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Abstract

Inositol phosphate kinases (IPKs) play vital roles in the synthesis and regulation of cellular levels of

Submitted: inositol polyphosphates, which perform vital functions in eukaryotic cells as second messengers. Due to
06/03/2024 the vital biological roles of the inositol phosphates, the kinases involved in their synthesis have gained
) great attention. The /PK gene family has not been extensively studied in bread wheat (Triticum
Revised: aestivum). In the present study, we reported a genome-wide identification, phylogenetic analysis and
24/05/2024 expression patterns of the /PK gene family in wheat. Gene structure, genome distribution, motif
conservation, and gene ontology enrichment analysis were carried out systematically. A total of 24
Accepted: inositol phosphate kinase (IPK) genes were identified in the wheat genome that belonged to 8
05/06/2024

homoeologous groups. The TalPK genes were distributed on chromosomes 1, 2, 3, 4, 5 and 7 in all the
three sub-genomes A, B, and D. Based on phylogenetic analysis, these genes were classified into four
subfamilies. The subfamilies were defined based on conserved domains, motifs, chromosome locations,
and gene structures. Eight pairs of paralogous IPKs were identified based on the phylogenetic
relationships among wheat /PKs. Gene ontology enrichment analysis revealed the significant role of IPK
genes in different biological and molecular processes in addition to their role in inositol phosphate
signaling. At different developmental stages, all the 24 TalPKs exhibited diverse expression patterns in
different tissues showing diversity in their biological functions. The current study identified and explored
the properties of 24 IPK genes in the wheat genome at diverse levels, thus providing a strong foundation
for researchers to understand the family of these kinases in wheat.

Keywords: Expression patterns, Gene structure, Inositol polyphosphates, Inositol phosphate kinases, Phylogenetic analysis.
Abbreviations: IPK_Inositol phosphokinase; IPMK_inositol phosphate multikinases; ITPK_ inositol tris/tetrakisphosphate; IP5-2K_
Inositol- pentakisphosphate 2 kinase; MEME_multiple em for motif elicitation; PPIP5K_ diphosphoinositol-pentakisphosphate kinase

Introduction

Inositol phosphate kinases (/PKs) regulate the cellular levels of
inositol polyphosphates which perform various vital biological
roles in eukaryotic cells as second messengers (Hatch and York,
2010; Shears, 2017). The kinases involved in the synthesis of
inositol polyphosphates have gained great attention. Most of
these enzymes are the members of IPK superfamily. Which
consist of inositol 3-kinases (IP3K) and inositol phosphate
multikinases ((IPMK) subgroups. With very low sequence
conservation, these superfamily members share several strictly
conserved signature motifs with each other and are expected
to adopt the same overall fold (Shears and Wang 2019).
Substrate selectivity of these enzymes is expected due to

differences in their sequence. Among these subgroups, IPMKs
generally act as 6/3/5-kinases showing catalytic activities
towards more substrates (Laha et al., 2021).

InsP6 (Inositol 1, 2, 3, 4, 5, 6-hexakisphosphate) recognized as
phytic acid, plays a vital role in cell biology. For instance, IP6 is
involved in different processes such as DNA repair, export of
mRNA, maintaining basal resistance against plant pathogens,
chromatin remodeling and apoptosis (Steger et al., 2003;
Agarwal et al., 2009). In addition, phytic acid is involved in the
formation of pyrophosphate inositols IP7 and IP8 (Wilson et
al., 2013). Phytic acid has gained considerable commercial
interest due to its vital roles in cell biology (Bloot et al., 2023).
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In plant seeds, IP6 serves as the major phosphorus reserve,
and acts as a source of minerals, phosphorus and inositol
during germination and development. Concerns arise from the
fact that IP6 can cause harmful effects on the environment as
well as on human health. Grain-based foods provide high levels
of phytic acid that acts as a strong chelator of important ions
like Zn™ and Fe™, thus reducing the bioavailability of these
essential ions in diet that contribute to malnutrition or hidden
hunger (Brouns, 2021). In the biosynthesis of phytic acid, the
enzymes catalyzing the sequential phosphorylation reactions
are the members of /PK family of kinases which include inositol
tris/tetrakisphosphate (ITPK) kinase, inositol-
pentakisphosphate 2 kinase (IPK1) and inositol phosphate
multikinase (IPK2) (Raboy, 2009; Rasmussen et al., 2010;
Sharma et al., 2021).

