procedure described below:      

 

Day 1: 10 ml Luria-Bertani (LB) broth with antibiotic rifampicin (25 μg/ml) was 

inoculated with Agrobacterium EHA105 culture and incubated in a shaker incubator 

at 28
o
C, 200 rpm for 46-48 hrs to obtain cells in their log phase (OD550 of 0.5-0.8). 

Day 2: Both donor E. coli DH5α and helper PRK 2013 strains were inoculated in 10 

ml LB broth with antibiotic kanamycin (50 μg/ml) for selection and incubated in a 

shaker incubator at 37
o
C, 200 rpm for 16-18 hrs until the cells reach their log phase 

(OD600 of 0.5-0.6). 

Day 3: Cultures of EHA 105, DH5α, and PRK 2013 were mixed in a ratio of 2:1:1 

(400 μl: 200 μl: 200 μl respectively) in a sterile eppendorf tube under a laminar 

airflow hood, pipetted over three square Whatman filter paper blots (3mm in size) 

placed on a LA plate, and subsequently incubated at 28
o
C for 46-48 hrs. 

Day 5: Each blot was placed in 5 ml LB broth devoid of any antibiotic and mixed 

thoroughly. 100 μl of culture from each tube was diluted up to 1000 times using LB 

broth, spread on LA plates containing 25 μg/ml rifampicin & 50 μg/ml kanamycin, 

and incubated at 28
o
C for 46-48 hrs.  

Day 7: Single colonies were picked and cultured onto a master grid plate to identify 

positive clones harboring GmIPK2 ihp cassette by colony PCR amplification of Bar 

gene: 
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Primers used for colony PCR amplification: 

Bar FP: -5′ GAACGACGCCCGGCCGACAT 3′ 

Bar RP: -5′ GTCCAGCTGCCAGAAACCCAC 3′ 

 

Reaction mixture 

Reagent Volume (μl) 

10X PCR buffer 2.5 

dNTP mix (10mM each)                                      1 

25mM MgCl2                                                       2 

Bar FP (100 pmol/μl)                                        0.5 

Bar RP (100 pmol/μl)                                        0.5 

Template DNA (50ng/μl)                                     2 

TaqDNA polymerase (5U/μl)                           0.5 

NFW      to 25 

 

Amplification was performed by placing these PCR reaction mixtures on a PTC-

100
TM

 Peltier thermal cycler (MJ Research). 

 

PCR cycling protocol 

Steps Temperature Time Cycles 

Initial denaturation 94
o
C 4 min      1 

Denaturation                                   94
o
C   1 min  

Annealing 65
o
C 30 sec    35 

Extension 72
o
C 30 sec  

Final extension                                       72
o
C   4 min      1 

 

On completion, 2μl of amplified product was analyzed by electrophoresis on 1% 

agarose gel along with a 1 kb DNA ladder to observe the amplicon size.  

 

4.2.6 Transformation of soybean cotyledonary nodes and regeneration of 

transgenic plants  

 

The protocol used for transformation and regeneration was standardized in our 

laboratory as follows: 
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4.2.6.1 Seed germination: Mature soybean seeds (Glycine max [L.] Merr. cv. Pusa-

16) were surface sterilized with chlorine gas (mix 3.5 ml of 12 N HCl and 100 ml 4% 

sodium hypochlorite) in a desiccator under the fume hood for 16-18 hrs [398]. The 

sterilized seeds were placed on half gamborg’s B5 basal medium [399], referred to as 

germination medium (GM) supplemented with 1 mg/l BAP, 3% sucrose, 0.6% agar, 

pH 5.8 and incubated for around for 5-6 days in a tissue culture chamber at 28°C, 

16hrs/8hrs light/dark regime with an intensity of approximately 150 μmolm
-2

s
-1

. 

 

4.2.6.2 Explant preparation and co-cultivation: After 5-6 days, the germinated 

seedlings were taken out in an aseptic environment, their seed coat and radicle were 

removed to leave around 3-4 mm of its hypocotyl segment, and the seeds bisected by 

making a longitudinal cut through the cotyledonary node to separate it into two. The 

explants so derived were wounded around the nodal area with a scalpel blade and 

subsequently infected with Agrobacterium suspension culture for 30 min, prepared by 

suspending overnight grown Agrobacterium culture harboring pCWAK-IPK2ihp 

construct (OD600 1-1.5) in liquid co-cultivation medium (CCM) containing 1/10 B5 

salts supplemented with 1.68 mg/l BAP, 1 mM dithiothreitol (DTT), 200 μM 

acetosyringone, 1 mM sodium thiosulfate and 3.3 mM L-cysteine, pH 5.4. After 

infection, explants (8-10 per plate) were cultured with their adaxial side touching the 

Whatman filter paper lined solid CCM and incubated at 28
o
C for 2-3 days in the dark 

[400-402]. Growth regulators, vitamins and antibiotics were prepared in autoclaved 

water and filter sterilized before use.   

 

4.2.6.3 Shoot induction: The infected explants were then transferred adaxial side up 

with the hypocotyl embedded to full B5 solid shoot induction medium (SIM) 

supplemented with 1.2 mg/l BAP, 0.2 mg/l IBA, 200 mg/l cefotaxime, 100 mg/l 
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carbenicillin, 70 mg/l timentin, 50 mg/l kanamycin, 3% sucrose, 0.6% agar, pH 5.8 

and incubated for 10-14 days at 28
o
C, 16h/8h light/dark regime with an intensity of 

approximately 100 μmolm
-2

s
-1

 for selective shoot induction. After two weeks, 

explants were sub-cultured to fresh SIM medium supplemented with 4 mg/l 

glufosinate (Glufosinate-ammonium, Sigma-Aldrich) for another 14 days. 

 

4.2.6.4 Shoot elongation: Following shoot induction, the cotyledons were removed 

from the differentiating glufosinate resistant explants with newly developed shoots 

and sub-cultured to Murashige and Skoog (MS) medium [403] with B5 vitamins, 

referred to as shoot elongation medium (SEM). The SEM is supplemented with 0.75 

mg/l GA3, 0.1 mg/l IAA, 1 mg/l zeatin, 200 mg/l cefotaxime, 100 mg/l carbenicillin, 

70 mg/l timentin, 100 mg/l kanamycin, 5 mg/l glufosinate, 3% sucrose, 0.6% agar, pH 

5.8, and incubated for 10-14 days at 28
o
C, 16hrs/8hrs light/dark regime with an 

intensity of approximately 100 μmolm
-2

s
-1

. The explants were sub-cultured to fresh 

SEM medium every two weeks until the shoot length becomes 2-3 cm in height.  

 

4.2.6.5 Rooting: Explants with elongated shootlets were subsequently placed on half 

B5 rooting medium (RM) supplemented with 2 mg/l IBA, 200 mg/l cefotaxime, 100 

mg/l carbenicillin, 70 mg/l timentin, 1% sucrose, 0.7% agar, pH 5.8 and incubated 

until roots are developed. 

 

4.2.6.6 Hardening: Well rooted T0 plantlets were transplanted to pot mixture 

containing vermiculite, cocopeat, and river sand in a 1:1:1 ratio and housed in tissue 

culture room for two to three weeks. Once acclimatized, the plants were shifted to 

National Phytotron Facility, IARI, Delhi, India, and grown to maturity at 28
o
C under 

16hrs/8hrs light/dark regime using 1000W high-pressure sodium lamps as the light 

source.  
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4.2.7 Screening and Evaluation of putative transgenic plants 

 

4.2.7.1 Confirmation of T0 positive transformants by PCR  

 

Glufosinate-resistant plants were screened for the presence of IPK2 ihp construct in 

their genomic DNA by PCR amplification using bar gene and ihp construct-specific 

primers. Genomic DNA was isolated from the leaves of putative positive trans-

formants and non-transformant plants using the protocol described by Murray and 

Thompson [404]. 5 g of leaves tissue was finely powdered in liquid nitrogen, trans-

ferred to a 50 ml centrifuge tube containing pre-warmed DNA extraction buffer (0.7 

M NaCl, 1% CTAB, 50 mM Tris-HCl (pH 8.0), 10 mM EDTA, and 1% 2-

mercaptoethanol), and incubated at 65
o
C in a water bath for an hour. An equal volume 

of chloroform:isoamyl alcohol (24:1) was added to the tube, mixed well, and centri-

fuged at 10,000 g for 10 min at RT. The upper aqueous layer was carefully transferred 

to a fresh sterile tube, mixed with one volume of chilled isopropanol, and incubated at 

RT for at least an hour. The precipitated DNA was spooled out or pelleted down by 

centrifugation at 10,000 g for 10 minutes at 4
o
C. The pellet was washed with 70% 

ethanol, dried, and dissolved in TE buffer, pH 8.0 (10 mM Tris-HCI, pH 8.0 and 1mM 

EDTA, pH 8.0). Isolated DNA was purified by treating it with 20 μg/ml DNase free 

RNase A, followed by phenol:chloroform:isoamyl alcohol (25:24:1) extraction. The 

DNA was precipitated with a 1/10th volume of 3M sodium acetate (pH 5.2) & 2.5 

volume of ice-cold absolute ethanol and stored at -20
o
C. The purified DNA fragment 

was checked on 1% agarose gel for integrity. About 100 ng of the above-isolated 

DNA was used to check for the presence of the bar gene by carrying out amplification 

as described under section 4.2.5. The presence of a fragment of ihp cassette was also 

verified by following amplification protocol described below: 
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Primers used for amplification: 

GmIPK2_S FP: -5′ CGCGGATCCGCGTTGCAGAAGCTCAAG 3′   

GmFad2-1 RP:  -5' CCATCGATGGTATACCGCACTAGTAAACCAC 3' 

 

Reaction mixture 

Reagent Volume (μl) 

10X PCR buffer 2.5 

dNTP mix (10mM each)                                      1 

25mM MgCl2                                                       2 

GmIPK2_S FP (100 pm/µl)                               0.5 

GmFad2-1 RP (100 pm/µl)                                0.5 

Genomic DNA (100 ng)                                       3 

TaqDNA polymerase (5U/μl)                           0.5 

NFW      to 25 

 

Amplification was performed by placing these PCR reaction mixtures on a PTC-

100
TM

 Peltier thermal cycler (MJ Research). 

 

PCR cycling protocol 

Steps Temperature Time Cycles 

Initial denaturation 94
o
C   4 min      1 

Denaturation                                   94
o
C 30 sec  

Annealing 62
o
C 30 sec    35 

Extension 72
o
C 30 sec  

Final extension                                       72
o
C 10 min      1 

 

On completion, 2μl of amplified product was analyzed by electrophoresis on 1% 

agarose gel along with a 1 kb DNA ladder to observe the amplicon size.  

 

4.2.7.2 Analysis of PCR confirmed transformants by southern blotting 

  

Southern hybridization analysis was carried out on T1 plants cultivated from the seeds 

of PCR positive T0 lines to confirm stable T-DNA integration and to estimate the 

number of copies inserted.  
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4.2.7.2.1 Restriction digestion of genomic DNA: 20 µg of genomic DNA from each 

sample was digested with PstI which does not cut the T-DNA region by preparing the 

reaction mixture as follows:  

 

Restriction mixture 

Reagent Volume (μl) 

genomic DNA (2 μg)                                         10 

10X NEBuffer                                                   2.5 

PstI (20 U/ μl)                                                    5 

NFW to 25 

 

The reaction mixture was incubated at 37
o
C overnight. XhoI digested pCWAK-IPK2 

plasmid DNA was used as positive control. The restricted samples were separated by 

electrophoresis on 0.8% agarose gel. 

 

4.2.7.2.2 Transfer of DNA on to nylon membrane: The gel was removed from the 

electrophoresis unit and transferred onto a positively charged nylon membrane 

(Axiva, India) by capillary blotting following the method described by Sambrook and 

co-workers [278]. After visualization, the gel was transferred in a glass tray and 

soaked in 0.25 M HCl for 15 min with slow shaking at RT to carry out depurination. 

The DNA was denatured by soaking the gel in several volumes of denaturing solution 

(1.5 M NaCl and 0.5 M NaOH) for 1 hr followed by its neutralization in 0.5 M Tris-

HCl pH 7.2 and 1.5 M NaCl solution for 1 hr with slow shaking at RT. A piece of 

3MM Whatman filter paper was wrapped around a glass plate and placed inside a 

glass reservoir filled with 20X SSC (3M NaCl and 0.3 M Sodium citrate) such that 

both its ends dip in SSC to serve as a wick. The filter paper was smoothened with a 

glass rod to remove all the air bubbles trapped between the paper and the glass plate. 

The gel was then placed on the filter paper in an inverted manner so that the wells are 

now facing the glass plate and again smoothened to remove all the air bubbles. A 
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nylon membrane (1-2 MM larger than gel size) saturated with 20X SSC was placed 

on the gel to make perfect contact avoiding any air bubbles. Two pieces of exactly 

same size Whatman filter paper were placed on the membrane and again smoothened 

to remove all the air bubbles. A 6 cm stack of absorbent paper towels was placed on 

top of it and weighed down by placing a weight of 500 g over it. The whole assembly 

was covered with waterproof saran wrap to prevent short-circuiting of fluids between 

the paper towel and the Whatman paper placed under the gel. The transfer of DNA 

was allowed to proceed for 12-16 hr. The paper towels and Whatman filter were then 

carefully removed, and the position of the wells was marked on the nylon membrane 

using a soft pencil. The membrane was peeled and washed with 5X SSC to remove 

any traces of the gel and dried properly at RT. The DNA strands thus transferred were 

cross-linked to the nylon membrane by exposure to UV in a crosslinker for 2 min and 

stored in a sheet of filter paper at RT for further use. 

 

4.2.7.2.3 Pre-hybridization and labelling of the probe: The cross-linked membrane 

was soaked in pre-hybridization buffer and placed carefully into a clean hybridization 

bottle containing 20 ml (0.2 ml cm
-2

 of the blot) of pre-warmed (65
o
C) pre-

hybridization buffer (5x Denhardt’s solution, 5X SSC, 50mM phosphate buffer, 0.1% 

SDS, 50% formamide, 0.5 μg sheared salmon sperm DNA). The blot was incubated 

for 2h at 65
o
C in hybridization chamber. For probe preparation, 500 bp bar gene 

fragment was PCR amplified and gel purified as described under the section 4.2.5. 

The purified fragment was biotin labelled using Biotin DecaLabel DNA Labeling Kit 

(Thermo Scientific, USA) by setting up a reaction described by the manufacturer as 

follows: 
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Reagent Volume (μl) 

PCR amplified probe DNA (150 ng)                   5 

Decanucleotide in 5X reaction buffer               10 

NFW      to 44 

 

The contents of the tube were mixed, incubated in a boiling water bath for 5-10 min 

and cooled on ice. To the same tube, the following components were added: 

 

Reagent Volume (μl) 

Biotin labelling mix                                           5 

Klenow fragment, exo
-
 (5 U)                             1 

 

The above components were mixed and incubated for 1 hr at 37
o
C. The reaction was 

stopped by the addition of 1 μl of 0.5 M EDTA, pH 8. The labeled DNA was used 

directly for hybridization. 

 

4.2.7.2.4 Hybridization and detection: After 2 hrs of pre-hybridization, the biotin-

labelled probe was added to the pre-hybridization bottle. Hybridization of the probe 

was carried out overnight by incubation at 65
o
C in the hybridization chamber. After 

hybridization, the membrane was washed and detected using Biotin Chromogenic 

Detection Kit according to the protocol described by the manufacturers (Thermo 

Scientific, USA). Hybridization solution was discarded, and the blot was washed 

thrice with 2X SSC and 0.1% SDS for 15 min each at 50
o
C with moderate shaking. To 

further increase the stringency, the blot was washed twice with 1X SSC and 0.1% 

SDS and again twice with 0.1X SSC and 0.1% SDS each at 50
o
C for 5 min. In the 

final washing, the blot was rinsed in 30 ml of blocking buffer provided in the 

detection kit for 5 min at RT with moderate shaking. The membrane was blocked by 

shaking it in 30 ml of blocking solution for 30 min at RT. 20 ml of the 5000-fold 

diluted streptavidin-AP conjugate was subsequently incubated with the membrane for 
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30 min at RT with moderate shaking to allow streptavidin-biotin bond formation. 

After 30 min, the membrane was washed twice with 60 ml of blocking buffer for 15 

min and incubated with 20 ml of detection buffer for 10 min. The membrane was 

detected by incubation in 10 ml of freshly prepared substrate solution at RT in the 

dark to perform the enzymatic reaction. The blue-purple precipitate becomes visible 

after 15-30 min of incubation. The membrane was rinsed with sterilized double 

distilled water for a few seconds to stop the reaction. The blot was finally removed 

from the water, air dried and documented on syngene gel documentation system.    

 

4.2.7.3 Quantitative expression analysis of transgenic progenies 

 

Southern positive T2 plants were further analyzed by semi-quantitative RT-PCR and 

quantitative real-time PCR (qRT-PCR) to estimate GmIPK2 transcript levels. Total 

RNA was isolated from fresh soybean seed (8-10 mm) tissue of T2 transgenic and 

non-transgenic plants using TRI Reagent (Invitrogen, USA) and first-strand cDNA 

was synthesized from 5 μg of DNase I-treated total RNA using RevertAid
TM

 H Minus 

First strand cDNA Synthesis Kit (Thermo Scientific, USA) by following the protocol 

described under section 3.2.2.1.  

 

4.2.7.3.1 RT-PCR expression analysis 

 

The GmIPK2_S fragment was subsequently amplified from the cDNA template 

following the exact procedure described under section 4.2.3.1 along with the 

amplification of house-keeping gene phosphoenolpyruvate carboxylase (PEPCo) 

(qPEPCoF5'-CATGCACCAAAGGGTGTTTT-3', qPEPCoR 5'-TTTTGCGGCAGCT 

ATCTCTC-3') which was used as the endogenous control. PCR amplification of 

PEPCo was carried by following the same cycling protocol except for its annealing 
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which was carried out at 60
o
C. On completion, the amplification products were 

analyzed by electrophoresis on 1% agarose gel alongside a 1 kb molecular weight 

marker. 

 

4.2.7.3.2 Quantitative real-time PCR analysis 

 

Quantitative real-time PCR analysis (qRT-PCR) analysis was subsequently performed 

based on SYBR green chemistry using DyNAmo Flash SYBER Green qPCR Kit, 

Thermo Scientific, USA. The amplification was performed on PikoReal 96 Real-Time 

PCR platform (Thermo Scientific, USA) using gene-specific primers, designed to 

amplify a 124 bp fragment from its conserved region (qIPK1F 5'-GGAGCGCT 

TGCAGAAGC-3', qIPK1R5'-GACCAGAGGGTTGGTAGC-3'). To normalize the 

variance among samples, house-keeping gene PEPCo was used as the endogenous 

control. The experimental reactions were prepared by adding components in the 

following order: 

 

         qPCR reaction mixture 

Reagent Volume (μl) 

2X Master mix                                                   10 

Primer Mix (0.25 μM each)                                  2 

cDNA template (5 ng/μl)                                      4 

NFW      to 20 

 

The 2X master mix used in the reaction mixture contains a hot-start version of a 

modified Tbr DNA polymerase, SYBR® Green I, optimized PCR buffer, 5mM 

MgCl2, dNTP mix including dUTP. Amplification was then achieved by performing a 

two-step PCR reaction with an initial denaturation at 94°C for 4 min followed by 40 

cycles of denaturation at 94°C for 30s, annealing/extension at 60°C for 30s, and 

fluorescence data collection. Melt curve analysis was performed from 60-95°C to 
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determine the specificity of each unique amplification product. To minimize variation 

in the output, we considered three technical replicates corresponding to each of the 

three biological replicates. The relative abundance of GmIPK2 was calculated using 

the 2-∆∆CT method [281].  

 

4.2.7.4 Analysis of phytic acid concentration by HPLC 

 

We further estimated PA concentration in transgenic seeds by performing reversed-

phase high-performance liquid chromatography (RP-HPLC) as described by Lehrfeld 

[405] with some modifications [406].  

 

4.2.7.4.1 Sample preparation: T3 transgenic seeds were dried at 37°C till a constant 

weight was achieved and ground in a Tecator Cyclotec 1093 Sample mill. 500 mg of 

flour was then defatted overnight in 10 ml hexane and subsequently extracted with 

2.4% HCl by sonication for 3 mins (QSonica, USA) followed by mechanical agitation 

for 1 hr at 250 rpm, 37°C. The extract was centrifuged (Thermo Scientific, USA) at 

13,000 g for 20 min and one part of clear supernatant recovered was mixed with four 

parts of HPLC grade water. The diluted sample passed through a conditioned SAX 

column (Hypersep, Thermo Scientific, USA) connected to a vacuum manifold 

(Millipore, USA at 75-100 mmHg), was washed with 2 ml each of HPLC grade water 

and 5 mM HCl, and finally eluted with 5 ml of 2 M HCl to separate the inositol 

phosphates. The filtrate was evaporated in a vacuum rotary evaporator (Hei-VAP 

Value Digital G3, Heidolph Germany) at 40°C/80 rpm, re-dissolved in 1 ml of mobile 

phase (acetonitrile, formic acid and tetrabutylammonium hydroxide, Merck, USA; 

4.8:5.1:0.1, v/v/v), and filtered using a 0.22 μm PVDF syringe filter (Millipore, USA). 

PA dilutions 0.0625 to 4.0 mg/ml were prepared in the mobile phase, filtered, and 

injected into the HPLC column to construct a calibration curve. All the reagents used 
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for extraction and quantification of PA were of HPLC grade. 

4.2.7.4.2 Phytic acid estimation: For PA HPLC analysis, we used a Shimadzu HPLC 

system equipped with a binary pump, online degasser, a Rheodyne injection valve, 

and a column oven. We injected the sample onto a silica-based reversed-phase C18 

column (250×4.6 mm, 5μ; Shimadzu, Japan) equilibrated with isocratic mobile phase 

at a flow rate of 1.0 ml min
-1

. The temperature of the column oven was set at 40°C to 

avoid hydrolysis of PA to inositols and ortho-phosphates at higher temperatures [407] 

as well as to reduce back pressure. PA signals were monitored with a UV-VIS 

photodiode array detector (SPD-M20, Shimadzu, Japan) coupled to the solvent 

delivery system by taking readings at a wavelength of 197 nm. The detector signals 

were processed and integrated by the data acquisition system, and the final PA 

concentration was calculated using the calibration curve prepared with a PA dodeca-

sodium salt standard (Sigma Aldrich, USA). The software used for analysis was LC-

Solutions (version 1.25).  