In plants, phytic acid also known as phytate can be produced
by lipid-independent or lipid-dependent pathways. ITPKs are
involved in the lipid- independent pathway of PA synthesis and
are primarily the members of the ATP-grasp proteins family.
Plant ITPK1 might even have evolved to synthesize IP; by using
IP6 as a substrate (Laha et al., 2019). IPK1 (Inositol-
pentakisphosphate 2 kinase) is the key enzyme that catalyzes
the last step of phytate synthesis (Gonzalez et al. 2010). This
enzyme is a potential target for producing low phytic acid (Ipa)
crops. Inositol phosphate multikinase (IPK2) genes have been
described to be involved in the lipid-dependent pathway of
phytate synthesis (Punjabi et al.,, 2018). Multiple IPK
superfamily genes have been identified in different cereals like
maize and rice (Shi et al., 2003; Suzuki et al., 2007). Cereals are
rich sources of micronutrients and mineral ions, but the
bioavailability of micronutrients is restricted due to the
presence of an anti-nutrient phytate (Gupta et al., 2015). In
recent years, the role of IPK family members has been a
research topic of great interest because these enzymes are
involved in the sequential phosphorylation steps of phytate
synthesis in cereal crops and may be strong candidates for
targeting the production of biofortified (lpa) crops. The
hexaploid wheat (Triticum aestivum L.), being a source of 20%
of the food calories and 55% of the carbohydrates consumed
globally, is one of the essential food crops. (Shewry and Hey
2015). Among the subgroups of the IPK superfamily, IP3Ks are
not represented in yeast and plant genomes (Laha et al.,
2021). Bhati et al., (2014) identified the IPK family members
(TalPK1, TalPK2 and TalTPK1-4) in wheat based on the
conserved domains and conserved amino acid sequences.
However, a detailed analysis of the wheat /PK family members
known as inositol phosphate kinases (designated TalPKs) has
not been performed so far. Given all these facts, the goal of
the present study was to identify and understand the IPK
family genes in wheat.

Since the T. aestivum genome has been sequenced, genome-
wide analysis of different genes has become more feasible. In
the current study, we analyzed 24 TalPK genes for their
conserved motifs, domains, structure, chromosomal locations
within the T. aestivum genome and phylogenetic relationships.
Moreover, the expression patterns of all 24 TalPK genes were
also analyzed in silico. This study provides a strong foundation
for understanding the /PK family members in wheat.

Results

Identification of IPK family genes in T. aestivum

After eliminating different transcripts of the same gene, a total
sum of 24 protein sequences (3 TaPPIP5K1, 3 TalPK1, 3TalPMK
and 15 TalTPK) expressing the primary transcript were
identified. One highly conserved domain of the four IPK
subfamilies was present in all 24 TalPKs which was also
confirmed through the online Conserved Domains database.
To differentiate these genes, the present study named these
genes based on chromosomal distribution and subfamily
branch as TaPPIP5K1 (chr3) on A, B, and D sub-genomes,
TalPK1 (chr2) on A, B, and D sub-genomes, TalPMK (chr7) on A,
B, and D sub-genomes and TalTPK1-4 and TalTPK6 (chrl, 4, 5,
7) on A, B, and D sub-genomes. All the 24 TalPKs protein
lengths ranged from 287 amino acids to 1036 amino acids
(Table 1), displaying a wide distribution of IPK lengths. The
TaPPIP5K protein lengths (1036 amino acids) were generally
the longest and the TalPMK lengths ranging from 310 to 356
amino acids were the shortest among the four sub families of
IPKs. The predicted Mw (molecular weights) of the 24 TalPKs
ranged from 30.61Kdal (TalPMK-7D) to 117.8Kdal (TaPPIP5K1-
3A, B, and D), and the predicted pl (isoelectric points) of the 24
TalPKs ranged from 4.7 (TalTPK4-7B) to 8.80 (TalPK1-2B).