 

4.2.7.5 Estimation of seed phosphorus levels 

 

We then estimated the total phosphorus (total P) and inorganic phosphorus (Pi) levels 

in transgenic as well as non-transgenic seeds to correlate it with the observed 

reduction in PA content. Total P in the seeds was determined colorimetrically by a 

method described by Chen and co-workers [408]. We prepared the samples (trans-

genic and non-transgenic control) for the assay by wet ashing 250 mg dried (for 48 

hrs at 60
o
C) ground seeds (in Tecator Cyclotec 1093 Sample Mill) in 2 ml of 

concentrated sulfuric acid [150, 157]. 1 ml of each sample was mixed with 1 ml of 

Chen’s reagent (10% ascorbic acid, 3 M sulphuric acid, 2.5% ammonium molybdate 

and water in 1:1:1:2 ratio) and incubated at 37
o
C for 1.5 hr. Their absorbance was 
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measured at 882 nm, and the total P in the samples was estimated by preparing a 

standard curve of sodium phosphate dibasic heptahydrate at the concentration of 0, 

0.17, 0.34, 0.85, 1.70, 3.40 μg.  

For the determination of Pi levels, we followed a protocol described by Amery and 

co-workers [409] which is a modified Chen’s method that uses single seed chips (1-2 

mg) derived from cotyledonary segment opposite to the embryonic axis for 

estimation. Seed samples were extracted using 50 µl buffer (25 mM magnesium 

chloride and 12.5 % trichloroacetic acid) for 14-16 hrs at 37
o
C with gentle shaking. 10 

µl sub-sample of extracts were loaded in triplicates onto a 96 well plate and diluted 

with 90 µl water. Each sample was incubated with 100 µl of Chen's reagent at 37
o
C 

for 1 hr. Final absorbance of the samples was read at 882 nm on a GloMax®-Multi 

Detection System (Promega, USA) and their Pi was estimated from a standard curve 

prepared by using sodium phosphate dibasic heptahydrate at the concentrations of 0, 

0.17, 0.34, 0.85, 1.70, 3.40 μg.  

 

4.2.7.6 Bioavailability assay using in vivo simulation model 

 

To determine iron (Fe), zinc (Zn) and calcium (Ca) bioavailability, we milled (Tecator 

Cyclotec 1093 Sample Mill) the mature seeds (transgenic and non-transgenic) and 

suspended 1g of each flour sample in 10 ml distilled water in triplicates for digestion 

under simulated gastrointestinal conditions following the method described by Kiers 

and co-workers [410]. We subjected the samples to enzymatic degradation by sequen-  

tial incubation with -amylase solution (see Appendix II) for 30 min at 37°C, stomach 

medium (see Appendix II) for 1 hr at 37°C, and 2% pancreatic solution (see Appendix 

II) for 30 min at 37°C. The digest was centrifuged at 9000 rpm for 15 mins at 4°C and 

the supernatant obtained was passed through a 0.45 mm filter. Distilled water was 
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processed similarly to use as blank for sample correction. Filtered supernatants from 

both, samples and blank were analyzed for Fe, Zn, and Ca using Atomic Absorption 

Spectrophotometer (AAnalyst 200, Perkin Elmer, USA) and the % bioavailability was 

calculated as follows:  

 

                             Amount of Fe, Zn, Ca (sample) – Amount of Fe, Zn, Ca (blank)                                                                                                                                   

% Bioavailability =  ---------------------------------------------------------------------    x 100 

.                                           Amount of Fe, Zn, Ca in the undigested sample  

 

 

4.2.7.7 Agronomic evaluation of transgenic plants 

 

4.2.7.7.1 Germination assay for seed viability 

 

We assessed the germination capacity of T3 seeds in comparison to non-transgenic control 

by performing a controlled germination test (CGT) described by Campion and co-workers 

[411]. The seeds were immersed under water for 8 hrs at 28°C and then transferred to fresh 

water for an additional period of 12 hrs. Following incubation, seeds were rinsed three to 

four times in distilled water and subsequently germinated in Petri dishes lined with filter 

paper soaked in distilled water under a photoperiod of 8 hrs dark and 16 hrs light at 28°C. 

We also monitored seed vigor by using the standard accelerated aging test (AAT) test. In 

AAT, we subjected unimbibed seeds to high temperature (42°C) and relative humidity 

(90%) for 72 hrs. We then removed the seeds from stress conditions, rinsed them three to 

four times in distilled water and placed them on Petri dishes lined with filter paper soaked 

in distilled water for germination under an optimum temperature of 28°C and a 

photoperiod of 8 hrs dark and 16 hrs light.  

 

4.2.7.7.2 Phenotypic analysis 

 

To capitulate the influence of transgene integration on phenotype, we evaluated 
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different morphological traits of transgenic plants grown under controlled 

environmental conditions. We randomly chose five matured plants from transgenic 

lines P2-45 and P6-39 and compared their growth parameters with non-transgenic 

control. We determined the plant height, number of pods, number of seeds, seed dry 

weight, stem length, and root length. To calculate mean seed dry weight (SDW), we 

harvested up to 100 matured seeds and dried them in the oven at 60°C for 72-96 hrs 

before weighing them. 

 

4.3 Results and Discussion 

   

4.3.1 Designing GmIPK2 ihp construct 

 

To design GmIPK2 ihp construct, GmIPK2_S and GmIPK2_As fragments each ~305 

bp in length and GmFad2-1 intronic fragment ~396 bp in length were amplified using 

their respective primers with suitable restriction enzyme sites and cloned individually 

in pCR
TM

2.1-TOPO® TA cloning vector as described under section 4.2.3 (Figure 4.2). 

 

                                

 

 

 

 

 

 

 

 

 

Figure 4.2: (A) PCR amplification of GmIPK2 _S and GmIPK2 _As fragments. Lane 

M: O’Gene Ruler
TM

 1 Kb DNA ladder, lanes 1-3: ~305 bp GmIPK2_S amplicon 

(Tm=65.3
o
C), lanes 4-6: ~305 bp GmIPK2_As amplicon (Tm=65.3

o
C) 

  M        1         2         3         4         5         6       

GmIPK2_As 

~305 bp       ~305 bp       

GmIPK2_S 



Development of Low Phytate Soybean 

 

 114 

                                            

 

Figure 4.2: (B) PCR amplification of GmFAD2-1 intron. Lane M: O’GeneRuler
TM

 1 

Kb DNA ladder, lanes 1,2: ~395 bp GmFAD2-1 amplicon (Tm=65.5
o
C).  

 

We confirmed the positive pMS (Figure 4.3), pMAS (Figure 4.4), and pMINT clones 

by EcoRI restriction digestion. Electrophoresis on 0.8% agarose gel determined the 

size of the expected fragments. Since pMINT was used as the base vector for 

assembling the final silencing construct, we confirmed the orientation of the intronic 

insert by double digestion with ClaI/NcoI to obtain restriction fragments of expected 

sizes (Figure 4.5). Once orientation of the intron was confirmed, we prepared the 

GmIPK2 ihp silencing cassette by ligating the sense (Figure 4.6) and antisense 

fragments with the intronic fragment in the base vector as per the procedure described 

under section 4.2.3. We identified the positive clones by performing double digestion 

with BamHI and XhoI to release ~1 Kb GmIPK2 ihp cassette (Figure 4.7) and 

confirmed them by DNA sequence analysis of overlapping plasmid clones using M13 

universal primers on an automated sequencer (ABI 3730xl DNA Analyzer, USA) 

(Figure 4.8).  The confirmed clones were named as pMIHP. The ihp cassette thus 

generated was sub-cloned to binary vector pCWAK, carrying seed specific vicilin 

promoter and bar gene selection marker, for further use in conducting soybean plant 

transformation. The positive clones were confirmed by restriction analysis with 

  M                        1          2                

~395 bp       

 GmFAD2-1 
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different enzymes (Figure 4.9) and named as pCWAK-IPK2ihp (Figure 4.10). 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

(A) 

 

 

 

 

 

 

 

                    

(B)  

 

Figure 4.3: (A) Circular map of pMS vector containing GmIPK2_S cloned in 

pCR
TM

2.1-TOPO cloning vector. (B) Restriction analysis of pMS clones with EcoRI. 

Lane M: O’GeneRuler
TM

 1 Kb DNA ladder, lanes 3 and 5: positive clones releasing 

~305 bp GmIPK2_S fragment and ~3857 bp pCR
TM

2.1-TOPO backbone.   

 

 

 

 

 

 

~305 bp       

  M                1       2       3       4       5       6       7               

~3857 bp       
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      M       1         2        3       4        5        6        7                        

~3015 bp       

~305 bp       

 

 

 

 

 

 

 

 

 

 

                      

(A) 

 

 

 

 

 

 

 

 

(B)  

 

 

Figure 4.4: (A) Circular map of pMAS vector containing GmIPK2_AS cloned in 

pGEM®-T Easy cloning vector. (B) Restriction analysis of pMAS clone with EcoRI. 

Lane M: O’Gene Ruler
TM

 1 Kb DNA ladder, lanes 1-7: EcoRI digested clones, lanes 

1, 3, 4, 6, and 7: positive clones releasing ~305 bp GmIPK2_AS fragment and ~3015 

bp pGEM®-T Easy vector backbone.    
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 M1         1     2     3     4     5     6    7     8     9   10   11   12        M2 

 ~ 700 bp       

 ~ 3231 bp       

 

 

           

 

 

 

 

 

 

 

(A)                  

 

 

 

 

 

 

 

 

 (B)  

 

 

Figure 4.5: (A) Circular map of the pMINT vector containing GmFad2-1 cloned in a 

pCR
TM

2.1-TOPO cloning vector. (B) Restriction analysis of pMINT clones with ClaI 

and NcoI. Lane M1: O’GeneRuler
TM

 1 Kb DNA ladder, Lane M2: Thermo 

Scientific
TM

 λDNA/EcoRI+HindIII marker, lanes 1-7: clones with undesirable intron 

orientation, lanes 8-10: clones showing desired orientation of the intron confirmed by 

size of the fragments obtained.   
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       1       2        3       4         5       6       M       7        8        9      10      11     12             

 ~ 1kb       

M1     1       2      3       4      5      6       7      8       9      10    M2 

~2337 bp       

~1955 bp        

~2737 bp       

~1555 bp                       

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6: Restriction analysis of pMIS clones with BamHI and ClaI. Lane M1: 

O’Gene Ruler
TM

 1 Kb DNA ladder, lane M2: O’GeneRuler
TM

 100 bp DNA ladder, 

lane 10: positive pMIS clone releasing ~700bp GmFad2-1 + GmIPK2_S fragment. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7: Restriction analysis of pMIHP clones by double digestion with BamHI 

and XhoI. Lane M: O’GeneRuler
TM

 1 Kb DNA ladder, lane 1: positive pMIHP clone 

releasing ~1 Kb GmIPK2 ihp cassette. 
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Figure 4.8: The sequence of GmIPK2 ihp cassette derived by analysis on an 

automated sequencer using M13 universal primers. The conserved 5' and 3' splice 

sites are shown flanking the GmFad2-1 intron.  

 

 

  

 

 

 

 

 

 

 

 

 

Figure 4.9: Restriction analysis of two pCWAK-IPK2ihp clones with different 

enzymes. Lane M1: O’GeneRuler
TM

 1 Kb DNA ladder, lane M2: Thermo Scientific
TM 

λDNA/EcoRI marker, lanes 1, 2: digestion with BamHI generating linearized plasmid, 

lanes 3, 4: digestion with XbaI also generating linearized plasmid, lanes 5, 6: double 

digestion with BamHI and XhoI releasing ~1 Kb GmIPK2 ihp cassette, lanes 7, 8: 

digestion with XhoI releasing three bands, lanes 9, 10: digestion with HindIII also 

releasing three bands. Restriction of both the pCWAK-IPK2ihp clones with each 

enzyme generates expected number and size of fragments.            

  1      2       3      4      5        6    M1    M2     7      8       9     10  

~1 Kb        
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                     (A) 

 

(B)  

 

Figure 4.10: (A) Circular map of the binary vector construct pCWAK-IPK2ihp 

harboring the vicilin-GmIPK2ihp expression cassette for soybean transformation. (B) 

Linear map of the T-DNA region of pCWAK-IPK2ihp. RB: right border; V-P: vicilin 

promoter; IPK2_S: IPK2 sense fragment; FAD2_1: fatty acid oley1 Δ12 desaturase 

gene intron; IPK2_AS:  IPK2 antisense fragment; V-T: vicilin terminator; 35S-P: 

cauliflower mosaic virus 35S promoter; BAR: bialaphos resistance gene; N-T:  

nopaline synthase terminator; LB: left border. 

 

4.3.2 Transformation of pCWAK-IPK2ihp binary construct into soybean 

 

The binary vector pCWAK-IPK2ihp was mobilized into Agrobacterium tumefaciens 

 

 

 

 

 

 

 

 

Figure 4.11: PCR amplification of bar gene to identify A. tumefaciens strain EHA105 

clones harboring binary vector pCWAK-IPK2ihp construct. Lane M: O’GeneRuler
TM

 

   M                 1       2        3       4        

 ~ 500 bp       
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1 Kb DNA ladder, lanes 1-4: positive clones showing ~500 bp bar gene amplicon.  

 

strain EHA105 by triparental mating. Agrobacterium colonies harboring pCWAK-

IPK2ihp vector were identified by colony PCR amplification of ~500 bp bar gene 

amplicon (Figure 4.11). The positive colonies were used for Agrobacterium-mediated 

cotyledonary node transformation of pCWAK-IPK2ihp construct into soybean. The 

cotyledonary node explants derived from 5-6 days old seedlings of soybean cv. Pusa-

16 (Figure 4.12) were infected with Agrobac-terium culture harboring binary vector 

pCWAK-IPK2ihp (Figure 4.13) as discussed under section 4.2.6.2. 

 

 

 

 

Figure 4.12: Germination of sterilized soybean Pusa-16 seeds in 1/2 B5 media up to 

5-6 days for explant preparation.   
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(A)  

 

 

 

 

 

 

 

 

 

                        

 (B)    

 

Figure 4.13: (B) Wound infection by recombinant Agrobacterium harboring pCWAK-

IPK2ihp vector and subsequent incubation of cotyledons on solid co-cultivation media 

for 3-4 days.  

 

Explants were then sub-cultured on a non-selective SIM media to initiate shoot 

development (Figure 4.14) and further sub-cultured to fresh SIM medium 

supplemented with 4 mg/l glufosinate for another 14 days (Figure 4.15). All the non-

transformed, glufosinate sensitive tissues showed senescence and subsequent necrosis. 

Four weeks later, healthy explants were transferred to SEM containing 5 mg/l 

glufosinate for continued selection (Figure 4.16) and sub-cultured in fresh SEM every 

two weeks until shootlets approximately 2-3 cm high were developed (Figure 4.17). 

Rooting was subsequently induced in elongated shootlets by the application of auxin 
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phytohormone IBA, supplemented in RM (Figure 4.18). After 20-25 days, well-rooted 

plantlets were transplanted to soil pots for hardening (Figure 4.19) and grown to 

maturity under 16hrs/8hrs light/dark regime at National Phytotron Facility, IARI, 

Delhi, India (Figure 4.20).  

 

 

 

Figure 4.14: Multiple shoot induction from agrobacterium co-cultivated explants 

after 14 days of culture on shoot induction medium (SIM-I) without glufosinate 

selection.  

 

 

 

 

Figure 4.15: Selection of adventitious shoots on shoot induction medium (SIM-II) 

with 4 mg/l glufosinate after 28 days of culture initiation.  
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Figure 4.16: Multiple shoot proliferation from explants on shoot elongation medium 

(SEM-I) with 5 mg/l glufosinate after 42 days of culture initiation. 

 

 

 

Figure 4.17: Elongation of shoots on shoot elongation medium (SEM-II) with 5 mg/l 

glufosinate after (A and B) 42 days, (C) 56 days and (D) 70 days of culture initiation. 
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Figure 4.18: Rooting of elongated putative transgenic plantlets on RM after (A) 80 

days, (B) 86 days and (C and D) 95 days of culture initiation. 
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Figure 4.19: Putative transgenic plants transferred to pots after 14 weeks for 

acclimatization and shifted to a PGW36 growth chamber under controlled conditions 

at National Phytotron Facility, IARI, New Delhi.  

 

 

 

 

 

Figure 4.20: Putative T0 transgenic plants shifted from growth chamber to glasshouse 

at National Phytotron Facility, IARI, New Delhi for (A & B) further maturation, 
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Figure 4.20: (C) flowering and (D) podding, to derive (E) fully matured T0 soybean 

seeds.   

 

A regeneration frequency of 15.5% was recorded (Table 11) as the percent of explants 

forming adventitious shoots compared to the total number of explants cultured [412]. 

 

Table 11: Recovery of transgenic shoots of G. max from cotyledonary node explants 

under glufosinate selection.  

No. of seeds 

germinated 

(N) 

No. of 

explants 

in CCM 

No. of 

explants 

in SIM-I 

No. of 

explants 

in SIM-II 

No. of 

explants 

in SEM 

No. of 

explants 

in RM 

No. of 

plants 

regenerated 

PCR 

+ve 

plants 

Southern 

+ve 

plants 

100 

100 

100 

100 

100 

143 

142 

151 

140 

146 

139 

140 

146 

133 

141 

32 

21 

28 

19 

26 

13 

9 

11 

9 

12 

8 

4 

7 

4 

5 

7 

3 

5 

3 

4 

2 

1 

2 

1 

2 

2 

1 

2 

1 

2 

500 722 699 126 54 28 22 8 8 

 

4.3.3 Transgene integration analysis 

 

4.3.3.1 PCR examination: To check the successful integration of transgene at the 
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genome level, we conducted a preliminary screening by PCR amplification on the T0 

plants. We identified the putative lpa transgenic lines by amplification of ~700 bp 

fragment of ihp construct (Figure 4.21). The assay characterized eight independent 

transformation events each showing the expected amplicon size which was absent in 

the case of untransformed control plants. 

 

 

 

 

 

 

 

 

 

 

Figure 4.21: PCR amplification of GmFad2-1 + GmIPK2_S fragment from genomic 

DNA of putative T0 transgenic plants. Lanes M1 and M2: O’GeneRuler
TM

 1 Kb DNA 

ladder, lanes 1-8: positive T0 plants showing ~700 bp GmFad2-1 + GmIPK2_S 

amplicon, P: pCWAK-IPK2ihp plasmid DNA (positive control), NT: genomic DNA 

from non-transformed plant (negative control). 

 

4.3.3.2 Southern blot detection: Seeds from each independent event identified were 

grown successfully under containment conditions to obtain T1 progeny plants by self-

pollination (Figure 4.22). All the progenies derived appeared phenotypically normal, 

and fertile.  

We performed segregation analysis on them by studying bar gene expression and 

found that five of the events (P2, P4, P5, P6, P8) held good fit to the stable Mendelian 

inheritance of a single locus (3:1) (Table 12) whilst three (P1, P3, P7) of them showed 

a segregation ratio of two transgene loci (15:1). 



Development of Low Phytate Soybean 

 

 129 

 

 

 

 

 

Figure 4.22: T1 progeny plants growing in a PGW36 growth chamber under 

controlled conditions at National Phytotron Facility, IARI, New Delhi. 
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Table 12: Segregation of bar gene amongst T1 progenies of eight independent 

transformation events characterized in G. max cv. Pusa 16. 

Transgenic 

events 

No. of seeds 

tested (n) 

No. of seedlings Ratio Chi-square 

value (χ
2
)*           PCR +                               PCR -  

Obs.             Exp.              Obs.            Exp. 

P1 55 50                51.56                 5                3.43  15:1 0.766 

P2 47 37                35.25               10              11.75    3:1 0.347 

P3 58 53                54.38                 5                3.62  15:1 0.561 

P4 

P5 

P6 

P7 

P8 

44 

49 

52 

56 

53 

35                33.00                 9              11.00 

39                36.75               10              12.25 

36                39.00               16              13.00 

51                52.50                 5                  3.5 

37                39.75               16              13.25 

   3:1 

   3:1 

   3:1 

 15:1 

   3:1 

0.485 

0.551 

0.923 

0.686 

0.773 

*χ
2
0.05; df1 = 3.841.  

 

We further confirmed the integration of the transgene cassette by southern blot analy-

sis using a bar gene probe (Figure 4.23).  

 

                                   

 

Figure 4.23: Southern blot analysis of PCR characterized transgenic events using bar 

gene-specific probe. Lane PC: plasmid pCWAK-ipk2 (positive control), lane NT: 

genomic DNA from non-transformed plant (negative control), lanes P1-P8: genomic 

DNA of independent transgenic events showing hybridization signals indicating 

transgene integration. 
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The genomic DNA was digested with PstI endonuclease which is not present within 

the T-DNA of the construct. Upon detection, all the transgenic lines analyzed showed 

a distinct pattern of separation which indicates that each plant originated from an 

independent transformation event. We recorded the efficiency of generation of these 

transformation events at 1.1%, calculated as the percentage of southern confirmed 

transgenic plants out of the total number of explants cultured (Table 11). The blot 

showed that all the fragments were above 3 kb in size which suggest that the 

transgenic lines carry intact copies of T-DNA as the shortest fragment in each line was 

longer than the T-DNA region (~2.8 kb). The blot also confirmed single copy 

integration of the target gene into the genome of transgenic events P2, P4, P5, P6, and 

P8. Since single copy insertions are always desirable as they are constant over several 

generations of subsequent breeding [413, 414], T2 generation plants were cultivated 

from seeds of these five characterized events. 

 

4.3.4 Expression evaluation of GmIPK2 transcript 

 

To assess the level of reduction in GmIPK2 expression in transgenic seeds with 

respect to non-transgenic control, we carried out RT-PCR and qRT-PCR analysis. To 

accurately quantify mRNA transcripts, it is crucial to normalize the levels of target 

mRNA with a stable reference gene. We carried out RT-PCR analysis by using 

housekeeping gene PEPCo as the endogenous control for normalization based on the 

reports by Sugimoto and co-workers [279]. We observed a variable reduction in the 

expression of GmIPK2 gene with relatively constant and stable expression status of 

PEPCo transcripts for all the non-transgenic and transgenic plants which suggest that 

it is an ideal internal reference gene (Figure 4.24A). We, therefore, quantified the 

variations in GmIPK2 transcript levels by carrying out qRT-PCR taking PEPCo as an 
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endogenous reference and found a maximum reduction of 2.79-fold and 2.56-fold in 

T3 developing seeds from the transgenic lines P2-45-8 and P6-39-10 respectively 

(Figure 4.24B) at P≥ 0.05. To obtain a steady and reproducible pattern of expression, 

we amplified our transcript using highly specific primers which include a partial 

sequence of cDNA as well as its 3′ UTR. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.24: Expression analysis of transgenic soybean seeds. (A) RT-PCR 

amplification showing variation in GmIPK2 transcripts in T3 seeds of P2-45 and P6-

39 compared to the PEPCo internal control (NT: Non-transformed plant). (B) Relative 

fold change measured by qRT-PCR in the samples analyzed above indicates varied 

levels of silencing with maximum reduction observed in P2-45-8. The data presented 

is mean of technical triplicates corresponding to each biological replicate (n=3) with 

error bars indicating standard deviation (SD). 