Phylogenetic analysis, gene structure and genome distribution
of TalPKs

By using MEGA X software, a phylogenetic tree was
constructed to examine the phylogenetic relations between
the TalPKs based on the IPK nucleotide sequences alignment
(Fig.1, Supplementary Filel). To show the structural
classification of the TalPKs, the NJ phylogenetic trees were
constructed. As displayed in Fig. 1, the NJ phylogenetic tree
was clearly divided into four groups, indicated by four different
colors (TalTPKs, blue; TalPMKs, green; TalP5-2Ks, red;
TaPPIP5Ks purple), which were per our identification results.
The TaPPIP5K1 branch had a simple structure, and a pair of
paralogous TaPPIP5K1s (TaPPIP5K1-3B and 3D) was detected.
TalPK1s branch structure was similar to that of the
TaPPIP5K1s. Similarly the branch structure of IPMK genes
(TalPMK2-7A, B, and D) was similar having one pair of
paralogous genes. The TalTPKs branch contained two major
groups. Two bifurcations were present in the first group,
separating TalTPK2-4A, B, and D from a second subgroup
composed of TalTPK3-4A, B, and D. There were also two
bifurcations present in the second group, separating TalTPK1-
1A, B, and D from a second subgroup composed of TalTPK4-7A,
B, and D. A third group containing TalTPK6-5A, B, and D was
positioned outside the two other groups. Twenty-four TalPKs
were distributed on chrl, 2, 3, 4, 5 and 7 in all the three A, B,
and D sub-genomes. The chr4 and chr7 contained two
members of IPKs each, while other chromosomes contained
only one member (Fig. 2). Coding sequences and the genomic
DNA sequences of the TalPKs were used to predict the TalPKs
gene structure by using Gene Structure Display Server GSDS2.0
(http://gsds.cbi.pku.edu.cn/) (Fig. 3). All TalPKs contained 1-30
introns. TalPMK-7A, B, and D genes were composed of only
one exon. Similarly, some TalTPKs (TalTPK1-1A, B, D) and
(TalTPK4-7A, B, D) were also composed of only one exon.
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Table 1. Information on the /PK family genes in wheat.

Gene name Gene locus Transcript ID Gene ID Protein length Mol.wt. No. of Coding PI Sub-
(AA) (Kdal) introns exons family
TalPK1-2A 728405886-728410445 TraesCS2A02G497700 123190668 454 50.28 6 7 7.04 IP5-2K
TalPK1-2B 719966007-719970727 TraesCS2B02G525900 123046991 576 62.8 7 8 8.80 IP5-2K
TalPK1-2D 593510756-593514283 TraesCS2D02G612600LC 123054827 469 50.78 6 7 7.15 IP5-2K
TalPMK-7A 620634772-620637025 TraesCS7A02G427500 123148742 362 38.95 1 1 7.61 IPK
TalPMK-7B 581794516-581796383 TraesCS7B02G327600 123161229 287 30.66 1 1 6.42 IPK
TalPMK-7D 538987871-538989945 TraesCS7D02G419800 123167046 287 30.61 1 1 6.60 IPK
TaPPIP5K1-3A 561090306-561119817 TraesCS3A02G319100 123062235 1036 117.8 30 31 6.5 PPIP5K
TaPPIP5K1-3B 556487647-556519303 TraesCS3B02G347000 123070985 1036 117.8 30 31 6.3 PPIP5K
TaPPIP5K1-3D 426845398-426880464 TraesCS3D02G312200 123079366 1036 117.8 30 31 6.3 PPIP5K
TalTPK1-1A 351349023-351350790 TraesCS1A02G194100 123050359 356 39.12 0 1 5.78 ITPK1
TalTPK1-1B 378837882-378838943 TraesCS1B02G209100 123125975 353 38.93 0 1 5.68 ITPK1
TalTPK1-1D 279103037-279104802 TraesCS1D02G198000 123181474 341 38.82 0 1 5.68 ITPK1
TalTPK2-4A 55912521-55919370 TraesCS4A02G059500 123085097 310 34.21 9 10 5.33 ITPK1
TalTPK2-4B 491016693-491022782 TraesCS4B02G235100 123092886 356 39.22 9 10 5.65 ITPK1
TalTPK2-4D 398429576-398436307 TraesCS4D02G236500 123098166 349 38.81 9 10 5.44 ITPK1
TalTPK3-4A 570466220-570471987 TraesCS4A02G257700 123087024 350 38.72 9 10 7.30 ITPK1
TalTPK3-4B 46615028-46621497 TraesCS4B02G056800 123090936 351 38.62 9 10 7.30 ITPK1
TalTPK3-4D 32230928-32237040 TraesCS4D02G057100 123095966 352 38.66 9 10 7.3 ITPK1
TalTPK4-7A 113485607-113486853 TraesCS7A02G158400 123154092 342 36.73 0 1 4.81 ITPK1
TalTPK4-7B 67818474-67819722 TraesCS7B02G063100 123159722 341 36.63 0 1 4.7 ITPK1
TalTPK4-7D 108618713-108620426 TraesCS7D02G159400 123166273 341 36.68 0 1 4.71 ITPK1
TalTPK6-5A 514153380-514157363 TraesCS5A02G305400 123104438 502 55.44 11 12 5.04 ITPK1
TalTPK6-5B 489809723-489813745 TraesCS5B02G305900 123112736 503 55.51 11 12 5.1 ITPK1
TalTPK6-5D 408318334-408322320 TraesCS5D02G312400 123122212 500 55.08 11 12 5.02 ITPK1
AA, amino acid; Mol.wt, molecular weight (Kdal); PI, isoelectric point.
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Fig 1. Phylogenetic tree showing the relationship of the IPK gene family members in Wheat. 1,000 replicates

were used for the

Bootstrap test, and the replication frequency is presented next to the branches. Arabidopsis sequence (At/ITPK4) was used as an out-

group. Four subfamilies are represented in different colors.

Conserved motifs of TalPKs

To identify the putative motifs of the IPK family in wheat, the
MEME tool was used to analyze the 24 TalPKs which is
available at the following web site (http://meme-
suite.org/tools/meme). Eight conserved motifs were identified
and represented as 1-8 (Fig. 4). Motifs 1, 2, and 5 were found
in all TalTPK proteins. The main motif 3 specifying the ATP
binding domain was found in all TalPK proteins. Similarly motif

6 was found in all TalPK proteins. These findings were
consistent with the point that they were the members of the
same gene family.

Gene ontology analysis of TalPK genes

Gene ontology analysis was conducted for the in silico
functional prediction of TalPK genes. The results showed two
types of functions that is involvement in Biological Processes
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Fig 2. (A) The distribution of 24 IPKs in the wheat genome. (B) Physical map visualized by Circos (TBtool) showing eight pairs of paralogous
IPK genes in the wheat genome. Genes from different sub families are shown in different colors.

(BPs) and Molecular Functions (MFs) (Fig. 5). The molecular
processes showed that /PK genes have catalytic activity while
the biological processes suggested the involvement of IPK
genes in various metabolic activities and their role in the
biosynthesis of various organic compounds. Thus, clearly
suggesting the significant role of IPK genes in different
biological and molecular processes.

Gene expression patterns in different tissues under different
developmental stages

Due to the association of gene expression and biological
function, we examined the expression patterns of different IPK
genes. Wheat expression database (http://www.wheat-
expression.com/) was used to download RNA-seq data (Fig. 6).
It was found that /IPK genes were broadly expressed in the
vegetative (root, shoot, and leaf) and reproductive (spike and
grain) tissues showing that /PKs work in different tissues and
have diversity in biological functions. We observed that some
IPKs had very low expression levels in the vegetative tissues.
TalPMK-B, TalTPK2-B, TalTPK4-D, and TalTPK6-D expression
levels in shoots/leaves at the vegetative stage were very low.
Similarly, expression levels of TalPK1-D, TalTPK2- B, TalTPK4-A,
B, D, and TaPPIP5K1-A, B, and D were very low in roots at the
vegetative stage. TalTPK2-D gene was observed to be highly
expressed in shoots/leaves and spikes at both vegetative and
reproductive stages. Some genes like TalPK1-A and TalTPK6-A,
B, and D showed very high expression in grains.

On comparison of the patterns of gene expression in sub-
genomes A, B, and D, we observed that the expression levels

in sub-genomes were not always the same; for instance,
TalPK1 in sub-genomes A and D was highly expressed in grain
but TalPK1 in sub genome B showed low expression in grain.
Similarly, TalTPK2 in sub-genome D showed very high
expression levels in shoots/leaves and spikes at both
vegetative and reproductive stages but TalTPK2 in sub-
genomes A and B showed very low expression in these tissues.
TalTPK4 in sub-genomes A and B was highly expressed in
shoots/leaves at the vegetative stage but the expression was
very low in sub-genome D. For some genes like TalTPK2 and
TalTPK4 expression level in roots at both vegetative and
reproductive stages and in spike at a vegetative stage has not
been reported yet but these genes show expression in other
tissues at different stages (Fig. 6).