 

We also studied GmIPK2 expression in other plant tissues of these two lines and 

found no variation in its transcript levels (Figure 4.25). It suggests that the gene is 

silenced successfully only in the seeds of the transgenic plants.  
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       (A)  

      (B)  

 

 

Figure 4.25: (A) RT-PCR amplification showing variation in GmIPK2 transcripts in 

different tissues of transgenic events P2-45 and P6-39 compared to the PEPCo 

internal control (NT: Non-transformed plant). (B) Relative fold change measured by 

qRT-PCR in the samples analyzed above indicates no variation in the GmIPK2 

transcript level. Each sample was normalized to housekeeping gene PEPCo. The data 

presented is mean of technical triplicates corresponding to each biological replicate 

(n=3) with error bars indicating standard deviation (SD). 

 

4.3.5 Quantification of seed phytic acid content 

 

To further examine the effect of GmIPK2 silencing on PA synthesis, we quantified PA 

content in mature grain extracts of above two lines and non-transgenic samples by 

HPLC analysis. The chromatogram obtained by scanning the samples at 197 nm 

displayed PA retention peaks around 7.006 ± 0.09 min, the area under which was used 

to compute the level of PA. We observed a decrease in the PA content in T3 seeds 

compared to control which displayed a larger peak area indicative of its higher       
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concentration in their seeds (Figure 4.26).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.26: HPLC phytic acid peaks of seed extracts from (A) non-transgenic 

control and transgenic lines (B) P2-45-8 and (C) P6-39-10. 
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Figure 4.27: Percentage reduction in phytate (grey column) and increase in free 

phosphate (black column) in P2-45-8 and P6-39-10 transgenic lines. 

 

The PA content of non-transgenic seeds was 3.48 g/100g in comparison to 1.91 

g/100g and 2.02 g/100g for the seeds from transgenic lines P2-45-8 and P6-39-10 

which correspond to a reduction of 45% and 42% respectively (Figure 4.27). From 

this, we can conclude that the decrease in the seed PA content corresponds to the 

decrease in GmIPK2 expression in the seeds of these transgenic lines.  

 

4.3.6 Estimation of seed phosphorus levels  

 

We estimated the total P and free phosphorus (Pi) levels in transgenic as well as non-

transgenic seeds to correlate it with the reduction in PA content. Estimation of seed 

total P is very important to the long-term goal of sustainable and environmentally 

friendly agricultural production.  

In our study, we observed no significant difference in seed total P for the RNAi lines 

as compared to the control. The average total phosphorus content of T3 seeds was 5.82 

mg g-1 (P2-45-8) and 5.75 mg g-1 (P6-39-10), which was observed closely similar to 

that of non-transgenic seeds, 5.89 mg g-1. However, an evident change in the 

chemistry of lpa seeds is the increase in its Pi levels such that the total P is unchanged. 
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As expected, we recorded a significant increase of 39% and 37% of Pi in T3 seeds 

obtained from the P2-45-8 and P6-39-10 transgenic lines respectively which gave a 

dark blue reaction with Chen's reagent (Figure 4.27). It thus confirms a reduction in 

the seed PA content of these transgenic lines. 

 

4.3.7 Quantification of mineral content in seeds 

  

To determine whether mitigation of PA improved the mineral bioavailability in soy 

grains, we made a quantitative estimation of micronutrients in transgenic seeds 

compared to non-transgenic control by following in vitro digestion method. From the 

observations made by atomic absorption spectrophotometer, we noticed an increase in 

the in vitro Fe, Ca and Zn availability by 16.3%, 15.05% and 8.4% for P2-45-8 and 

15.9%, 14.27% and 6% for P6-39-10 seeds respectively when compared to non-

transgenic control (Table 13). As mentioned before, PA binding with minerals result in 

the formation of insoluble salts with poor bioavailability. Our result, therefore, 

suggests that these lpa transgenic lines show improved mineral bioavailability.  

 

Table 13: In vitro bioavailability assay of T3 seeds.  

Minerals In vitro availability (%) 

       Non-transgenic (control)                       P2-45-8                      P6-39-10 

    Iron                       54.80 ± 0.92                                71.10 ± 1.11                70.70 ± 1.05 

    Calcium                       44.15 ± 1.04                                59.20 ± 0.78                58.42 ± 0.98 

    Zinc                       58.50 ± 0.85                                66.90 ± 0.93                64.50 ± 1.07 
Data represent means ± SD, n=3. 

 

4.3.8 Seed germination and morphological trait analysis of transgenic plants 

 

A decrease in seed PA concentration can be accompanied by adverse agronomic 

consequences. Therefore, plants from transgenic lines were grown in parallel with 

non-transgenic controls under the same environmental conditions to investigate the 
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extent of miscellany between them.  
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Figure 4.28: Analysis of germination potential in T3 transgenic lpa seeds compared to 

non-transgenic seeds. (A) Germination percentage noticed during control germination 

test (CGT) and accelerated ageing test (AAT) at 48 hrs and 72 hrs time interval in 

both transgenic (P2-45 and P6-39) and non-transgenic seeds (NT). (B) Comparison of 

transgenic and non-transgenic seed morphology on 5th day of germination during 

both CGT and AAT. 
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We first conducted germination tests on the lpa seeds collected from our transgenics. 

The CGT test confirmed that 98% of the seeds show good germination while AAT test 

established their high vigor (Figure 4.28A). We also observed a similar germination 

morphology in both transgenic & control seeds for each test (Figure 4.28B).  

 

Table 14: Morphological and yield contributing characters of T2 transgenic plants 

raised in green-house. 

Parameters Non-transgenic (control) P2-45-8 P6-39-10 

Shoot length (cm) 73.40 ± 1.68 72.11 ± 1.42 70.20 ± 1.75 

Root length (cm) 30.07 ± 0.15 28.43 ± 0.21 27.64 ± 0.15 

Leaf length (cm) 

Leaf width (cm) 

11.20 ± 0.29 

  5.36 ± 0.18 

12.86 ± 0.18 

  6.01 ± 0.14 

12.67 ± 0.24 

  5.98 ± 0.17 

No. of trifoliates per plant 

No. of pods per plant 

No. of seeds per pod 

100 seeds dry wt (g) 

23.07 ± 0.84 

49.45 ± 0.94 

  2.63 ± 0.08 

15.21 ± 0.25 

24.07 ± 0.43 

46.50 ± 1.08 

  2.72 ± 0.14 

14.95 ± 0.14 

23.55 ± 0.26 

45.18 ± 1.24 

  2.54 ± 0.11 

14.83 ± 0.32 

Data represent means ± SD, n=6. 

 

To further study the effect of PA on growth and development of seedlings, we carried 

out phenotyping on 75 days old plants. Interestingly, we observed morphological 

differences in leaves of P2 & P6 plants compared to leaves of non-transgenic plants of 

the same plastochron age. P2 and P6 leaves exhibited increased leaf length & leaf 

width and consequently leaf area, possibly due to the increase in available seed P 

(P<0.05) [415]. Leaf area, in turn, is a determinant of photosynthetic efficiency, 

exhibiting a direct association between the two [416]. Besides leaf size, we observed 

no significant differences between wild type and transgenic plants in other agronomic 

traits investigated (P>0.05) (Table 14). It confirms that Gm-IPK2 silenced, lpa 

soybean seeds are capable of generating plants showing normal morphology and 

agronomic traits.   
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4.4 Conclusion  

The objective of this work was to isolate successful transgenic lpa events. Since  

soybean is a grain-producing crop, we generated a silencing construct, pCWAK-

IPK2ihp, in which transgene (GmIPK2 ihp) is under the control of vicilin promoter to 

facilitate seed-specific expression. We subsequently transformed soybean 

cotyledonary nodes with the silencing construct following in-house standardized 

Agrobacterium-mediated gene transfer protocol and regenerated putative transgenics 

using the bar as a reporter gene. PCR, as well as southern analysis, revealed 

successful integration of transgene in the genome of eight transgenic events. We 

examined the effect of the transgene at the transcript level in these events by carrying 

out qRT-PCR analysis and found a maximum reduction in GmIPK2 transcripts in 

developing seeds of transgenic lines P2-45-8 (2.79-fold) and P6-39-10 (2.56-fold). 

We, therefore, selected these lines for further investigations. To monitor the nutritional 

status of their seeds, we estimated PA, total P, and Pi content of the seeds by 

biochemical analysis. We found that the transgenic lines P2-45-8 & P6-39-10 showed 

a maximal reduction of 45% & 42% and a corresponding increase of 39% & 37% in 

their PA & Pi content respectively, while their total P level remained constant to a 

value observed for the non-transgenic seeds. We also noticed an increase in the in 

vitro Fe, Ca, and Zn bioavailability by 16.3%, 15.05%, and 8.4% for P2-45-8 seeds 

and 15.9%, 14.27%, and 6% for P6-39-10 seeds respectively. We further verified the 

agronomic acceptability of these lpa lines by per-forming seed germination and 

morphological trait analysis.  
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         So far there is no report on successful recovery of fertile lpa soybean transgenics 

of Indian cultivars. Our results describe a commercially viable strategy to generate lpa 

grains with improved nutrient availability to address growing micro-nutrient 

deficiency in the world as well as to reduce its environmental impact.  

 

This work has been published in “Frontiers in Plant Science”, entitled “Development 

and Evaluation of Low Phytic Acid Soybean by siRNA Triggered Seed Specific 

Silencing of Inositol Polyphosphate 6-/3-/5-Kinase Gene”.  
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Chapter 5 
 

 

5.1 Summary and Conclusion 

 

               Soybean is a nutritionally and economically important agricultural crop. It 

has a unique nutrient profile and is a repository of many phytochemicals famously 

referred to as a virtual drugstore. Despite the multitude of nutritional benefits 

associated with soy consumption, the presence of infamous anti-nutritional factors 

presents serious challenges towards exploiting its true potential. Phytic acid, one of its 

most prominent anti-nutrients negatively influences the nutritional status of mono-

gastrics due to the lack of phytases in their gastrointestinal tract and thus impairs  

their mineral bioavailability. The undigested phytate in their excreta additionally 

contributes significantly to the environmental phosphorus load. Therefore, developing 

an improved variety of soybean with reduced PA content in the seeds is imperative to 

augment its overall nutritional quality and overcome its associated environmental 

impact. 

 

               Several mutational and transgenic strategies have been investigated in the 

past to reduce PA in soybean. In our study, we explored RNA interference (RNAi), a 

reverse genetics technique for metabolic engineering of the PA pathway. This tech-

nique like others has been considered in the past to reduce PA in soybean but resulted 

in embryo abortion. It was accounted for by two major factors viz. the choice of gene 

and the promoter used for expression of the transgene. In this study, we pay focus on 

evaluating these two crucial factors. The biosynthesis of PA is a complex pathway 

controlled by various enzymes. GmIPK2 amongst them plays a pivotal role in 

regulating PA turnover because of its promiscuous capability of phosphorylating multi 
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-ple positions on a variety of IP substrates. Therefore, we chose this gene as the target 

to design an intron-containing self-complementary hairpin (ihp) RNA construct to 

stimulate its selective degradation by post-transcriptional gene silencing & achieve a 

reduction in PA synthesis. Alongside, we decided to integrate a cotyledon-specific 

reserve protein promoter, vicilin, in the construct design to drive the target gene 

expression to curb phytate reduction to only seeds and prevent its constitutive effect 

because of which the previously reported RNAi attempts did not succeed. Thereafter, 

we introduced our RNAi binary construct into the soybean genome by performing 

Agrobacterium tumefaciens mediated plant transformation and identified the putative 

transformants by examining successful integration and expression of transgene at 

genome and transcript level.  

 

                 At the initial stages of characterization, the plant material is a limiting 

factor. We thus used the PCR technique to screen putative transgenic plants at their 

early developmental stage by performing amplification with transgene-specific 

primers. We further confirmed the amplified product by conducting southern blot 

analysis on T1 progeny plants grown from T0 seeds by self-pollination under 

containment conditions. Southern blotting is a traditional method for determining 

transfer DNA (T-DNA) integration. The integration of T-DNA is a complicated 

mechanism and different factors including site, number and arrangement of transgene 

within the plant genome, the involvement of regulatory sequences, etc. contribute 

towards the variation in transgene expression. Therefore, studying independent trans-

genic lines having the same cassette of the transgene is indispensable since each one 

of them may act differently. Southern blotting identified single copy T-DNA insertions 

into the genomes of transgenic events P2, P4, P5, P6 and P8 which was further 

confirmed by the segregation of bar gene in 3:1 ratio of the monogenic pattern of
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Mendelian inheritance. We thus cultivated T2 generation plants from seeds of       

these five characterized events to carry out further analysis. Successful transgene 

integration in the plant genome, however, does not guarantee the expression of the 

desired traits. It is therefore pertinent to check the transgene expression and its 

consequences. To evaluate transgene expression in T3 seeds as well as other plant 

tissues, we determined the level of reduction of its target gene (GmIPK2) mRNA by 

conventional semi-quantitative reverse-transcription polymerase chain reaction (RT-

PCR) as well as dynamic quantitative real-time PCR (qRT-PCR), using steadily 

expressed PEPCo as the reference gene. The analysis revealed a variable reduction in 

GmIPK2 transcript level with 2.79-fold & 2.56-fold reduction in T3 developing seeds 

from the transgenic lines P2-45-8 & P6-39-10 respectively at P≥ 0.05. At the same 

time, we found no variation in GmIPK2 transcript levels in other tissues of these two 

lines which suggests that the gene is successfully silenced only in the seeds, 

demonstrating seed-specific expression of the transgene. We further confirmed the 

implications of transgene expression by conducting biochemical analysis on T3 seeds 

of transgenic lines P2-45-8 and P6-39-10. We expect that GmIPK2 ihp integration/ 

expression will culminate in PA reduction, therefore at first, we examined the PA 

content in mature grain extracts of the above two lines. Their PA content was 1.91 

g/100g (P2-45-8) and 2.02 g/100g (P6-39-10), which amounts to a reduction of 45% 

and 42% respectively when compared to non-transgenic seeds. It thus confirms a 

positive transgene effect. Further, research suggests that there exists a strict 

correspondence between seed PA and free phosphorus (Pi) [150]. Therefore, we 

estimated Pi levels in the above seed extracts to correlate it with the observed 

reduction in PA content. As expected, we recorded a significant increase of 39% (P2-

45-8) and 37% (P6-39-10) in the Pi concentration. However, despite the observed 
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variation in Pi levels, their total phosphorus (total P) content remained unaffected, 

which suggests that these altered genotypes influence P partitioning in the seeds to 

strike a balance for supporting P-related mechanisms. Besides P, PA also acts as a sink 

for other minerals due to its natural strong chelation ability. Previous studies have 

reported improved mineral cations bioavailability of cereal lpa mutants [382-384, 

417-420]. Therefore, we estimated the in vitro Fe, Ca and Zn availability in seeds of 

the above lines and noticed an increase by 16.3%, 15.05%, 8.4% (P2-45-8) and 

15.9%, 14.27%, 6% (P6-39-10) respectively compared to non-transgenic control. 

Here we must highlight that amongst the three different minerals analyzed a 

maximum increase was observed in the level of Fe which support the findings of 

Persson and co-workers [421] who suggest that Fe in the seeds is mainly associated 

with PA. One of the major concerns that arise from the biochemical alterations, as 

observed, is the ramifications it may have on the agronomic performance of the 

plants. Therefore, we carried out phenotyping on 75 days old plants derived from the 

above lines and compared the results with the non-transgenic parent. We found no 

significant differences between the shoot length, root length, number of trifoliates per 

plant, number of pods per plant, number of seeds per pod, and 100-seed weight of the 

transgenic lines and the control except for increase in leaf size which is most probably 

the result of increase in available P content [415]. It shows that our transgene does not 

affect the primary metabolism of the plants and thus has a minimal effect on their 

agronomic performance and quality traits. 

 

               We conclude by stating that our study is the first official report of success-

fully achieving PA reduction in soybean by perturbing its biosynthesis pathway via 

RNAi to generate lines with enhanced nutritional quality and agronomic performance 

comparable to the commercial cultivars. Nonetheless, there is a need to conduct
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extensive field testing to conclude the ultimate effect of this trait. Further studies are 

therefore underway in our laboratory to establish the same.   

   

5.2 Future Research 

 

In a follow-up study, a team of researchers can work on generating a complete set of 

regulated field trials data to look at all aspects of the trait, product, and crop. It is 

difficult but an important goal to achieve in a long-term. For efficiently screening 

these transgenic trials, the task of developing molecular marker linked to the target lpa 

loci in our transgenics can be taken up in the future since the conventional screening 

procedure is time-consuming and requires destructive sampling to measure the 

amount of phytic acid in grains. Further, we propose that the work may be extended to 

incorporate this trait in other grain crops having high seed PA content to achieve 

biofortification. Lastly, to study the impact of the block in phytic acid synthesis in 

seeds on the expression of genes involved in phosphorus sensing and signaling, the 

study of transcript profile in developing seeds of our transgenic lines should be 

considered as a mainstream investigation in the future. 
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Appendix I 

 

Figures 

 

Figure 1: Prediction of transmembrane segments in GmIPK2 protein using WaveTM 

server.   
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Figure 2: MEME suite motif analysis of selected IPK2 proteins showing eleven 

identified conserved ungapped motifs. 
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Figure 3: GmIPK2 protein disorder predicted using PrDOS server (A) Two-state 

prediction showing disordered residues in red at 5% false positive rate (B) Disorder 

probability plot of each residue with residues beyond the red threshold line predicted 

to be disordered. 
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Figure 4: GmIPK2 ligand binding site predicted by online servers (A) CASTp (in 

green) (B) FTSite (in purple) (C) FunFOLD2 (in grey). The most likely ligand 

binding residues are marked in each model. 
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Parameters for molecular dynamics simulation using Gromacs 4.5.5 

 

Parameters for protein (GmIPK2) MD simulation in water  

; RUN PARAMETERS 

integrator = md  ; leap-frog integrator 

nsteps  = 50000000 ; 2 * 25000000 = 50000 ps, 50 ns 

dt  = 0.002 ; 2 fs 

 

; OUTPUT CONTROL 

nstxout = 1000  ; save coordinates every 2 ps 

nstvout = 1000  ; save velocities every 2 ps 

nstxtcout = 1000  ; xtc compressed trajectory output every 2 ps 

nstenergy = 1000  ; save energies every 2 ps 

nstlog  = 1000  ; update log file every 2 ps 

 

; BOND PARAMETERS 

continuation = yes  ; Restarting after NPT  

constraint_algorithm = lincs ; holonomic constraints  

constraints = all-bonds ; all bonds (even heavy atom-H bonds) constrained 

lincs_iter = 1  ; accuracy of LINCS 

lincs_order = 4  ; also related to accuracy 

 

; NEIGHBORSEARCHING 

ns_type = grid             ; search neighboring grid cells 

nstlist  = 5  ; 10 fs 

rlist  = 1.0  ; short-range neighborlist cutoff (in nm) 

rcoulomb = 1.0  ; short-range electrostatic cutoff (in nm) 

rvdw  = 1.0  ; short-range van der Waals cutoff (in nm) 

 

; ELECTROSTATICS 

coulombtype = PME  ; Particle Mesh Ewald for long-range electrostatics 

pme_order = 4  ; cubic interpolation
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fourierspacing = 0.16  ; grid spacing for FFT 

 

; TEMPERATURE COUPLING IS ON 

tcoupl  = V-rescale ; modified Berendsen thermostat 

tc-grps  = Protein Non-Protein ; two coupling groups - more accurate 

tau_t  = 0.1 0.1 ; time constant, in ps 

ref_t  = 300  300 ; reference temperature, one for each group, in K 

 

; PRESSURE COUPLING IS ON 

pcoupl  = Parrinello-Rahman ; Pressure coupling on in NPT 

pcoupltype = isotropic ; uniform scaling of box vectors 

tau_p  = 2.0  ; time constant, in ps 

ref_p  = 1.0  ; reference pressure, in bar 

compressibility = 4.5e-5 ; isothermal compressibility of water, bar^-1 

 

; PERIODIC BOUNDARY CONDITIONS 

pbc  = xyz  ; 3-D PBC 

 

; DISPERSION CORRECTION 

DispCorr = EnerPres ; account for cut-off vdW scheme 

 

Parameters for protein-ligand (GmIPK2-I3P and GmIPK2-I0P) complex MD 

simulation 

; RUN PARAMETERS 

integrator = md  ; leap-frog integrator 

nsteps  = 25000000 ; 2 * 25000000 = 50000 ps, 50 ns 

dt  = 0.001 ; 1 fs 

 

; OUTPUT CONTROL 

nstxout            = 0         ; suppress .trr output  

nstvout            = 0         ; suppress .trr output
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nstenergy = 5000   ; save energies every 10 ps 

nstlog             = 5000      ; update log file every 10 ps 

nstxtcout        = 5000      ; write .xtc trajectory every 10 ps 

energygrps     = Protein I3P / Protein I0P 

 

; BOND PARAMETERS  

continuation              = yes                ; continuing from NPT 

constraint_algorithm = lincs             ; holonomic constraints  

constraints                 = h-bonds        ; bonds to H are constrained 

lincs_iter            = 1            ; accuracy of LINCS 

lincs_order            = 4            ; also related to accuracy 

 

; NEIGHBORSEARCHING 

ns_type                      = grid               ; search neighboring grid cells 

nstlist                         = 5                   ; 10 fs 

rlist                            = 1.4                ; short-range neighborlist cutoff (in nm) 

rcoulomb                   = 1.4                ; short-range electrostatic cutoff (in nm) 

rvdw                          = 1.4                ; short-range van der Waals cutoff (in nm) 

 

; ELECTROSTATICS 

coulombtype             = PME              ; Particle Mesh Ewald for long-range 

electrostatics 

rcoulomb                  = 1.2 

pme_order                = 4                     ; cubic interpolation 

fourierspacing          = 0.16                ; grid spacing for FFT 

 

; TEMPERATURE COUPLING 

tcoupl                       = V-rescale                   ; modified Berendsen thermostat 

tc-grps                      = Protein_I3P  Water_ions  ; two coupling groups-more accurate 

tau_t           = 0.1 0.1             ; time constant, in p
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ref_t           = 300  300                  ; reference temperature, one for each 

group, in K 

 

; PRESSURE COUPLING 

pcoupl  = Parrinello-Rahman ; Pressure coupling on in NPT 

pcoupltype   = isotropic ; uniform scaling of box vectors 

tau_p    = 2.0  ; time constant, in ps 

ref_p    = 1.0  ; reference pressure, in bar 

compressibility = 4.5e-5 ; isothermal compressibility of water, bar^-1 

 

; PERIODIC BOUNDARY CONDITIONS 

pbc  = xyz  ; 3-D PBC 

 

; DISPERSION CORRECTION 

DispCorr = EnerPres ; account for cut-off vdW scheme;  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

192 

Appendix II 
 

Competent cell preparation 

 

Competent cells of E. coli strain DH5α were prepared following classical calcium 

chloride method described by Sambrook and Russel, (2001). A single E. coli colony 

was picked from a freshly streaked LB plate and inoculated into 5 ml LB broth. The 

inoculum was incubated overnight at 37
o
C in a shaker incubator at 200 rpm. 1 ml of 

saturated overnight culture was inoculated into 100 ml LB broth and shaken at 37
o
C 

and 200 rpm until a OD600 of 0.3-0.4 was achieved. The culture was then transferred 

to pre-chilled, sterile centrifuge tubes and placed on ice for 10 min. The cells were 

harvested by centrifugation at 5000 rpm for 10 min at 4
o
C, the supernatant was 

decanted and the pellet was gently resuspended in 10 ml ice cold 0.1M MgCl2 

solution. The suspension was centrifuged at 5000 rpm for 10 min at 4
o
C and the pellet 

was resuspended in 10 ml ice cold 0.1M CaCl2 solution. The suspension was then 

placed on ice for 30 min, following which the cells were recovered by centrifugation 

at 5000 rpm for 10 min at 4
o
C. The pellet was gently resuspended in 1ml of ice cold 

50mM CaCl2/15% Glycerol. Aliquots of 100 μl were dispensed in microfuge tubes, 

flash frozen in liquid nitrogen and immediately transferred to -80
o
C for storage.   