Evolutionary relationship of the IPKs in wheat, rice, maize,
and Arabidopsis

For observing the evolutionary relationships of the IPK
members from wheat, rice, maize, and Arabidopsis, a NJ
phylogenetic tree was generated based on the 57 IPK protein
sequences (Fig. 7, Supplementary File 2). The NJ phylogenetic
tree indicated that all 57 IPK members could be categorized
into four groups differentiated by four different colors (purple,
red, blue, and green), which were in accordance with the
subfamily classification of the IPKs. The ITPK subgroup was the
largest, possessing 29 genes. IPMK subgroup contained 10
genes, while the PPIP5K and IP5-2K subgroups contained the
same number of genes i.e. 9 genes in each group.
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Fig 3. Gene structures of TalPKs. The black line represents intron, the pink box represents CDS and the green box represents the
upstream/downstream region. The TalPKs lengths were shown in proportion according to their length.

Discussion

The inositol phosphate kinase (IPK) family of enzymes is
involved in the production of inositol phosphates (IPs), a group
of signaling molecules involved in vital functions in cellular
biology (Tsui and York, 2010). Inositol phosphate signaling is
involved in the regulation of ion channels, vesicle transport,
DNA repair, and editing (Gosein and Miller, 2013). Among
these signaling molecules, Phytic acid (IP6) is the main anti-
nutrient found in cereal crops that leads to hidden hunger by
reducing the bioavailability of micronutrients in cereal seeds
(Perera et al.,, 2018; Gibson et al.,, 2018). Wheat, the most
important staple food is cultivated all over the world for its
seed. Wheat provides carbohydrates (almost 55%) and 20% of
total food calories and about 2 billion people (approximately
36%) of the total population consume wheat grain as an
essential staple food all over the world (Khalid et al., 2023).
However, wheat foods contain very low bioavailable
micronutrients because these are rich in anti-nutrients,
specifically phytic acid (Balk et al., 2019).

The IPKs are present in most eukaryotes and the IPK gene
family has been extensively studied in cereal crops due to the
involvement of these enzymes in the biosynthesis of phytic
acid (PA). Bhati et al., (2014) revealed the properties of
members of the /PK family including conserved domains,
conserved amino acid sequences and diverse biological roles.
Which were helpful to our research on the IPK genes in wheat.
A total of 24 IPK genes were recognized in common wheat
(Triticum aestivum). The 24 IPKs revealed diversity in several
features, including theoretical isoelectric point, molecular
weight, gene structure, protein length and expression pattern,
suggesting a biological functions diversity among /IPKs. Based
on phylogenetic analysis our 24 TalPK genes were divided into
four groups (PPIP5K, IP5-2K, ITPK1 and IPK superfamily) (Fig.1)
which was in accordance with the sub-family classification of

IPKs (Laha et al., 2021). The hexaploid wheat genome was
created because of the hybridization of 3 diploid sub genomes
A, B, and D (Marcussen et al., 2014). For each T. aestivum gene
there should be three homoeologous genes one from each
sub-genome (Sharma et al., 2016). The 24TalPK genes in this
study were distributed on chromosomes 1, 2, 3, 4, 5 and 7 on
all the three sub-genomes A, B, and D, showing the possibility
of the absence of deletion of TalPK genes in the course of the
evolutionary process of T. aestivum. The maximum number of
TalPKs were found on chromosomes 4 and 7 (Fig. 2).

Gene organization plays a very important role in the multigene
family evolution. In this study, there was great variation in
number of introns ranging from 1-30, whereas some TalTPKs
were composed of only one exon (Fig. 3). This indicates the
difference in the tendencies of these genes for deletion or
attainment of introns. The same intron distributions have been
observed in other cereal crops like rice and maize indicating
the evolutionary conservation between different cereal crops.
The functionally important parts of proteins are represented
by conserved motifs. Motif analysis of TalPKs revealed the
conservation of motifs displaying the kinase domain and ATP
binding domain with the motifs that were found in all the
TalPK proteins (Fig. 4).

Generally, conversed regions can be used to describe and
classify the proteins, and these conserved regions play
important roles in their interaction with other molecules.
Previous studies have shown that all IPK proteins are
recognized by ATP binding domains and inositol phosphate
binding (IP) domains (Bhati et al., 2014). Three consensus
motif sequences of 13 amino acids “GEGAANLILSYTG”, 9 amino
acids “RYKMHQHLK” and 13 amino acids “LDDHDIEGAIHLY”
were present in all the genes grouped as TalPK1
(Supplementary Figure 1 A). Based on the recognized inositol
phosphate (IP) binding domain of IPMK in plants, in the N-
terminus of the TalPMK conserved region the similar 21-amino
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Fig 4. Conserved motifs distribution in wheat IPK gene family proteins identified by MEME. Four groups are differentiated by the motif

distribution.

-acid sequence D-L-L-K-G... -G-A-C-T-W was considered to be
the inositol phosphate (IP) binding site. Similarly in the C-
terminus of the TalPMK conserved region, the 9- amino acid
sequence “VKLVDFAHV was considered to interact with the
ATP molecule i.e., ATP binding site (Supplementary Figure 1B).
All ITPKs have a similar domain structure, comprising a variable
N-terminal end and a conserved catalytic C-terminal end,
which is involved in the regulation and targeting of the
enzymes (Erneux et al., 2016). All the TalTPK group proteins
showed the conserved region in the C-terminus region
containing ATP binding sites (E-I-L-A-R.....-D-M-I-R) and Inositol
phosphate binding sites (P-L-V-L...-E-R-L-L) (Supplementary
Figure 1D). The PPIP5K group has not yet been reported in
wheat, in this study TaPPIP5K1 genes were identified based on
conserved domains and motif structures. The N-terminal end
of these proteins consists of the core catalytic domain
containing the inositol phosphate binding site and ATP binding
site (Supplementary Figure 1C). As shown in the previous
studies, PPIP5K1 proteins are recognized by the PPIP5K1-
specific ARK motif, which was found in all TaPPIP5K1 proteins
(Randall et al., 2020). So the TalPK genes within the same
group had a similar motif construction. The consistency in
motif structure, number of introns, and phylogeny shows that
these genes were correctly classified.

Previous studies on the function and expression of IPK genes
have directed that the IPK family members play vital roles in
phytic acid (PA) synthesis in plants through both lipid-
dependent and lipid-independent pathways. Most ITPK genes

are involved in the lipid- independent pathway of PA synthesis
while Inositol phosphate multikinase (IPK2) genes are reported
to be involved in a lipid-dependent pathway (Laha et al., 2019);
Punjabi et al., 2018). The resultant compound phytic acid plays
a vital role in cell biology, on the other hand, it is a main anti-
nutritional factor that reduces the bioavailable minerals in
cereal grains. Various approaches have been used to target
enzymes involved in the synthesis of phytic acid for enhancing
nutritional value. ZFN (zinc finger nuclease) and TALEN
(transcription activator-like effector nuclease) approaches
were used to knockdown the ZmIPK1 gene and phytic acid
content was reduced in maize (Shukla et al., 2009; Liang et al.,
2014). Similarly, many studies have reported that silencing of
AtIPK1, OslIPK1, and OsITPK1 resulted in a significant decrease
in Phytic acid content (Stevenson-Paulik et al., 2005; Ali et al.,
2013; Karmakar et al., 2020). Wheat IPK1 (TalPK1) gene down
regulation by RNAi technology resulted in a significant increase
in Fe (iron) and Zn (zinc) content by the reduction of phytic
acid in wheat grains (Aggarwal et al., 2018). In our previous
study, we also disrupted the TalPK1 gene through latest
genome editing technology CRISPR-Cas9 to increase iron and
zinc accumulation in wheat grains through a significant
decrease in phytic acid content (lbrahim et al., 2022). The
current study analyzed the expression pattern of TalPKs in
different tissues at both vegetative and reproductive stages
(Fig. 6). It was found that TalPKs were broadly expressed at
different developmental stages showing diversity in their
biological functions. Some genes such as TalPMK-B, TalTPK2-B,
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Fig 5. Gene Ontology analysis of TalPK genes. (A) The data display molecular functions and (B) represent the biological processes.