 

Transformation of competent cells  

 

For transformation, 100 μl competent E. coli DH5α cells were first briefly thawed on 

ice. 10 μl of the ligation reaction was then added to the competent cells, mixed by
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 gentle tapping and incubated on ice for 30 min. A no plasmid control tube was also 

prepared to check the efficiency of competent cells. The cells were then given a heat 

shock at 42
o
C for exactly 2 min and were immediately chilled on ice. 900 μl of LB 

was added to each tube and incubated at 37
o
C, 200 rpm in a shaker incubator for 1 hr. 

The tubes were centrifuged at 5000 rpm for 5 min and the pelleted cells were 

resuspended in ~100 μl of supernatant. The obtained suspension was aseptically 

plated on LA containing appropriate selection (50μg/ml ampicillin, 2% X-gal and 

0.1M IPTG in case of blue-white screening) and incubated overnight at 37
o
C. White 

colonies were selected randomly from the plate and streaked onto a master plate for 

further analysis.  

 

Plasmid isolation 

 

All plasmid DNA isolations were performed by following the alkaline lysis method 

described by Sambrook and Russel, (2001). A single colony of interest was picked 

from a freshly streaked LB plate and inoculated into 5 ml LB broth containing 

ampicillin (100 μg/ml) or kanamycin (50 μg/ml) and incubated overnight at 37
o
C in a 

shaker incubator at 200 rpm. 1.5 ml of overnight grown culture was dispensed in 

microfuge tubes and pelleted by centrifugation at 10,000 rpm for 2 min. The 

supernatant was discarded and the pellet was resuspended in 100 μl of cell suspension 

solution by pipetting several times. The tubes were incubated on ice for 5 min 

following which 200 μl of freshly prepared lysis buffer was added and the contents of 

the tubes were mixed by inverting gently. 200 μl of neutralization buffer was finally 

added and the contents were mixed once again by gently inverting. The tubes were 

then centrifuged at 12,000 rpm for 15 min. The clear supernatant was transferred to 

fresh tubes and the plasmid DNA was precipitated by adding 480 μl of isopropanol, 
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incubated at -20°C for 10-15 min. The plasmid DNA was recovered by centrifugation 

at 12,000 rpm for 10 min and washed twice with 70% ethanol. The tubes were then 

centrifuged at 12,000 rpm for 5 min, the supernatant was discarded and any traces 

were removed carefully by aspiration. The pellets were allowed to air dry to remove 

residual alcohol by evaporation. Once all the alcohol was evaporated, the pellets were 

resuspended in 50 μl TE buffer. 20 μl of isolated plasmid was finally treated with 2 μl 

of 10 mg/ml RNaseA by incubation at 37
o
C for 30 min and re-extracted by adding 

equal volume of phenol:chloroform-isoamyl alcohol mixture (1:1). The upper aqueous 

phase was collected and the plasmid was precipitated by adding 1/10 volume of 

neutralization buffer. The plasmid DNA was washed with 70% ethanol and dried 

following the procedure described above and resuspended in 20 μl TE buffer.     

 

Solutions and Buffers 

 

Competent cell 

 

0.1M MgCl2 Dissolve 101.65 g of MgCl2.6H2O in 450 ml of 

DDW and make up the volume to 500 ml. 

Sterilize the solution by autoclaving at 121
o
C and 

15 psi for 15 min. 

 

0.1M CaCl2 

 

Dissolve 2.7 g of CaCl2.2H2O in 80 ml of DDW 

and make up the volume to 100 ml. Sterilize the 

solution by autoclaving at 121
o
C and 15 psi for 

15 min. 

 

0.1M IPTG                                      

 

Dissolve 0.238 g of IPTG in 10 ml water. 

Sterilize the pre-pared stock by passing through a 

0.22 μm syringe filter and store in 1 ml aliquots 

at -20
o
C for up to 1 year. 
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2% X-Gal (w/v)                      

 

Dissolve 200 mg of X-Gal in 10 ml dimethyl-

formamide (DMF). Store 1 ml aliquots at -20
o
C 

in amber microfuge tubes to protect from light. 

 

Plasmid isolation 

 

Cell Suspension Solution                25mM Tris (pH 8.0) 

10mM EDTA 

50mM Glucose 

 

Lysis Buffer                                     

 

0.2N NaOH 

2.0% SDS 

 

Neutralization Buffer                  

 

3M Sodium acetate (pH 5.2). Adjust the pH using 

glacial acetic acid. 

 

RNase A (10 mg/ml)                    

 

Dissolve 100 mg of RNase A in 10 ml of 10 mM 

Tris-Cl (pH 7.5)/15 mM NaCl solution. Heat to 

100
o
C for 5 min and cool at room temperature. 

Store in 500 μl aliquots at -20
o
C. 

 

Electrophoresis 

 

5X TBE (1 L)                                   54 g Tris base 

27.5 g Boric acid 

20 ml of 0.5 M EDTA (pH 8.0) 

 

0.5M EDTA (pH 8.0)                     

 

Dissolve 186.1 g of EDTA in 800 ml DDW and 

stir vigorously on a magnetic stirrer. Adjust the 

pH by adding NaOH pellets. Make up the 

volume to 1 L and sterilize by autoclaving at 

121
o
C and 15 psi for 20 min.    
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6X DNA Loading Dye                     

 

10 mM Tris-HCl (pH 7.6) 

0.03% Bromophenol blue 

0.03% Xylene cyanol FF 

60% Glycerol  

60 mM EDTA 

 

2X RNA Loading Dye                     

 

95% Formamide 

0.025% SDS 

0.025% Bromophenol blue 

0.025% Xylene cyanol FF  

0.5 mM EDTA 

 

EtBr (10 mg/ml)                            

 

Dissolve 100 mg EtBr in 8 ml DDW and stir 

using a tube rotator to mix all the contents. Make 

up the volume to 10 ml and store at 4oC in amber 

vials to protect from light. 

 

1% Denaturing Agarose Gel       

 

Add 0.5 g agarose to 50 ml 0.5X TBE and boil. 

Cool the gel down to around 60
o
C and add 29 μl 

1M GTC and 1 μl EtBr. Swirl the solution and 

pour into a casting tray gently to avoid any 

bubbles. Allow the gel to solidify. 

 

Southern Blotting  

 

Depurination (0.25M HCl)   

 

 

 

 

Depurination (0.25M HCl)             

 

Add 20.7 ml of HCl (37%) to 800 ml DDW and 

make up the volume to 1 litre. Autoclave the 

solution at 121
o
C, 15 psi for 20 min and store at 

RT. 

 

Add 20.7 ml of HCl (37%) to 800 ml DDW and 
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 make up the volume to 1 litre. Autoclave the 

solution at 121
o
C, 15 psi for 20 min and store at 

RT. 

 

Denaturation (1 L)                          

 

 

 

 

 

 

88 g NaCl 

20 g NaOH 

Autoclave at 121
o
C, 15 psi for 20 min and store 

at RT. 

 

Neutralization (1 L, pH 7.0)           

 

88 g NaCl 

60.6 g Tris-HCl (pH 7.2) 

Autoclave at 121
o
C, 15 psi for 20 min and store 

at RT. 

 

20X SSC (1 L, pH 7.0)                    

 

175.3 g NaCl 

88.2 g Sodium citrate  

Autoclave at 121
o
C, 15 psi for 20 min and store 

at RT. 

 

100X Denhardt’s (50 ml)                

 

2% w/v BSA 

2% w/v Ficoll 400 

2% w/v PVP 

Sterilize using a 0.22 μm syringe filter and store 

at -20
o
C.  

 

0.1M Phosphate Buffer 

(pH 6.5)                                                           

 

Mix 68.5 ml of 0.2M monobasic sodium 

phosphate and 31.5 ml of 0.2M dibasic sodium 

phosphate. Make up the volume to 200 ml with 

DDW. Autoclave at 121oC, 15 psi for 15 min and 

store at RT. 
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Salmon Sperm DNA (10 mg/ml)  Dissolve 50 mg ssDNA in 5 ml DDW sonicate to 

dissolve by giving 15s pulses. Sterilize using a 

0.22 μm syringe filter. Denature the DNA before 

using by boiling for 5-10 min. 

 

HPLC 

 

2.4% HCl                                       Add 5.67 ml HCl to 80 ml DDW and make up 

the volume to 100 ml. 

 

2M HCl                                          

 

Add 17.13 ml HCl to 80 ml DDW and make up 

the volume to 100 ml. 

 

5mM HCl                                      

 

Add 0.25 ml of 2M HCl to 80 ml DDW and 

make up the volume to 100 ml. 

 

Pi assay 

 

10% Ascorbic acid                       Dissolve 1 g of ascorbic acid in 10 ml DDW. 

Store at 4
o
C for 1 week. 

 

2.5% Ammonium molybdate       

 

Dissolve 1.25 g of ammonium molybdate in 50 

ml DDW. Store at 4
o
C for 1 month. 

 

3M H2SO4                                       

 

Slowly add 8.26 ml of concentrated H2SO4 to 30 

ml DDW and make up the volume to 50 ml. 

 

25% TCA                               

 

Dissolve 12.5 g of TCA in 20 ml DDW and make 

up the volume to 50 ml. Store at 4
o
C for 2 years. 

 

50mM MgCl2                                   

 

Add 25 ml of 0.1M MgCl2 to 25 ml DDW. 
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Bioavailability assay 

 

-amylase solution (pH 7.0)                    12500 units/l -amylase  

1.5 g/l NaCl  

1.5 g/l K2HPO4  

0.5 g/l Na2CO3 

Stomach medium (pH 4.0) 0.1 g/l lipase  

0.125 g/l pepsin  

3.1 g/l NaCl  

1.1 g/l KCl  

0.6 g/l Na2CO3  

0.11 g/l CaCl2 

 

2% pancreatic solution 

 

20 g/l pancreatin  

5.0 g/l bile  

5.0 g/l NaCl  

0.68 g/l KH2PO4  

0.3 g/l Na2HPO4  

0.84 g/l NaHCO3 

 

Plant Culture Media Composition 

 

 Components (mg/l) B5 MS 

Macronutrients 

KNO3 2500.0 1900.0 

CaCl2.2H2O   150.0   440.0 

(NH4)2SO4   134.0  

MgSO4.7H2O   250.0   370.0 

NaH2PO4.H2O   150.0  

NH4NO3  1650.0 

KH2PO4    170.0 

Micronutrients 

H3BO4       3.0       6.2 

MnSO4.H2O     10.0      16.9 

ZnSO4.7H2O       2.0         8.6 
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Plant Growth Regulators 

 

BAP (1 mg/ml)                              Add 1N NaOH dropwise to 10 mg BAP until it 

dissolves completely. Make up the volume to 10 

ml with sterile DDW and pass through a 0.22 μm 

syringe filter. Store in 1 ml aliquots at -20
o
C. 

 

IBA (1 mg/ml)                            

 

Dissolve 10 mg IBA in 1 ml of absolute ethanol. 

Make up the volume to 10 ml with sterile DDW 

and pass through a 0.22 μm syringe filter. Store 

in 1 ml aliquots at -20
o
C. 

 

GA3 (0.75 mg/ml)                      

 

Dissolve 7.5 mg IBA in 1 ml of absolute ethanol. 

Make up the volume to 10 ml with sterile DDW 

and pass through a 0.22 μm syringe filter. Store 

in 1 ml aliquots at -20
o
C. 

 

Other Plant Culture Stocks 

 
100mM Acetosyringone                 Dissolve 196 mg of acetosyringone in 10 ml di-

methylsulfoxide (DMSO). Store in 1 ml aliquots. 

CoCl2.6H2O   0.025     0.025 

Na2MoO4.2H2O     0.25       0.25 

CuSO4.5H2O   0.025    0.025 

KI     0.75      0.83 

Na2EDTA     37.3      37.3 

FeSO4.7H2O     27.8      27.8 

Vitamins and other supplements 

Thiamine HCl       0.1      10.0 

Pyridoxine HCl       0.5        1.0 

Nicotinic acid       0.5        1.0 

Inositol    100.0    100.0 

Glycine       2.0        2.0 
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1M DTT                                      Dissolve 1.54 g of DTT in 10 ml sterile DDW 

and pass it through a 0.22 μm syringe filter. Store 

in 1 ml aliquots at -20
o
C. 

 

100mM Sodium Thiosulfate          

 

Dissolve 1.58 g of STS in 100 ml sterile DDW 

and pass it through a 0.22 μm syringe filter. Store 

in 1 ml aliquots at -20
o
C. 

 

1M L-Cysteine                             

 

Dissolve 12.116 g of L-Cysteine in 100 ml DDW 

and pass it through a 0.22 μm syringe filter. Store 

in 1 ml aliquots at -20
o
C in amber microfuge 

tubes to protect from light. 

 

Zeatin (1 mg/ml)                         

 

Dissolve 10 mg of zeatin in 10 ml 1N NaOH and 

pass it through a 0.22 μm syringe filter. Store in 1 

ml aliquots at -20
o
C. 

 

Antibiotics 

 

Carbenicillin (100 mg/ml)            Dissolve 1 g carbenicillin in 10 ml sterile DDW 

and pass it through a 0.22 μm syringe filter. Store 

in 1 ml aliquots at -20
o
C. Use at the working 

concentration of 100 mg/l. 

 

Timentin (70 mg/ml)                    

 

Dissolve 700 mg timentin in 10 ml sterile DDW 

and pass it through a 0.22 μm syringe filter. Store 

in 1 ml aliquots at -20
o
C. Use at the working 

concentration of 70 mg/l. 

 

Cefotaxime (200 mg/ml)               

 

Dissolve 2 g cefotaxime in 10 ml sterile DDW 

and pass it through a 0.22 μm syringe filter. Store 

in 1 ml aliquots at -20
o
C. 
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Ampicillin (100 mg/ml) Dissolve 1 g ampicillin in 10 ml sterile DDW and 

pass it through a 0.22 μm syringe filter. Store in 1 

ml aliquots at -20
o
C. Use at the working 

concentration of 100 μg/ml. 

 

Kanamycin (50 mg/ml)                 

 

Dissolve 0.5 g kanamycin in 10 ml sterile DDW 

and pass it through a 0.22 μm syringe filter. Store 

in 1 ml aliquots at -20
o
C. Use at the working 

concentration of 50 μg/ml. 

 

Rifampicin (25 mg/ml) 

 

Dissolve 0.25 g rifampicin in 10 ml absolute 

methanol and pass it through a 0.22 μm syringe 

filter. Store in 1 ml aliquots at -20
o
C. Resuspend 

before using at the working concentration of 25 

μg/ml. 
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Abstract
The coding sequence of inositol polyphosphate 6-/3-/5-kinase (GmIPK2) gene was identified and cloned from popular Indian 
soybean cultivar Pusa-16. The clone was predicted to encode 279 amino acids long, 30.97 kDa protein. Multiple sequence 
alignment revealed an inositol phosphate-binding motif, PxxxDxKxG throughout the IPK2 sequences along with other motifs 
unique to inositol phosphate kinase superfamily. Eight α-helices and eight β-strands in antiparallel β-sheets arrangement 
were predicted in the secondary structure of GmIPK2. The temporal analysis of GmIPK2 revealed maximum expression in 
the seed tissues during later stages of development while spatially the transcript levels were lowest in leaf and stem tissues. 
Endosperm-specific cis-regulatory motifs (GCN4 and Skn_1) which support high levels of expression, as observed in the 
developing seeds, were detected in its promoter region. The protein structure of GmIPK2 was modeled based on the crystal 
structure of inositol polyphosphate multikinase from Arabidopsis thaliana (PDB:4FRF) and subsequently docked with 
inositol phosphate ligands (PDB: 5GUG-I3P and PDB: 4A69-I0P). Molecular dynamics (MD) simulation established the 
structural stability of both, modeled enzyme and ligand-bound complexes. Docking in combination with trajectory analysis for 
50 ns MD run confirmed the participation of Lys105, Lys126 and Arg153 residues in the formation of a network of hydrogen 
bonds to stabilize the ligand-receptor interaction. Results of the present study thus provide valuable information on structural 
and functional aspects of GmIPK2 which shall assist in strategizing our long-term goal of achieving phytic acid reduction in 
soybean by genetic modification of its biosynthetic pathway to develop a nutritionally enhanced crop in the future.

Keywords  Glycine max · Phytic acid · Inositol polyphosphate 6-/3-/5-kinase (IPK2) · Low phytate crops, spatiotemporal 
expression · Homology modeling · Molecular docking · Molecular dynamics simulation

Introduction

Soybean is a phenomenal crop with a unique nutrient profile. 
It is the only plant source which provides a complete pro-
tein with quality equivalent to animal protein yet its human 

consumption is found to be very limited, even in the coun-
tries where its production is very high. Besides, majority of 
its uses in the food industry owe primarily to its functional 
properties rather than nutritional gain. The above stated can 
be attributed to the presence of a variety of bioactive compo-
nents including phytic acid (PA), saponins, protease inhibitors, 
isoflavones, lectins, etc. Amongst these, PA is probably the 
most well-known antinutrient that is found in abundance in 
cereal grains and legumes. It is a saturated cyclic acid whose 
metabolism has been substantiated to regulate phosphorous 
and myo-inositol homeostasis. Due to its highly negative 
chemical structure, it forms phytate–mineral–protein com-
plexes which result in reduced bioavailability of phosphorus, 
other associated minerals and proteins and thus contribute to 
the debatable health effects associated with its consumption. 
Therefore, in a need to reduce the level of this compound sev-
eral approaches were undertaken which blocked its constitutive 
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synthesis, but often resulted in crop with deplorable agronomic 
performance (Bilyeu et al. 2008; Cichy and Raboy 2009; Feng 
and Yoshida 2004; Kuwano et al. 2009; Nunes et al. 2006). 
Recently trending reverse genetic approaches that target tis-
sue-specific knockdown provide a promising alternative to 
eliminate this negative impact (Ali et al. 2013a, b). Research 
is thus underway to characterize PA biosynthetic pathway 
enzymes (Josefsen et al. 2007; Krishnan et al. 2015; Stiles 
et al. 2008; Sun et al. 2007; Sweetman et al. 2006, 2007) and 
study their expression patterns (Bhati et al. 2014; Fileppi et al. 
2010; Suzuki et al. 2007) to generate adequate information for 
developing lpa soybean through metabolic engineering.

PA biosynthesis follows a succession of phosphorylation 
steps (Brearley and Hanke 1996a, b). One of its late path-
way enzyme inositol polyphosphate 6-/3-/5-kinase (IPK2, EC 
2.7.1.151) is a multiple specificity enzyme which phosphoryl-
ates the D-6, D-3, and/or D-5 positions on a variety of inositol 
polyphosphate substrates (InsP3/InsP4/InsP5) (Frederick et. 
al. 2005) that makes it a key enzyme in regulating PA turno-
ver and is thus a crucial target for perturbing PA dynamics 
(Stevenson-Paulik et al. 2005). The enzyme has previously 
been studied in Arabidopsis (Stevenson-Paulik et al. 2002), 
yeast (Saiardi et al. 2000; York et al. 1999), mouse (Frederick 
et al. 2005) and human (Majerus 1992, 1996). A study has 
also been reported in soybean (Stiles 2007), however, it dis-
cusses only the gene’s expression and enzyme kinetics. There-
fore, with the intention to extend the current knowledge on its 
transcript expression (both spatial and temporal) as well as to 
understand its structure, biochemical features and evolutionary 
history, we investigated this gene in soybean and compared it 
with those of another 19 homologs in plants through various 
bio-computational tools. Furthermore, to elucidate complete 
molecular and biochemical mechanisms regulating PA synthe-
sis as well as inositol metabolism and signalling in plants, an 
insight into IPK2 protein’s structural features is required. Very 
less information regarding the three-dimensional structure of 
plant IPK2 is available. To facilitate the same, we determined 
the three-dimensional (3D) model of soybean GmIPK2 protein 
through homology modeling and performed its docking simu-
lation with the substrate [1D-myo-inositol 1,4,5-trisphosphate 
(PDB: 5GUG-I3P) and 1D-myo-inositol-1,4,5,6-tetrakisphos-
phate (PBD: 4A69-I0P)] molecules.

Through this work, we made an effort to study IPK2 gene 
to lay a groundwork for achieving the main goal of our work 
which is, to develop low phytic acid soybean, a nutritionally 
and agriculturally important crop.

Materials and methods

Plant material

Field grown soybeans (Glycine max [L.] Merr. cv. Pusa-16) 
were procured from Division of Genetics, IARI, New Delhi 
for use in this study. For spatial and temporal expression pro-
filing, root, stem, leaf, and flower tissues were collected from 
30-day-old plants while developing seeds were collected regu-
larly after flowering until maturation and sorted based on their 
sizes. After collection, the tissue samples were immediately 
frozen in liquid nitrogen and stored at − 80 °C until used.

PCR amplification, cloning and sequencing of partial 
GmIPK2 sequence

Total RNA was isolated from soybean seeds 8 mm in size using 
TRIzol reagent method (Invitrogen, USA). Approximately, 
1 µg of isolated total RNA was used for single stranded cDNA 
synthesis by reverse transcription with RevertAid™ H Minus 
First Strand cDNA synthesis kit (ThermoFisher Scientific, 
USA). Prior to cDNA synthesis, the RNA was treated with 
RNase-free DNase I (Thermo Scientific, USA) for removal of 
any residual genomic DNA. Polymerase chain reaction (PCR) 
amplification was performed using 0.2 µg of the initial RT 
reaction optimized at 94 °C for 4 min; 35 cycles of 94 °C for 
30 s, 62.5 °C for 30 s, 72 °C for 30 s; 72 °C for 10 min, using 
the GmIPK2 specific primers: IPK2F 5′-ATG​CTC​AAG​ATC​
CCG​GAG​-3′ and IPK2R 5′-CAG​TTA​GTC​TGC​GAC​ACT​
AAT​TCA​AGC-3′. On completion, 2 µl of amplified product 
was analyzed by electrophoresis on 1% agarose gel and puri-
fied using gel/PCR DNA Fragments Extraction Kit (DF100) 
by Geneaid. The purified amplicon was subsequently ligated 
in pGEM®-T Easy vector (Promega, USA) by TA cloning fol-
lowing protocol described in the manual and used directly for 
transformation of competent Escherichia coli DH5α cells. The 
recombinant plasmids were identified by blue-white screening 
and confirmed by restriction digestion with EcoRI to release 
the amplicon fragment. The nucleotide sequences of GmIPK2 
thus isolated was determined by DNA sequence analysis of 
overlapping plasmid clones using universal primers (SP6 and 
T7) on an automated sequencer (ABI 3730xl DNA Analyzer, 
USA). The nucleotide sequence data was submitted to INSDC 
database GenBank.

Gene expression analysis by semi‑quantitative 
reverse transcription PCR and quantitative real‑time 
PCR

To analyze GmIPK2 gene expression in different soybean 
tissues, we first performed semi-quantitative reverse tran-
scription PCR (RT-PCR) to obtain an expression pattern 
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and then further estimated the transcript levels by quantita-
tive real-time PCR (qRT-PCR). For RT-PCR, first strand 
cDNA was synthesized from total RNA using RevertAid™ 
H Minus First strand cDNA Synthesis Kit (Thermo Scien-
tific, USA) and PCR was subsequently performed using the 
same pair of GmIPK2 specific primers and thermal cycling 
conditions which were described for its cloning. We fur-
ther monitored the quantitative amplification of GmIPK2 
by performing qRT-PCR analysis on a PikoReal 96 Real-
Time PCR platform (ThermoFisher Scientific, USA). The 
reactions were set up using DyNAmo Flash SYBR Green 
qPCR Kit (Thermo Scientific, USA) with cDNA first strands 
as the template DNA. The expression of GmIPK2 was nor-
malized to an endogenous control, the housekeeping gene 
phosphoenolpyruvate carboxylase (PEPCo) (Sugimoto 
et al. 1992; Tuteja et al. 2004). The primers for the gene 
(qIPK2F 5′-CGC​GGA​TCC​GCG​TTG​CAG​AAG​CTC​AAG-
3′ and qIPK2R 5′-TCC​CCG​CGG​GGA​GCG​ACA​CTA​ATT​
CAAG-3′) and the internal control (qPEPCoF 5′-CAT​GCA​
CCA​AAG​GGT​GTT​TT-3′ and qPEPCoR 5′-TTT​TGC​GGC​
AGC​TAT​CTC​TC-3′) were designed using PrimerQuest tool 
by IDT, USA. The reactions were setup following the stand-
ard protocol provided in DyNAmo ColorFlash SYBR Green 
qPCR Kit (Thermo Scientific). The thermal profile used for 
PCR amplification was: 95 °C for 4 min; 40 cycles of 95 °C 
for 15 s, 60 °C for 30 s and fluorescence data collection. To 
minimize variation in the output, three technical replicates 
were carried out for each of the three biological replicates. 
The baseline data was collected for first 15 cycles to gener-
ate a baseline-subtracted plot of the logarithmic increase in 
fluorescence signal (∆Rn) versus cycle number. A standard 
fluorescence threshold (Rn) was set to 0.5 on the log fluo-
rescence scale to determine the fractional cycle number (Ct 
value). The relative abundance of GmIPK2 was calculated 
using the 2-∆∆CT method (Livak and Schmittgen 2001). 
Dissociation curve analysis from 60 to 95 °C was also per-
formed at the end of the assay to check for any non-specific 
amplification and/or contamination.

Sequence analysis and phylogenetic tree 
construction

Homologous IPK2 sequences from other plants were iden-
tified with National Center for Biotechnology Informa-
tion (NCBI) Basic Local Alignment Search Tool (Protein 
BLAST, https​://blast​.ncbi.nlm.nih.gov/Blast​.cgi) using the 
above deduced GmIPK2 sequence as a query. The primary 
sequence composition of IPK2 sequences were computed 
using PEPSTATS (Rice et al. 2000). The physio-chemical 
parameters of proteins were predicted using the ProtParam 
tool of ExPASy web server (Gasteiger et al. 2005). TargetP 
1.1 Server using the cutoffs of 95% specificity was imple-
mented for subcellular location prediction of GmIPK2 

protein (Emanuelsson et al. 2000) and the outcome was 
compared to predictions obtained from MemType-2L (Chou 
and Shen 2007), WoLF PSORT (Horton et al. 2007), Sub-
Loc v1.0 (Hua and Sun 2001) and CELLO v2.5 (Yu et al. 
2006). Its transmembrane topology was predicted with 
PSIpred (Buchan et al. 2013), TMpred (Hofmann and Stof-
fel 1993) and NPS@ web programs (Rost et al. 1996). A 
final consensus was drawn manually and the topology was 
generated and visualized using Protter version 1.0 (Omasits 
et al. 2014). Presence of potential secretory signal peptides 
or mitochondrial targeting peptides was analyzed with Sig-
nalP 4.1 web server (Petersen et al. 2011). M-Coffee multi-
ple sequence alignment (MSA) of the selected amino acid 
sequences was carried out to produce quality alignments 
which served as the basis for phylogenetic analysis (Wallace 
et al. 2006) to detect its evolutionary placement and phylo-
genetic similarity with other similar genes. The evolutionary 
tree was constructed using neighbor joining (NJ) clustering 
method to compute distances and poisson model for amino 
acid substitution in MEGA Version 6.0 (Molecular Evolu-
tionary Genetic Analysis, Tamura et al. 2013). Bootstrap 
replications were set at 1000 to assess the degree of confi-
dence for each clade of the observed tree. The final image 
was rendered with the Interactive Tree of Life server (iTOL) 
(Letunic and Bork 2016).

Promoter isolation and prediction of regulatory 
motifs

A motif search was carried out to define putative cis-ele-
ments in the promoter sequences involved in the regulation 
of IPK2 expression using PlantCARE (Lescot et al. 2002). 
To identify these cis-regulatory elements, around 2  kb 
upstream sequence of the IPK2 homologs were retrieved by 
NCBI’s nucleotide BLAST program and fed to PlantCARE 
web tool. The tool’s database identified regulatory elements 
in the isolated upstream sequences and each of the elements 
observed were analyzed with previously reported proper-
ties of the particular element. Unlike CDS, the regulatory 
sequences indirectly influence their immediate phenotype.

Secondary structure analysis and domain prediction

M-Coffee multiple sequence alignment (MSA) of the 
selected amino acid sequences was carried out and the align-
ment file was imported to Jalview (Waterhouse et al. 2009) 
to identify and shade the conserved amino acid sequences. 
Ungapped motifs were also detected using MEME web tool 
available on MEME suite 4.11.1 (Bailey et al. 2009). The 
motifs present were further verified using My Hits motif 
scan tool (Pagni et al. 2007). The domain composition was 
analyzed using CDD tool (http://www.ncbi.nlm.nih.gov/
cdd) on NCBI server. A secondary structure consensus from 
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amino acid sequences was built based on the joint prediction 
with SOPMA (nearest-neighbor method) and PHD (neural 
networks method) correctly predicting 82.2% of the resi-
dues for 74% of co-predicted amino acids (https​://npsa-prabi​
.ibcp.fr/cgi-bin/npsa_autom​at.pl?page=/NPSA/npsa_secco​
ns.html) (Geourjon and Deléage 1995; Rost and Sander 
1993). Cysteine species and disulfide connectivity of protein 
sequences were determined using web tool DiANNA (Ferrè 
and Clote 2005). A secondary structure topology map of the 
3D model was generated using ProMotif (http://www.ebi.
ac.uk/thorn​ton-srv/datab​ases/pdbsu​m/Gener​ate.html) and 
rendered using TopDraw (Bond 2003).

Homology modeling and quality assessment 
of predicted model

The 3D model of GmIPK2 was constructed by template-
based homology modeling using automated comparative 
protein modeling servers, SWISS-MODEL (Biasini et al. 
2014) and PHYRE2 (Kelley et al. 2015) as well as a stan-
dalone comparative modeling program MODELLER 9.16 
(Webb and Sali 2016). Comparative modeling consists of 
five main steps: search for related protein structures, selec-
tion of one or more appropriate templates, target-template 
alignment, model building and model evaluation. The final 
step of comparative modeling was additionally performed 
with RAMPAGE (Lovell et al. 2003), VERIFY 3D (Eisen-
berg et al. 1997) and ProSA servers (Wiederstein and Sippl 
2007) to evaluate the stereochemical and energetic proper-
ties of the obtained models. In addition to this, the quality 
of models can also be assessed by structural comparison to 
the template using the MatchMaker tool in UCSF Chimera 
(Pettersen et al. 2004), a molecular visualization software 
package and calculating the Cα root mean square deviation 
scores (RMSDs) for each of the comparative models. The 
secondary structures of the final and template proteins were 
also compared by pairwise 3D alignment using MATRAS 
1.2 (Kawabata 2003). Agreement on the best model was 
made on the basis of the majority in best scores from these 
different quality analyses.

Refinement of the predicted homology model

Molecular dynamics (MD) simulation was performed 
to optimize the obtained GmIPK2 model. Simulation 
of the model was conducted in explicit solvent using the 
GROMACS (Groningen Machine for Chemical Simulations) 
4.5.5 package (Pronk et al. 2013). The model was solvated 
with simple point charge (SPC216) water in a cubic box 
with edges that were 0.7 nm from the molecular boundary. 
Initially, energy minimization (maximum number of steps: 
1000) was performed to remove steric conflicts between 
the protein and water molecules, using the steepest descent 

integrator. The system was then equilibrated by optimizing 
the solvent molecules surrounding the energy-minimized 
model with NVT (constant Number of particles, Volume, 
and Temperature) and NPT (constant Number of particles, 
Pressure, and Temperature) ensembles using Berendsen 
thermostat and Parrinello-Rahman barostat, respectively. 
Finally, the system was simulated for 50 ns thrice main-
taining the same temperature (300 K) and pressure (1 bar) 
using the Particle Mesh Ewald (PME) electrostatics method. 
After completion of production run, we collected the data 
using a post-processing tool, trjconv (strips out coordinates 
and correct for periodicity) and used this corrected trajec-
tory as the input for studying the conformational stability 
of our simulated protein via g_rms and g_rmsf tools. We 
subsequently generated and analyzed the output plots using 
a simple plotting program, xmgrace (Turner 2005).

Active site prediction, molecular docking and MD 
simulation of the docked complexes

The refined protein model thus generated was docked to 
characterize the 3D structure of the complex, to gain an 
insight into the crucial amino acid residues also referred to 
as active residues that are involved in the complex forma-
tion. Based on the available literature for IPK2, 1D-myo-
inositol-1,4,5-trisphosphate (PDB: 5GUG-I3P) and 1D-myo-
inositol-1,4,5,6-tetrakisphosphate (PDB: 4A69-I0P) ligands 
were selected for optimized GmIPK2 protein receptor. 
Docking of these ligands was performed using AutoDock 
Vina (version 1.1.2) (Trott and Olson 2010) following the 
semi-flexible approach of docking. AutoDock Vina reads 
all the molecules in a simplified PDB file representation, 
termed PDBQT and thus the coordinates of both GmIPK2 
protein and its ligands (downloaded from the RCSB protein 
data bank) were prepared using MGL tools (version 1.5.4) 
AutoDock tools (Morris et al. 2009) prior to docking. All the 
water and solvent atoms of the protein were removed and the 
polar hydrogen atoms were added. The GmIPK2 molecule 
was kept rigid while the ligands were allowed to rotate and 
explore more flexible binding pockets. Vina used a custom-
ized rectangular 3D cartesian grid for specifying the binding 
site of the protein and for efficient geometric scoring. The 
dimensions of the grid were customized to make sure that 
the size of the search space is large enough for the ligand to 
rotate in. Once set, the docking run produced ligand poses 
each with a definite binding energy (kcal/mol) calculated 
based on the scoring function used in Vina. The conforma-
tions with the lowest binding affinity were chosen and the 
interaction diagrams were generated using Discovery Stu-
dio Visualizer 4.1 (Accelrys Software Inc., USA 2013). The 
amino acid residues present at a distance of 2 Å were consid-
ered as the binding partners of the ligands. The active amino 
acid residues were also predicted by combining results of 
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three different interface prediction web servers, CASTp 
(Dundas et al. 2006), FTSite (Kozakov et al. 2015) and Fun-
FOLD2 (Roche et al. 2013) into a consensus. The final com-
plexes were equilibrated by MD simulation by following the 
procedure described for protein model in explicit water in 
the previous section but by applying restraints on the ligands 
to prevent them from moving away from the binding site. 
Once equilibrated, we simulated the complexes for 50 ns and 
analyzed the resulting trajectories for their stability using 
g_rms, g_rmsf, g_hbond and g_mmpbsa tools.

Results and discussion

Cloning and sequencing of GmIPK2

We first performed a BLASTN analysis in the plant com-
parative genomics portal Phytozome v9.1 (Goodstein et al. 
2012) with the soybean IPK2 gene sequence available in 
NCBI (GenBank: NM_001250522) to retrieve a 1241 bp 
transcript sequence. Based on the sequence data thus 
derived, we designed primers specific to amplify complete 
GmIPK2 coding sequence (CDS) as well as a fragment of its 
3′ untranslated region (UTR) with the aim to design silenc-
ing construct in the future specific to this highly conserved 
region because of its substantial role in gene regulation. To 
accomplish this, we converted total RNA isolated from 8 to 
10 mm developing seed stage to cDNA and performed PCR 
amplification from the synthesized cDNA template follow-
ing the protocol described under sect. “PCR amplification, 
cloning, and sequencing of partial GmIPK2 sequence”. The 
amplicon was then cloned into pGEM-T easy vector system 
and introduced into the bacterial host E. coli (DH5α). The 
putative cDNA clones were verified by restriction analysis 
with EcoRI and sequence characterized to ~ 910 bp resi-
dues in length (Fig. 1). It contains a single open reading 
frame ~ 840 bp long which potentially encode a single poly-
peptide of 279 amino acid residues and a ~ 70 bp 3′ UTR 
fragment. We submitted the obtained CDS data to NCBI 
(GenBank: KF297702) and used the information as query 
to conduct protein homology search using PSI-BLAST 
algorithm. Amongst the sequences producing significant 
alignment, we shortlisted 30 plant IPK2 sequences based 
on percentage sequence identity to carry out further in silico 
analysis.

Spatial and temporal expression profiling

As discussed above, tissue-specific modulation of IPK2 gene 
to generate a lpa mutant is essential to evade any possible 
pleiotropic effects. Before this can be achieved it is vital 
to investigate its spatial expression profile in different tis-
sues as well as its temporal expression profile in developing 

seeds, to provide an initial point for strategic achievement 
of a desired level of silencing.

To study the expression of GmIPK2 gene in different tis-
sues of a soybean plant and during seed development, semi-
quantitative as well as real-time PCR expression analysis 
was performed with total RNA isolated from root, stem, 
leaf and flower tissues of 30-day-old G. max plants and 
developing seeds ranging from 0 to 16 mm in size distrib-
uted in eight different progressive stages. Semi-quantitative 
PCR analysis revealed a differential pattern of GmIPK2 
transcript expression across the set of experimental tissues 
analyzed, with the highest level of transcripts observed in 
seeds (Fig. 2a). The same was confirmed by steady-state 
qRT-PCR analysis which also detected highest level of tran-
scripts in seeds (Fig. 2b). This suggests that GmIPK2 play a 
key role in PA biosynthesis in this tissue for use as a primary 
source of energy during germination. In both the analyses, 
same level of amplification was observed for PEPCo house-
keeping gene. Since PA is also required for several other 
vital functions throughout the plant system, a basal level 
of it is observed in all the tissues as well. Thus, amongst 
the other tissues analyzed, expression of GmIPK2 was also 
recorded in roots and flowers, but at a level lower than that 
observed in the cotyledons. The strong presence of GmIPK2 
transcripts in these tissues may be attributed to its role in 
regulating cytosolic calcium gradient which correlates with 
pollen germination, pollen tube growth (Franklin-Tong et al. 
1996; Malho 1998; Pierson et al. 1994; Xu et al. 2005), root 
growth, and root hair development (Bibikova et al. 1997; 
Felle and Hepler 1997; Wymer et al. 1997). A low level 
of expression was also observed in stems and leaves as it 
is studied to be involved in regulating a vital function of 
axillary shoot branching by participating in auxin signaling 
(Zhang et al. 2007).

Fig. 1   Agarose gel showing PCR amplification product of GmIPK2 
gene isolated from developing seeds (8–10 mm) of Glycine max cv. 
Pusa-16. Lane M: 500 bp DNA ladder, lanes 1–3: ~ 910 bp GmIPK2 
fragment
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We then analyzed its temporal expression pattern during 
eight progressive seed development stages. In both semi-
quantitative as well as real-time PCR expression analysis, 
we observed that its expression increased as the development 
progressed and reached a peak value at the later stages of 
seed development (Fig. 3). This pattern of expression coin-
cides evenly with the pattern of accumulation of PA which 
is linear throughout most of seed development (Raboy and 
Dickinson 1987). Similar results were obtained in a microar-
ray transcriptome study conducted in the past in our labora-
tory (GEO: GSE69821). This observation can be explained 
by the increase in production of phosphorous compounds 
required to support growth and development during initial 
stages of seed development when the synthesis of phospho-
rous reserve, PA is minimal (Raboy and Dickinson 1987).

The spatiotemporal analysis in summary identifies seed 
as the major tissue for its expression with maximum relative 
expression occurring during the later stages of its devel-
opment. Thus, from the present study we can hypothesize 
that targeting the GmIPK2 gene expression during late seed 
development stages may provide a potential strategy for gen-
erating lpa soybean with enhanced nutritional value.

Characterization of regulatory motifs in IPK2 gene 
promoter

To understand the mechanism regulating the spatiotem-
poral expression pattern of GmIPK2 gene thus observed, 
we analyzed the promoter region of all its homologs and 
identified different cis-regulatory elements located therein. 

A 2 kb sequence upstream to the open reading frame was 
identified and subjected to PlantCARE analysis. Database 
search revealed the presence of many motifs related to 
seed-specific promoters, hormone-responsive cis-elements 
(HRE) and cis-elements responsive to stresses (DSRE) that 
together contribute to the differential regulation of our gene 
(Table 1). Light responsive elements (Arguello-Astorga and 
Herrera-Estrella 1996; Feldbrugge et al. 1996; Lois et al. 
1989; Lopez-Ochoa et al. 2007; Sessa et al. 1995) were 
observed most frequently which suggest a probable diur-
nal regulation of IPK2 expression. The GCN4 and Skn_1 
motifs highly conserved in the promoters of cereal seed stor-
age protein genes were located within the IPK2 promoter. 
These cis-acting elements play a central role in controlling 
endosperm-specific gene expression (Onodera et al. 2001; 
Takaiwa et al. 1996; Washida et al. 1999; Wu et al. 1998). 
Multiple HREs particularly those known to be involved in 
abscisic acid (ABA) and gibberellic acid (GA3) sensing 
were also identified. A ABA-responsive element (ABRE) 
with the core sequence PyACGTG/TC and three GA-respon-
sive elements (GARE) AAA​CAG​A, TCT​GTT​G and TAT​
CCA​C/T (Niu et al. 2016; Mongkolsiriwatana et al. 2009; 
Yamaguchi-Shinozaki et al. 1989) were identified which pre-
viously were reported to correlate with PA accumulation 
during grain filling (Abe et al. 2003; Matsuno and Fujimura 
2014). Aggarwal et al. 2015 reported that IPK2 is an ABA-
induced gene which is antagonistically suppressed by GA3 
underlining the crucial role played by these hormones in 
regulating PA pathway genes. Putative elements responsive 

Fig. 2   a RT-PCR expression analysis of GmIPK2 gene in different 
plant tissues of Pusa-16 cultivar using soybean housekeeping gene 
PEPCo as an internal control. b Relative quantification of GmIPK2 
transcript levels in the samples analyzed above by qRT-PCR, normal-
ized to soybean housekeeping gene PEPCo. The leaf tissue was taken 
as calibrator. The data are mean of technical triplicates of each of the 
three biological replicates with error bars indicating standard devia-
tion (SD)

Fig. 3   a RT-PCR expression analysis of GmIPK2 gene in developing 
seeds of Pusa-16 cultivar using soybean housekeeping gene PEPCo 
as an internal control. b Relative quantification of GmIPK2 tran-
script levels in the samples analyzed above by qRT-PCR, normalized 
to soybean housekeeping gene PEPCo. The 0–2 mm seed stage was 
taken as calibrator. The data are mean of technical triplicates of each 
of the three biological replicates with error bars indicating SD
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to methyl-jasmonate, drought inducibility and anaerobic 
induction were also observed which help combat assorted 
types of abiotic factors that plants are exposed to under natu-
ral environment (Abe et al. 2003; Kim et al. 1993; Nguyen 
et al. 2003; Rouster et al. 1997; Shinozaki and Yamaguchi-
Shinozaki 2000).

Computation of physiochemical parameters 
and subcellular localization prediction

GmIPK2 sequence similarity search using PSI-BLAST 
revealed homology to IPK2 protein sequences from differ-
ent plant sources showing maximum similarity with Gly-
cine soja (98%) and Vigna radiata (74%) (Table 2). Primary 
sequence analysis of these homologs indicate that leucine is 
the most abundant amino acid which makes upto approxi-
mately 9–11 mol percent of its backbone residues whilst 
the percentage of tryptophan and methionine were found 
to be the least at approx. 1% across species. The isoelec-
tric points (pI) of all IPK2 proteins were computed to be 
under 7 suggesting that they are most likely to precipitate 
in acidic buffers except Glycine soja, Medicago truncatula, 
Zea mays and Sorghum bicolor which has a pI of 7.1, 8.57, 
10.48 and 8.26, respectively indicating their solubility in 
basic buffers. The calculated pI will be useful for empirical 
protein purification by isoelectric focusing and ion exchange 
chromatography. The extinction coefficient (EC) (Gill and 

Von Hippel 1989) of IPK2 proteins measured at 280 nm in 
water was found ranging from 25,440 to 34,380 M–1 cm–1 
with respect to their concentration of aromatic amino acids 
(11–15%) and cystine (disulfide bonds). These EC values 
can be used to calculate protein concentration in a solution 
which in turn help in the quantitative study of biochemical 
interactions (protein–protein and protein–ligand). The insta-
bility indices (Ii) computed for selected IPK2 proteins are 
used to determine their in vivo half-lives (Guruprasad et al. 
1990). Rogers et al., 1986 reported that proteins having Ii 
values greater than 40 have an in vivo half-life of less than 
5 h while those proteins having Ii values less than 40 have 
a longer in vivo half-life of 16 h. Our study showed that Ii 
values of all the homologs are less than 40 and hence are 
thermally stable with a long half-life except for Lotus japoni-
cas and Zea mays kinases that have a Ii above 40 which 
indicate their possible thermal instability. Thermostability 
of proteins result from a combination of several factors act-
ing synergistically. Here we assess thermal stability of our 
proteins in direct proportionality with their aliphatic index 
(Ai) which is a measure of the relative volume occupied by 
aliphatic side chains (Ikai 1980). The Ai values determined 
for IPK2 kinases ranged from 68.79 to 96.70 with those from 
brassicaceae family showing lowest thermal stability. This in 
turn is indicative of their greater flexibility at a wide range of 
temperatures when compared to proteins of other families. 
Grand average of hydropathicity (GRAVY) number reflect 

Table 1   Potential cis-acting elements identified in the 5′ regulatory sequences of plant IPK2s 

Classification Name Sequence Source organism References

Endosperm GCN_4 motif GAA​GCC​A, TGA​GTC​A Oryza sativa Takaiwa et al. (1996), Onodera et al. (2001)
Skn-1 motif CAA​GCC​A, TGT​GTC​A, GTCAT​ Oryza sativa Washida et al. (1999)

ABA ABRE CAC​GTG​, TAC​GTG​ Arabidopsis thaliana Yamaguchi-Shinozaki et al. (1989)
Gibberellin GARE AAA​CAG​A, TCT​GTT​G, TAT​CCA​C/T Brassica oleracea

Oryza sativa
Mongkolsiriwatana et al. (2009), Jun Niu et al. 

(2016)
Light Box 4 ATT​AAT​ Petroselinum crispum Lois et al. (1989)

CATT-motif GCA​TTC​ Zea mays Arguello-Astorga and Herrera-Estrella (1996)
G-Box CAC​GTG​ Pisum sativum, 

Arabidopsis thali-
ana, Zea mays

Sessa et al. (1995), López-Ochoa et al. (2007)

ATCC/T-motif AAT​CTA​ATCC/T Pisum sativum, 
Arabidopsis thali-
ana

Arguello-Astorga and Herrera-Estrella (1996)

TCT-motif TCT​TAC​ Arabidopsis thaliana Arguello-Astorga and Herrera-Estrella (1996)
Box-I TTT​CAA​A Pisum sativum Arguello-Astorga and Herrera-Estrella (1996)
ACE AAA​ACG​TTTA​ Petroselinum crispum Feldbrugge et al. (1996)
GA-motif AAG​GAA​GA Glycine max Arguello-Astorga and Herrera-Estrella 1996

MeJA CGTCA-motif
TGACG-motif

CGTCA​
TGACG​

Hordeum vulgare
Hordeum vulgare

Kim et al. (1993), Rouster et al. (1997)

Drought MBS T/CAA​CTG​ Arabidopsis thaliana Shinozaki and Yamaguchi-Shinozaki (2000), 
Abe et al. (2003)

Anaerobic ARE TGG​TTT​ Zea mays Nguyen et al. (2003)
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the average hydropathy of a protein, the positively rated 
being hydrophobic and negatively rated being hydrophilic 
in nature Kyte and Doolittle (1982). GRAVY index for IPK2 
kinases was found ranging from − 0.517 to − 0.013 indicat-
ing that these proteins will interact favourably with water 
except for Vigna radiata with an index of 0.045 and hence 
is a potential hydrophobic protein.

Protein localization and target peptide predictions are 
significant studies as they aid in in silico protein function 
characterization as well as genome annotation. The acidic 
amino acid composition of IPK2 homologs determined by 
the physiochemical analysis conducted above suggest that 
they are cytoplasmic in nature as opposed to the basic amino 
acid composition of membrane proteins for their stability 

(Schwartz et al. 2001). Further sequence analysis based on 
TargetP scores (cTP: 0.163, mTP: 0.066, SP: 0.087, other: 
0.906) also suggest that IPK2 kinases may be located any-
where in the cell besides chloroplast and mitochondria. 
The sequences were not predicted to have any signaling 
pre-sequence which was indicated by their low signal pep-
tide (SP) score reinforced that they are soluble in nature. 
Besides, a consensus of predictions obtained from WoLF 
PSORT, CELLO v2.5, SubLoc v1.0 and MemType-2L serv-
ers (Table S1) also established the cytoplasmic character 
of IPK2 protein. However, TMpred, PSIPRED, NPS@ and 
DAS servers also identified a single consensus C-terminal 
transmembrane region positioned at 259–274. This could 
have been mistaken due to the presence of large regions 

Table 2   Physiochemical parameters of shortlisted plant IPK2 sequences computed using the ProtParam tool

MW molecular weight (g/mol), pI isoelectric point, EC extinction coefficient (M−1cm−1), Ii instability index, Ai aliphatic index, GRAVY grand 
average hydropathy, (−R) number of negative residues, (+ R) number of positive residues

Organism Accession no. Sequence 
length

MW pI EC Ii Ai GRAVY − R + R

Glycine max AGW99177.1 279 30,979.2 6.29 29,910 29.72 89.07 − 0.18 35 30
Glycine soja KHN19419.1 178 19,898.87 7.10 23,950 29.73 95.73 − 0.059 21 21
Vigna radiata XP_022634636.1 286 31,482.10 6.59 28,420 38.17 93.67 0.045 29 27
Cajanus cajan XP_020232596.1 267 29,463.71 6.86 28,420 33.70 91.31 − 0.132 31 30
Phaseolus vulgaris XP_007133857.1 264 28,951.0 6.59 26,930 38.90 90.38 − 0.017 27 25
Lotus japonicus AFK39224.1 283 31,348.76 5.66 32,430 42.36 87.74 − 0.139 39 30
Cicer arietinum XP_004510840.1 296 33,061.70 6.12 26,930 31.59 91.11 − 0.250 38 33
Medicago truncatula XP_003627882.1 426 47,961.8 8.57 29,910 31.89 85.02 − 0.344 49 53
Arachis hypogaea ALT56981.1 297 32,684.01 6.45 28,420 36.41 84.01 − 0.227 34 32
Arachis duranensis XP_015937330.1 297 32,883.25 6.45 28,420 37.35 84.01 − 0.248 35 33
Corchorus capsularis OMO94774.1 292 32,498.97 5.84 28,420 40.75 92.43 − 0.159 38 33
Theobroma cacao EOY22693.1 304 34,213.77 6.32 31,400 37.61 84.61 − 0.292 39 36
Herrania umbratica XP_021285810.1 305 34,392.01 6.56 36,900 40.38 83.38 − 0.307 38 36
Durio zibethinus XP_022738659.1 295 32,954.54 6.71 28,420 38.72 87.83 − 0.237 36 35
Solanum lycopersicum XP_004235863.1 294 32,476.9 5.93 28,420 34.32 83.23 − 0.261 35 30
Solanum tuberosum NP_001335929.1 408 44,295.0 5.96 28,420 20.21 93.19 − 0.254 50 43
Brassica rapa XP_009112000.1 274 30,640.7 6.25 34,380 30.25 80.66 − 0.283 36 33
Capsicum baccatum PHT32205.1 374 40,995.36 5.97 32,890 33.47 90.19 − 0.297 50 44
Nicotiana attenuata XP_019263239.1 368 40,865.55 5.51 31,400 30.30 93.51 − 0.179 48 40
Capsicum annuum PHT66064.1 374 41,015.41 5.91 32,890 32.27 92.01 − 0.277 50 43
Capsicum chinense PHU00941.1 374 40,986.37 5.81 32,890 32.27 92.27 − 0.271 51 43
Brassica napus XP_013749343.1 285 31,961.0 5.87 35,870 30.23 75.86 − 0.387 40 34
Arabidopsis lyrata XP_020870073.1 300 33,671.08 5.82 31,400 29.76 83.47 − 0.324 42 35
Prunus avium XP_021815221.1 281 31,100.28 6.20 31,400 26.98 86.41 − 0.209 34 30
Trifolium pratense PNY08557.1 273 30,275.83 5.50 23,950 29.99 96.70 − 0.054 37 26
Arabidopsis thaliana NP_200984.1 300 33,486.7 5.72 31,400 25.96 80.23 − 0.329 40 31
Prunus persica XP_007209445.1 282 31,303.57 6.50 31,400 28.39 85.39 − 0.252 35 33
Lepidium latifolium ACK86969.2 297 33,212.5 6.59 34,380 29.25 81.95 − 0.285 31 29
Zea mays XP_008649440.2 240 26,665.45 10.48 29,450 65.74 68.79 − 0.517 22 37
Aegilops tauschii XP_020147020.1 287 30,607.86 6.13 26,930 38.85 88.43 − 0.052 33 29
Sorghum bicolor XP_002452184.1 322 34,550.64 8.26 28,420 39.34 90.93 − 0.013 32 34
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of hydrophobic residues in the C-terminal soluble region, 
as hydrophobicity alone is used as the criterion to predict 
membrane-spanning regions. The absence of any transmem-
brane helix is also well documented in the hydrophobic-
ity plot generated using waveTM server (Fig S1) (Pashou 
et al. 2004) as majority of amino acids show negative for 
hydrophobicity.

Motif analysis and secondary structure 
characterization

Multiple sequence alignment (MSA) of the selected plant 
IPK2 homologs was performed using M-Coffee web server 
which is a meta-method for assembling MSA by combining 
the output of several individual methods into one to generate 
the best possible alignment. The consensus alignment thus 
generated revealed several significantly conserved motifs 
and sites unique to inositol phosphate kinases (Fig. 4). A 
signature inositol phosphate-binding motif, PxxxDxKxG 
was identified in all the aligned sequences (Odom et al. 
2000; Saiardi et al. 1999) which confirms that they belong 
to inositol phosphate kinase (IPK) superfamily of IP kinases. 
Holmes and Jogl, 2006 state that the members of this super-
family share several strictly conserved signature motifs with 
each other and are predicted to assume the same overall fold, 
despite the low sequence conservation. The core catalytic 
tyrosine kinase motif, RxxxExxxY was also discovered in 
all the sequences which suggest that they are tyrosine-spe-
cific protein kinases (Cooper et al. 1984). IPK2 sequences 
from Solanaceae and Rosaceae families were found to con-
tain a Glycine-rich consensus ATP-binding GxGxxG motif 
characteristic of protein kinase C (PKC) catalytic domain 
(Steinberg 2008). The classical PKC and plant CDPKs rec-
ognized phosphorylation S/TxK/R motif (Nishikawa et al. 
1997; Neumann et al. 1996; Roberts and Harmon 1992) was 
also identified in some of the sequences speculating their 
role in lipid-dependent PA biosynthetic pathway. Such pro-
miscuous kinase activity suggests that both lipid-dependent 
and independent pathways regulate PA biosynthesis as well 
as basic nuclear and cellular processes in plants (Josefsen 
et al. 2007; Stevenson-Paulik et al. 2002). A protein recogni-
tion LxxLL motif common to all of the aligned sequences 
indicate their participation in protein–protein interactions, 
regulating cell signalling, cell adhesion, and transcription 
(Plevin et al. 2005). Further analysis by MEME suite web 
server identified a total of 11 conserved ungapped motifs, 
with motif PxxxDxKxG being the most conserved amongst 
all IPK2 homologs as indicated by its lowest E value of 
2.9e-487 (Fig S2). The obtained motifs were subjected to 
BLASTP analysis for conformation of their annotations 
which established that they all belong to IPK superfamily 
domain (CDD Acc: cl12283) and thus substantiate our previ-
ous results. We further explored GmIPK2 protein sequence 

by Motif Scan which recognized diverse protein kinase 
phosphorylation sites (Table S2). Since phosphorylation 
acts as a molecular switch in modulating protein function, 
structural rearrangement and cellular localization it can be 
suggested that GmIPK2 play a critical role in many biologi-
cal regulatory events of signalling, proliferation, differentia-
tion, and apoptosis. Its role in biological processes as diverse 
as mRNA export (York et al. 1999), DNA repair (Hanakahi 
et al. 2000), regulation of chromatin structure (Shen et al. 
2003; Steger et al. 2003), maintenance of basal resistance to 
plant pathogens (Murphy et al. 2008) and apoptosis (Agar-
wal et al. 2009) have been studied in the past.

The secondary structure of a protein is more conserved 
than its nucleotide sequence and is, therefore, a prized 
source of information in understanding its classification, 
function, molecular evolution, and interaction with mac-
romolecules (Reehana et al. 2013). In addition, secondary 
structure provides the first framework for homology based 
prediction of a protein 3D-model. Thus, in the current study, 
we inferred the secondary structure composition of IPK2 
kinases from a three-state prediction done using NPS@ web 
server (Table 3). A high coil content was observed in most of 
the sequences including GmIPK2 while some showed them 
in nearly equal proportion with α-helix. This structural state 
can be justified based on the rich content of highly flexible 
glycine and kink inducing proline amino acid residues. The 
percentage of extended strands (% Ee) in all the kinases were 
found ranging from 13 to 29% except for the Poaceae fam-
ily kinases which showed a low % Ee conformation (below 
10%). PDBSum tool PROMOTIF analysis of GmIPK2 poly-
peptide identified total eight α-helices and eight β-strands 
arranged to form three antiparallel β-sheets, interspersed 
throughout by regions of coil or turn conformations (Fig. 5). 
We also recognized a varying number of bonded half-cys-
tine pairs in all the IPK2 protein sequences using DIANNA 
server. It revealed the presence of 8 Cys residues in GmIPK2 
and the most probable half-cystine pairs predicted by CYS-
REC were 94–121, 123–276 and 158–186. These potential 
long-term interactions participate in stabilizing the native 
conformations of our proteins and may as well contribute to 
differences in their tertiary structures.

Evolutionary analysis

Conserved motif analysis of IPK2 protein sequences point 
at a distinct evolutionary association between these kinases. 
Phylogenetic analysis would provide a further basis to deter-
mine their relatedness as well as to understand their collec-
tive evolution from a common ancestor. Previous research 
has reported that IPK superfamily of kinases to which 
IPK2 belongs evolved from a common ancestor (Irvine and 
Schell 2001; Shears 2004). In our study, based on the align-
ment obtained in “Motif analysis and secondary structure 
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Fig. 4   M-Coffee multiple sequence alignment diagram of selected 
plant IPK2 protein sequences rendered with Jalview. The sequence 
motifs shared amongst all the representatives are coloured according 

to percentage identity. The consensus row at the bottom shows the 
most frequent residue at each column or a ‘+’ if two or more residues 
are equally abundant
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characterization” of GmIPK2 protein and its homologs, 
we constructed a neighbor-joining phylogenetic tree using 
MEGA 6.0 software (Fig. 6). The tree topology derived 
was supported by high bootstrap values. The IPK2s were 
clustered into six well delineated groups. The clusters con-
sist of members of the Poaceae, Brassicaceae, Malvaceae, 
Rosaceae, Solanaceae and Fabaceae families. The Poaceae 
family of monocots (Zea may, Sorghum bicolor and Aegilo-
pus tauschii) was found to be most distantly related to G. 
max in comparison to the fabaceae family of eudicots (Gly-
cine soja, Phaseolus vulgaris, Vigna radiata, Cajanus cajan, 
Trifolium pratense, Cicer arietinum, Medicago truncatula, 
Lotus japonicas, Arachis duranensis, and Arachis hypogaea) 
which are most closely related.

Three‑dimensional model construction

Model building

To derive structural information about GmIPK2 protein we 
built its theoretical model by following homology modeling 
approach since no X-ray crystal or NMR structure of it is 
available. The homology modeling technique takes advan-
tage of structural conservation found in similar proteins that 
have evolved from a common ancestor. Yeast IPK2 protein 
was the first member of inositol multikinase family whose 

crystal structure was determined (Holmes and Jogl 2006), 
but it was found to show a very low sequence similarity 
with GmIPK2 protein. As we know, aligning two sequences 
can be a difficult process if the sequence similarity is low, 
we therefore, used the above derived GmIPK2 protein 
sequence as a query in PSI-BLAST to find more similar 
sequences amongst the PDB database proteins with resolved 
3D structures to use as a potential template. The only closest 
homologous sequence available in PDB was that of chain 
A of Arabidopsis thaliana inositol phosphate multikinase 
(PDB:4FRF) which showed 55% sequence identity with 
an e value of 9e-99. The initial comparative models, i.e., 
GmIPK2-S and GmIPK2-P were built using fully automated 
SWISS-MODEL and PHYRE2 servers, respectively, which 
also identified 4FRF_A as the most reliable template using 
sensitive hidden markov model searches and used the same 
as the structural input. A global quality estimation score 
(GMQE) of 0.62 was provided by SWISS-MODEL which 
indicates a reasonably reliable structure. Homology model 
was additionally built using MODELLER 9.16 program 
from the X-ray crystal structure coordinates of the previ-
ously identified template structure (4FRF_A). The software 
generated five different models by optimizing the objective 
function of spatial restrains in a cartesian space. Three dif-
ferent energy scores viz. molpdf, DOPE and GA341 were 
computed for each of these models and compared to one 

Fig. 4   (continued)
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another to select the best 3D structure (Table S3). Model 4 
(GmIPK2-M4), with the lowest molpdf and DOPE scores of 
1734.48291 and − 27846.58203 respectively, was chosen as 
the principal conformational structure.

Structure validation

We then assessed the accuracy and reliability of all the three 
predicted models viz. GmIPK2-S, GmIPK2-P and GmIPK2-
M4 using various online diagnostic tools (Table 4). RAM-
PAGE server which evaluates the 3D-structures based on 
Ramachandran plot calculations showed variable distri-
bution of torsion angles in all the models. Fig S3a shows 
Ramachandran plot for GmIPK2-S model, showing 92.5% 
residues in favourable region and 4.9% in allowed region 

with just 2.7% residues in outlier region of the plot, which 
reflects its superior backbone geometry. We then utilized 
ProSA-web computational engine to analyze overall quality 
of the models based on their z scores and local quality based 
on their residue energies. GmIPK2-S model showed a better 
z score of − 6.56 which is displayed in the energy distribu-
tion plot derived from a group of experimentally determined 
protein structures of similar size. The Z score thus observed 
was very much within the range of scores typically found for 
native conformations of this group which indicates a good 
overall quality of the modelled protein (Fig S3b). Moreo-
ver, its residue energy was computed to be largely negative 
which further reflects that the local regions in the protein 
are modelled well (Fig S3c). The accuracy of 3D-models 
was further analyzed from energy profiles obtained by 

Table 3   Three-state description 
of secondary structure content 
and disulfide pattern prediction 
of IPK2 sequences

The secondary structure data were generated by joint prediction with SOPMA and PHD while disulfide 
bonding pattern was determined using DiANNA (DiAminoacid Neural Network Application) 1.1 server

Organism α-Helix (%Hh) Extended 
strands 
(%Ee)

Random 
coil (%Cc)

Disulphide bridge prediction

Glycine max 26.88 13.26 31.54 94–121, 123–276, 158–186
Glycine soja 34.27 29.78 35.96 20–117, 22–85, 161–175
Vigna radiata 29.72 17.13 24.48 127–190, 263–281
Cajanus cajan 25.84 13.11 29.21 119–177
Phaseolus vulgaris 24.62 21.21 28.79 116–176, 208–249
Lotus japonicus 25.44 14.49 26.86 94–215, 149–187, 261–283
Cicer arietinum 21.96 14.53 28.72 122–185, 217–279, 260–274
Medicago truncatula 18.54 15.02 31.69 98–262, 325–357
Arachis hypogaea 24.58 14.48 33.67 120–188, 223–288, 269–292
Arachis duranensis 24.58 14.48 33.33 223–288, 269–292
Corchorus capsularis 19.52 20.21 25.34 120–187, 222–267
Theobroma cacao 19.74 16.78 39.14 50–120, 187–222, 267–298, 288–296
Herrania umbratica 18.69 14.75 42.95 120–296, 222–298, 267–288
Durio zibethinus 18.98 22.37 26.10 93–120, 149–222, 267–288
Solanum lycopersicum 18.03 18.37 30.27 120–187, 222–267
Solanum tuberosum 17.40 17.65 26.23 120–187, 222–283
Brassica rapa 13.50 21.17 22.63 144–186, 221–264
Capsicum baccatum 17.65 17.38 30.75 120–187, 222–283
Nicotiana attenuata 21.47 15.76 25.82 156–223, 258–303
Capsicum annuum 19.52 16.58 30.48 120–187, 222–267
Capsicum chinense 20.32 16.31 30.21 120–187, 222–267
Brassica napus 18.25 18.25 24.56 120–220, 144–185, 264–281
Arabidopsis lyrata 22.00 17.00 23.33 120–187, 222–272
Prunus avium 17.44 17.44 27.05 120–222, 156–187
Trifolium pratense 21.61 15.75 31.87 173–205, 203–250
Arabidopsis thaliana 22.00 16.67 24.67 120–187, 197–272
Prunus persica 17.02 17.02 29.79 120–222, 156–187
Lepidium latifolium 17.85 17.17 28.62 78–269, 120–187, 222–285
Zea mays 16.25 10.42 44.17 101–203, 192–200
Aegilops tauschii 28.57 7.67 31.36 110–188, 124–267
Sorghum bicolor 30.12 12.42 26.40 13–300, 137–160
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Verify3D program. Figure S3(d) shows 3D-1D profile for 
GmIPK2-S model with 97.82% of the model residues show-
ing an average 3D-1D profile score > = 0.2 and hence vali-
date that majority of its amino acid sequence reconcile to its 

environment in the 3D structure. Additionally, the pairwise 
3D structural alignment of GmIPK2-S model with template 
protein, 4FRF_A using MATRAS 2.1 program revealed 
that both the structures shared 91.3% secondary structure 
identity (Fig S4a) and the average distance between the Cα 
backbone atoms of their 3D structures, i.e., root mean square 
deviation (RMSD) measured through superimposition was 
0.44 Å (between 196 atom pairs) (Fig S4b). Based on the 
majority of winning scores, GmIPK2-S (Fig. 7) was chosen 
as the best comparative model for energy minimization and 
further analyses.

Molecular dynamics simulation

We subsequently performed MD simulation on our predicted 
GmIPK2-S model using GROMOS96 53A6 force field to 
compute its stability and dynamics. Initial potential energy 
minimization of solvated model showed that the maximum 
force dropped below the defined value of 1000 kJ mol− 1 
nm− 1 in nearly 500 steps. The protein structure was then 
subjected to 50 ns of equilibration run at a constant tem-
perature and pressure to obtain its molecular trajectory. The 
trajectory thus obtained was used to determine RMSD of 
Cα backbone atoms of the model using its starting struc-
ture as the reference, to determine its convergence towards 
an equilibrium state. Figure 8a shows RMSD as a function 
of simulation time. We observed that the protein stabilized 
around 10 ns of production run and converged to ~ 0.55 nm 
at 50 ns. The initial increase of RMSD could be attributed to 
the restraints in the system applied in the equilibration phase 
and their release later at the beginning of production phase. 
Besides RMSD, we also calculated root mean square fluctua-
tions (RMSFs) to study mobility of the protein structure to 
draw an idea of its flexibility regions. From the RMSF plot 
(Fig. 8b), we identified Leu (75, 135, 272), Asp (76, 79, 
127), Ala (77), Ser (78, 130–132), Gly (80, 136), His (84), 

Fig. 5   Topology map of GmIPK2 generated using ProMotif. There 
are a total of eight α-helices (1–8) and three β-sheets (β-sheet 1: 
strands A1 and A2; β-sheet 2: strands B1, B2, B3 and B4; β-sheet 3: 
strands C1 and C2)

Fig. 6   Phylogenetic tree show-
ing evolutionary relationship 
of 31 plant IPK2 sequences 
divided into different clades, 
colour coded to indicate the 
plant family to which they 
belong. The posterior prob-
ability values are indicated 
corresponding to every node
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Lys (126, 154), Glu (129, 230), Arg (128, 153) residues to 
be more flexible. This implies that the mentioned residues 
show greater movement from their native position, i.e., are 
dynamic in nature and thus are functionally more relevant. 
Thus, overall, the simulation results highlight the stable and 
reliable nature of our protein model and find it fit to be used 
for further active site predictions.

Molecular docking with inositol phosphates

Active site predictions

Once the protein model was refined, a comparative study 
was performed to detect possible binding pocket residues 
using CASTp, FTSite and FunFOLD2 binding site predic-
tion servers (Fig S5). Lys105, Thr110, Lys122, Lys126, 
Ser130, Lys138, Ile139, Pro140, Arg153, Lys154, Gln157, 
and Ser219 were determined as possible active site residues 

in GmIPK2-S model. Similar predictions were also made 
in template protein (4FRF_A) which identified Arg104, 
Thr105, Pro108, Phe137, Lys149, Arg152, His216, Asn218, 
Ser219, Gln242, and Val246 as the probable binding site 
residues. From these studies, we could decipher that resi-
dues Lys, Arg, Pro, Thr, Gln and Ser are highly conserved 
in active sites of functionally identical model and template 
proteins.

Docking and residue interaction analysis

Molecular recognitions are vital to many biological pro-
cesses. However, experimental determination of structures 
of molecular interactions is cost intensive, demand time, 
and expertise. We therefore, chose computational molecular 
docking to model our protein–ligand binding and character-
ize the interactions between its binding pocket residues and 

Table 4   Validation parameters computed for the energy-minimized 
3D models of GmIPK2 protein built using different programs

Model RAMPAGE
Percentage of residues 
in favoured region

ProSA
Z score

Verify3D 
Percentage of 
residues with
3D-1D 
score ≥ 0.2

GmIPK2-S 92.5 − 6.56 97.82
GmIPK2-P 82.2 − 6.28 84.95
GmIPK2-M4 87.7 − 5.84 79.93

Fig. 7   Homology model of GmIPK2_S protein rendered using 
PyMOL Fig. 8   a Root mean square deviations and b Root mean square fluc-

tuations of the Cα backbone atoms in GmIPK2_S model over 50 ns 
MD simulation
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known active ligands. Multiple substrate specificities have 
been described previously for IPK2 gene product, catalyz-
ing primarily 5GUG-I3P and 4A69-I0P (Stevenson-Paulik 
et al. 2002). We thus docked these centroid ligands into the 
binding cavity of GmIPK2 protein using molecular docking 
program Autodock Vina based on a semi-flexible docking 
approach with the scaling factor defined within 0.1 nm to 
predict their bound geometry. VINA uses its iterated local 
search global optimizer algorithm to produce 9 different 
poses of which pose 1 corresponding to each ligand was 
identified as the best binding mode based on their lowest 
binding affinity score of − 6.2 kcal/mol for 5GUG-I3P and 
− 5.8 kcal/mol for 4A69-I0P computed by VINA’s default 
statistical scoring function. We further inspected the molec-
ular interactions between these protein substrate poses using 
Discovery Studio to predict functionally important amino 
acid residues and found that both the ligands were stabilized 
in their active site area by strong hydrogen-bonding inter-
actions (Fig. 9a, b). Lys105 and Lys126 were identified as 
H-donors to the phosphate group oxygen of both 5GUG-I3P 

and 4A69-I0P while Arg153 a H-acceptor for hydrogen 
bonds formation suggesting that these binding pocket resi-
dues may play a pivotal role in enzymes function and protein 
structure stability. Based on the previous work conducted 
by Holmes and Jogl, we hypothesize that side chains of 
these amino acid residues may assist in inducing confor-
mational changes on inositol phosphate binding, enabling 
the enzyme to interact with differently phosphorylated ino-
sitol polyphosphates in different orientations, thus endors-
ing its substrate versatility. Besides Ser217 was also found 
to form stabilizing hydrogen bond with I0P ligand. Gln157 
and Pro140 were observed to form an unconventional car-
bon–oxygen hydrogen bond with 5GUG-I3P and 4A69-I0P 
respectively indicating their possible contribution to ligand 
binding affinity and ligand recognition (Klaholz and Moras 
2002). Lengths and angles of hydrogen bonds stabilizing 
the GmIPK2-I3P and GmIPK2-I0P complexes are enlisted 
in Table 5a, b respectively. Moreover, our analysis indicates 
that Thr110, Lys138 and Lys154 show non-bonding interac-
tions with the ligands. 2D protein GmIPK2-I3P/I0P ligand 

Fig. 9   Molecular docking of substrates to the GmIPK2_S homology 
model. Hydrogen-bonding interactions of a 5GUG-I3P and b 4A69-
I0P substrates with residues in the active site of GmIPK2_S protein. 
The substrate is depicted in stick representation with carbon atoms 
coloured turquoise, oxygen atoms red, hydrogen atoms yellow and 

phosphorus atoms blue. The interacting protein side chains are repre-
sented as maroon sticks in a and green sticks in b. c, d 2D-schematic 
representation of the interactions shown in a, b respectively drawn 
using Discovery Studio Visualizer
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interaction diagrams (Fig. 9c, d) were also generated using 
Discovery Studio.

Molecular dynamics simulation of GmIPK2‑I3P 
and GmIPK2‑I0P complexes

We subsequently subjected our docked protein–ligand com-
plexes to MD simulation using GROMOS96 43A1 force 
field to understand their stability and dynamics. The trajec-
tories obtained were utilized to construct their respective 
RMSDs, RMSFs and H-bond interactions. The GmIPK2-
I3P and GmIPK2-I0P complexes exhibited a deviation 
between ~ 0.45–0.65 nm (Fig S6) and ~ 0.45–0.58 nm (Fig 
S7a), respectively, that converged to ~ 0.6 and ~ 0.55 nm, 
respectively, at 50 ns. This suggests that the structures were 
stabilized following simulation. From their RMSF plots, 
we observed fluctuations up to ~ 0.38 nm in the GmIPK2-
I3P complex (Fig S6b) and ~ 0.29 nm in the GmIPK2-I0P 
complex (Fig S7(b)) which reveal the characteristic regional 
flexibilities of functional significance in each complex. We 
also analyzed the hydrogen bonds which participate in the 
maintenance of these complexes. Three main hydrogen 
bonds help to stabilize the ligands, 5GUG-I3P and 4A69-
I0P, within the enzyme’s active site, two of them acting as 
acceptors and only one as a donor. In particular, the hydro-
gen bonds formed with Lys105 and Lys126 and the oxygen 
atom of each ligand’s phosphate group, were constantly 
held. Figure 10 shows the time evolution of these main 
H-bonds. Other less significant hydrogen bonds were formed 

sporadically between the ligands and the protein molecule. 
Lastly, we calculated the binding free energies (ΔGbinding) 
of both the complexes using g_mmpbsa for their respec-
tive trajectories. ΔGbinding values of − 12.4 and − 11.9 kcal/
mol were estimated for GmIPK2-I3P and GmIPK2-I0P 
complexes respectively. This indicates that the binding of 
ligand molecules is thermodynamically favourable and thus 
validates the reliability of our simulation.

Conclusion

The present work describes expression analysis and 
molecular characterization of IPK2 multifunctional kinase 
involved in the late phase of PA biosynthesis. To initi-
ate the study, we identified and cloned the partial gene 
sequence of IPK2 from G. max cv. Pusa-16. IPK2 tran-
scripts, when assessed during seed development showed a 
predominant expression in the later stages of its develop-
ment which consequently suggests that perturbing IPK2 
gene at this stage can be a viable strategy for manipu-
lating PA levels in soybean seeds to achieve a lpa trait. 
Computational analysis of the gene further highlighted its 
molecular features including cis-acting promoter elements 
potentially regulating its observed expression; primary and 
secondary structural features shedding light on its physico-
chemical features, conserved functional motifs and major 
structural elements; and its evolutionary relationship, 
which can be used to design several experimental studies. 

Table 5   Hydrogen bonds between the active site residues of GmIPK2 and its substrates (a) 5GUG-I3P and (b) 4A69-I0P along with their dis-
tances and angles measured using Accelrys Discovery Studio Visualizer 4.1

(a)

GmIPK2 5GUG-I3P Distance (A°) Angle (Degree°)

Residue Atom Chemistry Atom Chemistry

Lys105 HZ3 H-Donor O7 H-Acceptor 2.074 49.9029
Lys126 HZ3 H-Donor O14 H-Acceptor 1.852 44.2482
Arg153 O H-Acceptor H39 H-Donor 2.168 45.6080
Gln157 CA H-Donor O18 H-Acceptor 3.348 52.1869

(b)

GmIPK2 4A69-I0P Distance (A°) Angle (Degree°)

Residue Atom Chemistry Atom Chemistry

Lys105 HZ2 H-Donor O18 H-Acceptor 2.693 47.8602
Lys105 HZ3 H-Donor O24 H-Acceptor 2.078 28.0171
Lys126 HZ3 H-Donor O28 H-Acceptor 2.179 35.7367
Lys126 O H-Acceptor H40 H-Donor 2.121 39.3959
Pro140 CA H-Donor O4 H-Acceptor 3.732 60.3277
Arg153 O H-Acceptor H36 H-Donor 2.187 16.0359
Ser217 HG H-Donor O27 H-Acceptor 2.899 22.5987
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The 3D model of IPK2 protein developed can assist in the 
experimental determination of its 3D model as well as can 
be considered as a working model for generating hypoth-
esis to make more accurate predictions of protein function 
and catalytic mechanism in the future. The docking studies 
performed subsequently can be used for structure-based 
designing of potent IPK2 inhibitors, useful in studying 
IPK2 active site and substrate selectivity and for study-
ing PA biosynthesis pathway in detail. In conclusion, the 
obtained results provide very important preliminary data 
needed to manipulate PA content in soybean seeds as well 
as other crops for improving their nutritional quality by 
biotechnological intervention in the future.
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Soybean is one of the leading oilseed crop in the world and is showing a remarkable
surge in its utilization in formulating animal feeds and supplements. Its dietary
consumption, however, is incongruent with its existing industrial demand due to the
presence of anti-nutritional factors in sufficiently large amounts. Phytic acid in particular
raises concern as it causes a concomitant loss of indigestible complexed minerals
and charged proteins in the waste and results in reduced mineral bioavailability in
both livestock and humans. Reducing the seed phytate level thus seems indispensable
to overcome the nutritional menace associated with soy grain consumption. In order
to conceive our objective we designed and expressed a inositol polyphosphate
6-/3-/5-kinase gene-specific RNAi construct in the seeds of Pusa-16 soybean cultivar.
We subsequently conducted a genotypic, phenotypic and biochemical analysis of
the developed putative transgenic populations and found very low phytic acid levels,
moderate accumulation of inorganic phosphate and elevated mineral content in some
lines. These low phytic acid lines did not show any reduction in seedling emergence and
displayed an overall good agronomic performance.

Keywords: soybean, low phytic acid, inositol polyphosphate 6-/3-/5-kinase, RNAi silencing, seed-specific,
Agrobacterium-mediated transformation

INTRODUCTION

For the last 50 years, world population multiplied more rapidly than ever before, and is expected
to grow over a third by 2050. Therefore, one of the major challenges agriculture will face in the
coming decades is to meet the food demand of the growing population. Scientific community and
farmers worldwide are seeking an inexpensive source of energy dense and nutrient rich alternative
to serve the purpose. Soybean crop due to its unique nutrient profile provide as a promising option
to ensure food security in future. United States Department of Agriculture (USDA) estimated
that the global soybean production 2017–2018 will be 348.04 million metric tons. Despite such
huge production, the presence of natural anti-nutrients, such as inositol hexakisphosphate (Phytic
acid, PA), protease inhibitors, lectins, saponins amongst few others, has limited its consumption
(Jiang et al., 2013). PA particularly summon attention as it accounts for over 75% of the total seed
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phosphorous (Raboy et al., 1984) as well as chelate many divalent
cations to form insoluble salts at the biological pH (Halsted et al.,
1974; Jacobsen and Slotfeldt-Ellingsen, 1983). Its consumption,
however, is inevitable as it is associated with protein bodies found
in the cotyledon of the soybean seeds (Lott, 1984; Lott et al., 1995;
Wada and Lott, 1997). Therefore, feeding on high-phytate soy-
based diets are often feared to exacerbate mineral and protein
malnutrition. In addition, phytate excreted by livestock grazing
on soy-rich forage contribute significantly to the environmental
phosphorus load (Brinch-Pedersen et al., 2000). These problems
have provided us with a strong impetus to develop low phytic acid
(lpa) soybean grains which could contribute in its biofortification.

The first generation of lpa crops were developed using classical
breeding. With advancement in technology these efforts were
augmented by the aid of forward genetics. Mutations that block
the synthesis or accumulation of PA during seed development
have been isolated in the past in a variety of crop species (Maize,
Raboy et al., 2000; Shi et al., 2005; Wheat, Guttieri et al., 2004;
Barley, Larson et al., 1998; Rasmussen and Hatzack, 1998; and
Rice, Larson et al., 2000; Liu et al., 2007). Lpa mutant lines
CX1834 (Wilcox et al., 2000) and LR33 (Hitz et al., 2002) were
developed in soybean and made available for public breeding
efforts. Unfortunately, the crops were unsuccessful due to their
poor agronomic performance which called in for a different
approach.

Research in the past has evidenced plant genetic engineering
techniques to hold unprecedented potential for crop
improvement. The first transgenic strategy that was followed
to develop lpa soybean was the accumulation of microbial
phytases in their seeds (Li et al., 1997; Denbow et al., 1998).
However, the cost and the labor incurred for its processing prior
to consumption made it an economically unviable alternative.
Successively, a sustainable approach directing expression of
soybean phytase during embryo development at the site of PA
synthesis/storage was followed (Hegeman and Grabau, 2001;
Chiera et al., 2004). But only a maximum reduction of 25%
in PA level was attained by this method which is significantly
less than what has been achieved previously. Therefore, to
further reduce the PA level albeit optimally, we thought of
genetically engineering soybean by exploring RNA interference
(RNAi) technique of reverse genetics, which has recently been
used to generate lpa rice (Ali et al., 2013a,b) and wheat (Bhati
et al., 2016). Nunes et al., 2006 achieved upto 95% reduction in
soybean seed PA by RNAi but at the cost of embryo abortion
in the progeny zygotes. The observed effect can partly be
accounted for by firstly, the choice of gene and secondly, the
promoter used for expression of the transgene. Nunes in order to
manipulate PA biosynthesis, followed inhibition of the first step
which is suggested to be the most effective strategy. However,
suppressing myo-inositol-1-phosphate synthase (GmMIPS)
expression may lead to critical alterations in seed PA biosynthesis
(Kuwano et al., 2009), subsequently disturbing the cellular
phosphorus and inositol homeostasis. Therefore, in our study
we decided to chose one of the late PA pathway enzyme, inositol
polyphosphate 6-/3-/5-kinase (GmIPK2) as the target gene. Due
to multiple specificity of this enzyme, participating in sequential
phosphorylation of 1D-myo-inositol-1,4,5-trisphosphate to

1D-myo-inositol-1,3,4,5,6-pentakis-phosphate and its strategic
position in the PA biosynthesis pathway we hypothesize that it
shall be successful in achieving a greater but optimal level of
PA reduction. Further, Nunes et al. (2006) used a constitutive
promoter CaMV35S which resulted in a strong expression in
vegetative tissues other than developing seeds. From this we
conclude that the promoter we use for expression should be
active only in developing seeds, the storage site of PA. Also, we
kept in mind that the promoter we use should have the same
temporal and spatial activity in the seed as GmIPK2 to achieve
a critical level of suppression. With regard to this purpose,
we selected the promoter of reserve protein vicilin, located in
protein bodies which is the same site as GmIPK2 gene expression
to drive our RNAi construct.

So far there is no report on successful recovery of fertile lpa
transgenics of Indian soybean cultivars. In this study, we were
able to generate lpa lines of Glycine max Pusa 16 that along
with reduction in phytate levels displayed an increase in available
phosphorous and few other important mineral elements assayed.
In addition, these lpa transgenics that we developed can provide
a valuable system to study seed PA synthesis and can aid in
developing markers for the lpa trait in future.

MATERIALS AND METHODS

Plant Material
Glycine max [L.] Merr. cv. Pusa-16 procured from Division
of Genetics, IARI, New Delhi, India was used for isolation of
GmIPK2 gene and as the recipient genotype for subsequent
genetic modification. Quantitative characteristics of this cultivar
grown primarily in northern plain and hill zones of India have
been described in studies made by Karnwal and Singh (2009) and
Ramteke et al. (2010; Ramteke and Murlidharan, 2012).

Construction of RNAi Expression Vector
Based on the transcript sequence of soybean IPK2 gene available
in the plant comparative genomics portal Phytozome v9.1
(Glyma.12G240900) we designed primers to amplify and
clone a 305 bp fragment including 250 bp of its 3′ end coding
sequence and a conserved sequence of 55 bp from its 3′
untranslated region. This nucleotide fragment was used to
amplify and directionally clone sense (GmIPK2_S; FP 5′-CG
CGGATCCGCGTTGCAGAAGCTCAAG-3′ and RP 5′-TCCCC
GCGGGG AGCGACACTAATTCAAG-3′) and anti-sense
(GmIPK2_As; FP 5′-CCGCTCGAGCGGAACGTC TTCGAGT
TC-3′ and RP 5′-CCATCGATGGCGCTGTGATTAAGTTCGT
A-3′) strands around a 395 bp spacer of soybean fatty acid
oley1112 desaturase gene intron (GmFad2-1; FP 5′-TCCCCG
CGGGGAAGGTCTGTCTTATTTTGAATC-3′ and RP 5′-
CCATCGATGGTATACCGCACTAGT AAACCAC-3′) cloned
in pCR2.1-TOPO cloning vector to form a hairpin (ihp)
structure which was confirmed by automated sequencing.
The binary vector pCWAK that will carry this silencing
cassette was constructed inhouse in a previous work by ligating
fragments from the expression vector pCW66 and binary
vector pAKVS both kindly obtained from Dr. Craig Atkins
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Laboratory, University of Western Australia, Australia. The
final RNAi construct pCWAK-ipk2 was generated by restriction
cloning (BamHI/XhoI) of ihp cassette in pCWAK under the
control of soybean seed specific vicilin gene promoter and
terminator (Figure 1). The plasmid pCWAK-ipk2 also bears
phosphinothricin acetyltransferase (PAT) encoding marker
gene bar within the T-borders driven by the cauliflower
mosaic virus (CaMV) 35S promoter to confer tolerance to the
herbicide glufosinate for transgenic selection. After extensive
verification of pCWAK-ipk2 by restriction digestion, we
subsequently mobilized the binary construct into disarmed
Agrobacterium tumefaciens strain EHA105 by triparental mating
using Escherichia coli DH5α (pRK2013) helper strain for further
use in preliminary transformation experiments.

Generation of Transgenic Plants
Expressing RNAi Construct
Soybean transformation was performed following
Agrobacterium-mediated cotyledonary-node method described
by Zhang et al., 1999 and Paz et al., 2004 with minor
modifications. Briefly, sterilized soybean seeds germinated
on half B5 medium were excised to derive two cotyledonary
explants per seed and infected with A. tumefaciens harboring the
RNAi construct (Figure 2A). Following 3 days of co-cultivation
in dark in the presence of thiol compounds (3.3 mM L-cysteine,
1 mM dithiothreitol, 1 mM sodium thiosulfate) to improve cell
transformation efficiency (Olhoft and Somers, 2001; Olhoft et al.,
2001), the explants were sub-cultured twice for 12–14 days on full
B5 medium (shoot induction medium, SIM) supplemented with
4 mg/l glufosinate for selective shoot induction (Figures 2B,C).
Four weeks later, healthy explants were transferred to full MS
medium (shoot elongation medium, SEM) containing 5 mg/l
glufosinate for continued selection and sub-cultured in fresh
medium every 2 weeks until shootlets approximately 2–3 cm
high were developed (Figures 2D,E). Elongated shootlets were
subsequently induced to develop roots by the application
of 2mg/l Indole-3-butyric acid (IBA; auxin phytohormone)
supplemented in half MS medium (rooting medium, RM)
(Figure 2F). Well rooted plantlets were transplanted to soil
pots for hardening and grown to maturity under 16 h/8 h
light/dark regime at National Phytotron Facility, IARI, Delhi,
India (Figures 2G,H).

Transgene Integration Analysis
PCR Examination
The putative transformants (T0) that survived hardening
were selected for primary screening of transgene integration
through PCR analysis. Total genomic DNA was isolated
from their leaves and the leaves of non-transformed
control plants using genomic DNA mini kit (plant)
following manufacturer’s (Geneaid, Taiwan) protocol.
GmIPK2_S forward (FP 5′-CGCGGATCCGCGTTGC AGAA
GCTCAAG-3′) and GmFAD2-1 reverse (RP 5′-CCATC
GATGGTATACCGCACTAGTAA ACCAC-3′) primers were
used to amplify a 700 bp fragment using thermal cycling
conditions of 1 min at 94◦C; 30 cycles of 30 s at 94◦C, 30 s

at 62◦C, 30 s at 72◦C; and a final extension of 10 min at
72◦C. The amplicon generated was purified and sequenced for
confirmation.

Segregation Analysis
Segregation analysis of the transgene was performed by studying
bar gene expression in the T1 progenies of each independent
transformation events characterized. Seeds from these events
were germinated in pots filled with Vermiculite, Cocopeat
and Sand mixture (1:1:1). Leaf tissues were collected from
30 days old seedlings for genomic DNA isolation and PCR
amplification was carried out using bar specific primers (FP
5′-GAACGACGCCCGGCCGACAT-3′ and RP 5′-GTCCAGC
TGCCAGAAACCCAC-3′) under thermal cycling conditions of
1 min at 94◦C; 30 cycles of 30 s at 94◦C, 30 s at 65◦C, 1 min at
72◦C; and a final extension of 3 min at 72◦C, to amplify a 500 bp
fragment.

Analysis by Southern Blotting
Southern hybridization analysis was carried out on plants
cultivated from seeds of PCR positive T0 lines to confirm
stable T-DNA integration and to estimate the number of
copies inserted. Twenty micrograms of genomic DNA from
each sample was digested with PstI which does not cut the
T-DNA region. XhoI digested pCWAK-IPK2 plasmid DNA
was used as the positive control. The restricted samples
were separated by electrophoresis on 0.8% agarose gel
and transferred onto positively charged nylon membrane
(Axiva, India) by capillary blotting following the method
described by Sambrook et al. (1989). The membrane
was UV cross-linked and subsequently hybridized with
bar-specific probe at 42◦C for 16 h, biotin labeled using
Biotin DecaLabel DNA Labeling Kit (Thermo Scientific,
United States). The hybridized membrane was washed and
detected using Biotin Chromogenic Detection Kit according to
the protocol described by the manufacturers (Thermo Scientific,
United States).

Transcript Analysis by Quantitative
Real-Time PCR
Southern positive T2 plants were further analyzed by
semiquantitative RT-PCR and quantitative real-time PCR (qRT-
PCR) to estimate IPK2 transcript levels. Total RNA was isolated
from fresh soybean seed (8–10 mm) tissue of T2 transgenic
and non-transgenic plants using TRI Reagent (Sigma-Aldrich,
United States). First-strand cDNA was synthesized from 5 µg of
DNaseI-treated total RNA using M-MLV Reverse Transcriptase
(Promega, United States) following manufacturer’s instructions.
qRT-PCR analysis was subsequently performed following SYBR
Green (DyNAmo Flash SYBER Green qPCR Kit, Thermo
Scientific, United States) chemistry on PikoReal 96 Real-Time
PCR platform (Thermo Scientific, United States). Gene-specific
primers were designed to amplify a 124 bp fragment from its
conserved region (qIPK1F 5′-GGAGCGCTTGCAGAAGC-3′,
qIPK1R5′-GACCAGAGGGTTGGT AGC-3′). To normalize the
variance among samples, house-keeping gene phosphoenol-
pyruvate carboxylase (PEPCo) (qPEPCoF5′-CATGCACCAAA
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FIGURE 1 | Map showing the T-DNA region of binary vector pCWAK-ipk2. RB: right border; V-P: vicilin promoter; IPK2_S: IPK2 sense fragment; FAD2_1: fatty acid
oley1 112 desaturase gene intron; IPK2_AS: IPK2 antisense fragment; V-T: vicilin terminator; 35S-P: cauliflower mosaic virus 35S promoter; BAR: bialaphos
resistance gene; N-T: nopaline synthase terminator; LB: left border.

FIGURE 2 | Different stages of Agrobacterium-mediated cotyledonary-node transformation of soybean cv. Pusa 16. (A) Co-cultured wounded cotyledonary-node
explants (B) shoot induction from axillary meristem on SIM after 2 weeks; (C) shoot development with 4 mg/l glufosinate selection on SIM after 4 weeks of culture;
(D) shoot elongation with 5 mg/l glufosinate selection on SEM after 6 weeks of culture; (E) elongated, glufosinate-resistant shoot ready for transfer to RM after 9
weeks of culture; (F) root development on RM; (G) acclimatization of plantlets in sterilized pot mix; (H) mature T0 transgenic plants.

GGGTGTTTT-3′, qPEPCoR 5′-TTTTGCG GCAGCTATCTC
TC-3′) was used as endogenous control. Amplification was
achieved by a two-step PCR reaction with an initial denaturation
at 94◦C for 4 min followed by 40 cycles of 94◦C for 30 s and
annealing/extension at 60◦C for 30 s. Triplicate quantitative
assays were performed on biological triplate corresponding to
each sample. Relative mRNA abundance was calculated using the
2−11CT method described by Livak and Schmittgen, 2001. The
specificity of each unique amplification product was determined
by melting curve analysis.

Estimation of Seed Phosphorus Levels
Total phosphorous in the seeds was determined colorimetrically
by a method described by Chen et al. (1956). Samples (transgenic
and non-transgenic control) for the assay were prepared by wet
ashing dried ground seeds (250 mg) in 2 ml of concentrated
sulfuric acid (Larson et al., 2000; Raboy et al., 2000).

For the analysis of inorganic phosphorus (Pi) levels, we
followed a protocol described by Al-Amery et al. (2015) which
uses single seed chips (1–2 mg) derived from cotyledonary
segment opposite to the embryonic axis. Briefly, seed samples
were extracted using 50 µl buffer (25 mM magnesium chloride
and 12.5% trichloroacetic acid) for 14–16 h at 37

◦

C with gentle
shaking. 10 µl subsample of extracts were loaded in triplicates
onto a 96 well plate and diluted with 90 µl water. Each sample
was incubated with 100 µl of Chen’s reagent at 37

◦

C for 1 h and
the absorbance was read at 882 nm on GloMax R©-Multi Detection
System (Promega, United States).

Analysis of Phytic Acid Concentration by
HPLC
Phytic acid estimation in transgenic seeds was performed by
reversed-phase high-performance liquid chromatography (RP-
HPLC) as described by Lehrfeld (1989) with some modifications
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(Pandey et al., 2016). 500 mg dried seed tissue was homogenized
in a pestle-mortar, hexane-defatted and subsequently extracted
with 0.78 M HCl by sonication (3 min) and mechanical agitation
for 1 h at 250 rpm. The extract was centrifuged and one part
of clear supernatant was mixed with four parts of HPLC grade
water. The diluted sample was passed through conditioned SAX
column (Hypersep, Thermo Scientific, United States) connected
to a vacuum manifold (Millipore, United States) and eluted
with 2 M HCl. The filtrate was evaporated in a vacuum rotary
evaporator (Hei-VAP Value Digital G3, Heidolph, Germany),
re-dissolved in 1 ml of mobile phase (acetonitrile, formic acid and
tetrabutylammonium hydroxide, 4.8:5.1:0.1, v/v/v) and filtered
using a 0.2 micron PVDF syringe filter (Millipore, United States).
For HPLC analysis, sample was injected onto the C18 RP-
column (250 × 4.6 mm, 5 µ; Shimadzu, Japan) equilibrated
with isocratic mobile phase at a flow rate of 1.0 ml min−1. PA
signals were monitored with a UV-VIS photodiode array detector
(SPDM-20Avp, Shimadzu, Japan) at a wavelength of 197 nm.
The PA concentration was calculated using the calibration curve
prepared with a PA dodecasodium salt standard (Sigma-Aldrich).
The software used for analysis was LC-Solutions (version 1.25).

In Vitro Bioavailability Assay
Mature transgenic and non-transgenic seeds were milled (Wiley,
Thomas Scientific, United States), weighed (1 g) and digested in
triplicates under simulated gastrointestinal conditions following
method described by Kiers et al., 2000 to determine the
bioavailability of iron (Fe), zinc (Zn), and calcium (Ca). The
digest was centrifuged at 9000 rpm for 15 min and supernatant
obtained was passed through a 0.45 mm filter. The filtrate
was analyzed for Fe, Zn, and Ca using an Atomic Absorption
Spectrophotometer (AAnalyst 200, Perkin Elmer, United States).
A blank consisting of distilled water was processed in a similar
manner and used for sample correction.

Agronomic Evaluation of Transgenic
Plants
Germination Assay for Seed Viability
The germination capacity of T3 transgenic seeds as compared
to non-transgenic control was assessed by performing controlled
germination test (CGT) described by Campion et al., 2009. The
seeds were immersed under water for 8 h at 28◦C and then
transferred to fresh water for an additional 12 h. Following
incubation, seeds were rinsed three to four times in distilled
water and subsequently germinated in petri dishes lined with
filter paper soaked in distilled water under a photoperiod of
28◦C 8-h dark and 30◦C 16-h light. We also monitored seed
vigor by using the standard accelerated aging test (AAT) test.
In this we subjected unimbibed seeds to conditions of high
temperature (42◦C) and high relative humidity (90%) for 72 h
and then removed them from the stress conditions and placed
under optimum germination conditions.

Phenotypic Analysis
Different morphological traits of transgenic plants were evaluated
under controlled conditions to capitulate the influence of
transgene integration on phenotype. Mature transgenic plants

were harvested and evaluated with respect to the non-transgenic
control for plant height, number of pods, number of seeds, seed
dry weight, stem length and root length. The height of individual
plant was measured as the distance from the soil surface to the
tip of the plant. On maturity, upto 100 seeds were harvested and
their mean dry weight (SDW) was recorded after air-drying them
in oven at 60◦C for 72–96 h. Five randomly chosen plants from
each transgenic line were evaluated for each parameter studied.

Statistical Analysis
Every experiment was carried out in biological and experimental
replications (three to six) for each non-transgenic control and
transgenic sample and represented as mean ± standard error.
All statistical evaluations were performed using SAS software
(version 9.2). Segregation patterns analyzed with chi-square (χ2)
goodness of fit were tested at 5% level of significance. We also
conducted ANOVA for agronomic traits of transgenics and non-
transgenic control and compared the group means by Tukey’s test
at 5% level of significance.

RESULTS

Transgene Integration and Segregation
Analysis
A preliminary screening was conducted on the T0 plants to
identify putative lpa transgenic lines by PCR amplification of
∼700 bp fragment of ihp construct. The assay characterized eight
independent transformation events each showing the expected
amplicon size which was absent in the case of untransformed
control plants (Figure 3).

Seeds from each independent event identified were grown
successfully under containment conditions to obtain T1 progeny
plants by self pollination. All the derived progenies appeared
phenotypically normal and fertile. We performed segregation
analysis on them by studying bar gene expression and found that
five of the events (P2, P4, P5, P6, and P8) held a good fit to
the stable Mendelian inheritance of a single locus (3:1) (Table 1)
whilst three (P1, P3, and P7) of them showed a segregation ratio
of two transgene loci (15:1).

We further confirmed integration of the transgene cassette
by southern blot analysis using bar gene probe (Figure 4). The
genomic DNA was digested with PstI endonuclease which is not
present within the T-DNA of the construct. Upon detection,
all the transgenic lines analyzed showed a distinct pattern of
seperation which indicate that each plant originated from an
independent transformation event. The blot showed that all
the fragments were above 3 kb in size which suggest that the
transgenic lines carry intact copies of T-DNA because the shortest
fragments in each line were longer than the T-DNA region
(∼2.8 kb). The blot also confirmed single copy integration of
target gene into the genome of transgenic events P2, P4, P5,
P6, and P8. Since single copy insertions are always desirable,
T2 generation plants were cultivated from seeds of these five
characterized events and PCR screened to select homozygous
lines. A positive amplification in all the tested T2 plants derived
from the T1 parents, P2-45 and P6-39, suggest their homozygous
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FIGURE 3 | PCR amplification of ∼700 bp GmIPK2_S gene plus GmFAD2-1 intron fragment from genomic DNA of T0 transgenic plants. Lanes, M: 1 kb DNA
ladder; 1–8: genomic DNA from each transformation event characterized; P: pCWAK-ipk2 plasmid DNA (positive control); NT: genomic DNA from non-transformed
plant (negative control). Representative lanes were spliced from the original gel (Supplementary Figure S1).

TABLE 1 | Segregation of bar gene amongst T1 progenies of eight independent transformation events characterized in soybean cv. Pusa 16.

Transgenic events No. of seeds tested (n) No. of seedlings Ratio Chi-square value (χ2)∗

PCR + PCR -

Obs. Exp. Obs. Exp.

P1 55 50 51.56 5 3.43 15:1 0.766

P2 47 37 35.25 10 11.75 3:1 0.347

P3 58 53 54.38 5 3.62 15:1 0.561

P4 44 35 33.00 9 11.00 3:1 0.485

P5 49 39 36.75 10 12.25 3:1 0.551

P6 52 36 39.00 16 13.00 3:1 0.923

P7 56 51 52.50 5 3.5 15:1 0.686

P8 53 37 39.75 16 13.25 3:1 0.773

∗χ2
20.05; df1 = 3.841.

nature and thus seeds collected from only these parents were
selected to characterize lpa trait by further analysis.

Expression Analysis of Transgenic Plants
To assess the level of reduction in GmIPK2 expression in
transgenic seeds with respect to non-transgenic control, we
carried out RT-PCR and qRT-PCR analysis. From RT-PCR
results, we observed a variable reduction in the expression
of GmIPK2 gene with no variation in PEPCo transcript
expression between the non-transgenic and transgenic plants
thus supporting its use as a stable endogenous reference
(Figure 5A). We further quantified the variations in GmIPK2
transcript levels by qRT-PCR and found a maximum reduction
of 2.79-fold and 2.56-fold in T3 developing seeds from the
transgenic lines P2-45-8 and P6-39-10, respectively (Figure 5B)
at P ≥ 0.05. We also studied GmIPK2 expression in other plant
tissues of these two lines and found no variation in its transcript
levels with respect to the control plants (Supplementary
Figures S3, S4) which suggest its successful silencing only in the
seeds.

Seed Phytic Acid Quantification
To further examine the effect of GmIPK2 silencing on PA
synthesis, we quantified PA content in mature grain extracts of
above two lines and non-transgenic samples by HPLC analysis.
The chromatogram obtained by scanning the samples at 197 nm
displayed PA retention peaks around 7.006 ± 0.09 min, the area
under which was used to compute the level of PA. A decrease
in the PA content was observed in T3 seeds compared to
control which displayed larger peak area indicating its higher
concentration in the seeds (Figures 6–8). The mean PA content
was 3.48 g 100g−1 for non-transgenic seeds against 1.91 g 100 g−1

and 2.02 g 100 g−1 for the seeds from transgenic lines P2-45-
8 and P6-39-10, showing a maximal reduction of 45 and 42%,
respectively (Figure 9).

Analysis of Seed Phosphorus Levels
We estimated the total and free phosphorus (Pi) levels in
transgenic as well as non-transgenic seeds to correlate it with the
reduction in PA content. No significant difference in total seed
phosphorus (P) was observed for the RNAi lines as compared to
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FIGURE 4 | Southern blot analysis of PCR characterized transgenic events
using bar gene specific probe. Lanes, PC: plasmid pCWAK-ipk2 (positive
control); NT: genomic DNA from non-transformed plant (negative control);
P1-P8: genomic DNA of independent transgenic events showing hybridization
signals indicating transgene integration.

the control. The average total phosphorus content of T3 seeds
was 5.82 mg g−1 (P2-45-8) and 5.75 mg g−1 (P6-39-10), which
was observed closely similar to that of non-transgenic seeds,

5.89 mg g−1. However, a significant increase of 39 and 37% in the
concentration of Pi was recorded in the T3 seeds obtained from
transgenic lines P2-45-8 and P6-39-10, respectively, which gave a
dark blue reaction with chen’s reagent, confirming a reduction in
the content of its principal storage form PA (Figure 9).

Quantification of Mineral Content in
Seeds
In order to determine whether mitigation of PA improved the
mineral bioavailability in soy grains, we made a quantitative
estimation of micronutrients in transgenic seeds compared
to non-transgenic control by following in vitro digestion
method. From the observations made by atomic absorption
spectrophotometer, we noticed an increase in the in vitro Fe,
Ca, and Zn availability from 54.8, 44.15 and 58.50% for non-
transgenic control seeds to 71.1, 59.2, 66.9% for P2-45-8 and
70.7, 58.42, 64.50% for P6-39-10 seeds (Table 2). As mentioned
before, PA binding with minerals result in formation of insoluble
salts with poor bioavailability, our result suggests that the mineral
bioavailability can significantly be improved by reduction of PA
in lpa transgenic lines.

Seed Germination and Morphological
Trait Analysis of Transgenic Plants
Decrease in seed PA concentration can be accompanied by
adverse agronomic consequences. Therefore, we conducted

FIGURE 5 | Expression analysis of transgenic soybean seeds. (A) RT-PCR amplification showing variation in GmIPK2 transcripts in T3 seeds of P2-45 and P6-39
compared to the PEPCo internal control (NT: Non-transformed plant). Representative lanes were spliced from the original gel (Supplementary Figure S2). (B) Relative
fold change measured by qRT-PCR in the above samples indicating varied levels of silencing with maximum reduction observed in P2-45-8. The data presented is
mean of technical triplicates corresponding to each biological replicate (n = 3) with error bars indicating standard deviation (SD).
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FIGURE 6 | HPLC phytic acid peaks of non-transgenic control seed extracts.

germination tests on the lpa seeds collected from our transgenic
lines. The CGT test so conducted confirmed that 98% of the
seeds possessed good germination potential whereas AAT
test established their high vigor (Supplementary Figure S5A).
Also, the morphological analysis of seed germination in each
of the tests revealed similar phenotypes in both transgenic
and control seeds (Supplementary Figure S5B). Besides, since
PA also regulates the growth and development of seedlings,
we carried out phenotyping on 75 days old plants. The
growth of transgenic plants was compared with the growth
of control soybean plants under field growth conditions.
Interestingly, P2 and P6 plants exhibited an increase in leaf
size which could possibly be explained due to increase in
available seed P content (P < 0.05) (Tubana and George,
1997). No significant differences were observed between
wild type and transgenic plants in other agronomic traits
investigated (P > 0.05) (Table 3). This data confirms
that GmIPK2 silenced, lpa soybean seeds are capable of
generating plants showing normal morphologies and agronomic
traits.

DISCUSSION

Several mutational and transgenic strategies have been
explored to reduce PA in soybean but with undesirable

FIGURE 7 | HPLC phytic acid peaks of seed extracts from transgenic line
P2-45-8.

aspects (Meis et al., 2003; Yuan et al., 2007, 2009; Anderson
and Fehr, 2008; Maupin and Rainey, 2011; Maupin et al.,
2011). We may attribute these negative effects primarily to
the constitutive suppression of PA biosynthesis genes which
result in an indirect impact on several metabolic processes
and signal transduction pathways. Prattley and Stanley (1982)
established that the cotyledon of soybean contains 90% of
the phytate of the seed, we therefore, expressed our RNAi
construct under the control of a cotyledon-specific vicilin
promoter (Higgins et al., 1988; Rosche et al., 2002) with the
aim to restrict PA perturbations to the seed. As expected,
initial characterization of the transgenic genotypes displayed
stable integration and inheritance of the transforming DNA
with no significant impact on whole plant performance and
yield. Segregation patterns observed in the T1 progenies of
distinguished lineages demonstrate that both homozygous
and heterozygous plants were obtained from self-pollinated
seeds of most of the events, suggesting that T0 plants were
uniformly transformed and were heterozygous for the
transformed genotype. Transgenic plants containing single
copy or double copies of the transforming gene were also
characterized by segregation analysis. Hobbs et al., 1993
through their studies established that single copy transgenic
plants are always desirable to avoid the possibility of gene
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FIGURE 8 | HPLC phytic acid peaks of seed extracts from transgenic line
P6-39-10.

FIGURE 9 | Percentage reduction in phytate (gray column) and increase in
free phosphate (black column) in P2-45-8 and P6-39-10 transgenic lines.

silencing during introgression of the transgene into the
parental line(s) of hybrids, or into improved open-pollinated
varieties, we therefore confirmed these single copy events

TABLE 2 | In vitro bioavailability assay of T3 seeds.

Minerals In vitro availability (%)

Non-transgenic (control) P2-45-8 P6-39-10

Iron 54.80 ± 0.92 71.10 ± 1.11 70.70 ± 1.05

Calcium 44.15 ± 1.04 59.20 ± 0.78 58.42 ± 0.98

Zinc 58.50 ± 0.85 66.90 ± 0.93 64.50 ± 1.07

Data represent means ± SD, n = 3.

TABLE 3 | Morphological and yield contributing characters of T2 transgenic plants
raised in green-house.

Parameters Non-transgenic P2-45-8 P6-39-10

(control)

Shoot length (cm) 73.40 ± 1.68 72.11 ± 1.42 70.20 ± 1.75

Root length (cm) 30.07 ± 0.15 28.43 ± 0.21 27.64 ± 0.15

Leaf length (cm) 11.20 ± 0.29 12.86 ± 0.18 12.67 ± 0.24

Leaf width (cm) 5.36 ± 0.18 6.01 ± 0.14 5.98 ± 0.17

No. of trifoliates per plant 23.07 ± 0.84 24.07 ± 0.43 23.55 ± 0.26

No. of pods per plant 49.45 ± 0.94 46.50 ± 1.08 45.18 ± 1.24

No. of seeds per pod 2.63 ± 0.08 2.72 ± 0.14 2.54 ± 0.11

100 seeds dry wt (g) 15.21 ± 0.25 14.95 ± 0.14 14.83 ± 0.32

Data represent means ± SD, n = 6.

by performing southern blot before proceeding any further
analysis.

We used qPCR to check GmIPK2 expression in T3 seeds
as well as other plant tissues. From our results, we observed
a varied level of reduction of GmIPK2 transcripts in seeds of
lines P2-45 and P6-39. These variations can be explained by
several factors viz. differences in the site of integration on the
chromosomal DNA, possible promoter methylation etc. (Day
et al., 2000; Van Leeuwen et al., 2001). On the other hand, no
GmIPK2 reduction was detected in other tissues of transgenic
and control plants demonstrating seed-specific regulation. We
further confirmed the implications of GmIPK2 silencing by
testing the extracts from T3 generation seeds for both PA and
Pi. A reduction of 45% in the PA content and a 39% increase in
Pi levels was found in transgenic line P2-45-8, suggesting a strict
correspondence between seed PA and Pi which is in accordance
with the previous reports by Larson et al., 2000. Moreover, despite
the variations in PA and Pi levels it was found that the mean
total P content in the transgenic seeds was unaffected, which
suggest that these altered genotypes influence P partitioning to
strike a balance for supporting P-related mechanisms in the
seed.

Phytic acid represents a major sink for mineral deposition due
to its natural strong chelation ability. Research has previously
reported the beneficial effects of cereal lpa mutants in improved
mineral cations bioavailability (Mendoza et al., 1998; Adams
et al., 2002; Hambidge et al., 2004, 2005; Linares et al., 2006;
Mazariegos et al., 2006; Veum et al., 2007). We therefore analyzed
the mineral concentration of transgenic seeds and found that
disruption of GmIPK2 expression caused the Fe, Ca, and Zn
contents of seeds to increase. We must also highlight that
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amongst the three different minerals analyzed, a maximum
increase was observed in the levels of Fe followed by Ca and Zn,
respectively, supporting the findings of Persson et al., 2009 who
suggest that Fe in the seeds is mainly associated with PA.

Phytate reduction in a plant is often negatively correlated
with its agronomic performance (Bregitzer and Raboy, 2006)
which is initially observed as a direct affect on its seed
germination ability. We therefore conducted germination trials
on our lpa transgenics and found that they show a good
response, with seedling emergence almost identical to the non-
transgenic parent type. Our results seem to be in agreement
with the recent reports of Shi et al., 2007 and Spear and
Fehr, 2007 who suggest that high levels of PA are not
an absolute requirement for efficient seed germination or
emergence. Lastly, we studied the morphological traits of
each transgenic line and found that the lines generated
from events P1 and P4 produced seeds with reduced size
and weight. The lower seed yield may be attributed to
reduction in starch accumulation resulting from indirect
affect of disturbed Pi homeostasis on a key regulatory
enzyme in starch biosynthesis pathway (Plaxton and Preiss,
1987).

From our research, we can assert that GmIPK2 gene
is an appropriate candidate for targeted phytate reduction
without any pleotropic effects. Despite our results, there is
a need to conduct additional field trials under a variety
of conditions, across generations and perform their in
depth phenotypic and genotypic analysis in order to
conclude the effect of lpa trait. Further studies are therefore
underway in our laboratory in an effort to establish the
same.
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