TalTPK4-D, TalTPK6-D, TalPK1-D, TalTPK2- B, TalTPK4-A, B, and
D and TaPPIP5K1-A, B, and D had very low expression levels in
the vegetative tissues showing that they might be involved in
reproductive growth. The TalTPK2-D gene was observed to
have very high expression in both vegetative and reproductive
tissues, indicating that this gene might perform multiple
functions in the developmental process. However, some genes
like TalPK1-A and TalTPK6-A, B, and D showed very high
expression in grains indicating their participation in the floral
organ’s development. For further functional prediction of
TalPK genes, we performed the gene ontology (GO)
enrichment analysis. In silico analysis indicated that in addition
to the role in inositol phosphate signaling, TalPK genes also
showed many molecular functions (MFs) thus indicating their
involvement in various biological processes (BPs) (Fig. 5).
Phylogenetic analysis suggested that the evolution trajectories
are similar to family species (Arabidopsis thaliana, Oryza sativa
and Zea mays), thus suggesting a single ancestor for the IPK

gene family. Further evolutionary relationships and sequence
homology were indicated by the closed clustering of
homoeologous sequences. The NJ tree indicated high
conservation of IPK genes among T. aestivum, A. thaliana, O.
sativa, and Z. mays. (Fig. 7). The phylogenetic tree indicated
that /PK genes could be categorized into four different groups
depicting the sub-family classification of IPKs.

Materials and Methods

Identification and classification of IPK family genes in T.
aestivum

Bhati et al., (2014) defined the conserved regions of the TalPK
family members. This study described 24 IPK family members
in wheat by using those conserved regions. The candidate
genes were considered to be TalPKs. MEME program was used
to identify the TalPKs conserved motifs (https://meme-
suite.org/meme/tools/meme) (Bailey et al., 2009) and based
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on conserved motifs these genes were classified into four
subfamilies (PPIP5K, IP5-2K, ITPK1, and IPK superfamily).

TalPKs gene structure and genome distribution

The Gene Structure Display Server 2.0 software was used to
analyze the gene exons and introns distribution which is
available at the following web link (https://gsds.gao-lab.org/)
by following (Hu et al., 2015). The IPK genes locations on the
genome were collected from the Ensemble Plant database
(https://plants.ensembl.org). MG2C_v2.1 tool was used to
display their genome distribution
(http://mg2c.iask.in/mg2c_v2.1).

TalPKs sequence alignment and phylogenetic analysis

MEGA X software was used to analyze the alignments of the
IPK protein sequences. (https://www.megasoftware.net/).
GeneDoc 2.7.000 software was used to mark the conserved
domains (Nicholas et al., 1997). The NJ (neighbor-joining)
method of MEGA X software was utilized for the construction
of a phylogenetic tree of IPK family proteins (Saitou and Nei,
1987).

GO (Gene Ontology) enrichment analysis

The gene ontology (GO) analysis of TalPK genes was performed
through the online tool gProfiler which is available at the
following web link (https://biit.cs.ut.ee/gprofiler/gost) by using
default parameter values (Raudvere et al., 2019).

In silico expression analysis of IPK genes in different wheat
tissues

Wheat expression database (http://www.wheat-
expression.com/) was used to download RNA-seq data for the
analysis of IPK genes expression in different tissues under
different developmental (vegetative and reproductive) stages.
Heat map showing the expression levels was generated using
TB tool (Chen et al., 2018).

Phylogenetic analysis of IPK proteins between T. Aestivum, O.
sativa, Z. mays, and A. thaliana

The O. sativa, Z. mays and A. thaliana IPK gene family
sequences and the resultant protein sequences were retrieved
from the Ensemble Plant database. Arabidopsis IPK proteins
were designated as AtIPK1s, AtIPMKs, AtPPIP5Ks and AtITPKs.
Similarly rice and maize IPK proteins were designated as
OsIPK1s, OsIPMKs, OsPPIP5Ks, OsITPKs and ZmlIPK1s,
ZmIPMKs, ZmPPIP5Ks and ZmIPMKs respectively. For observing
the evolutionary relationships, a Neighbor-Joining (NJ)
phylogenetic tree was generated based on the 57 IPK protein
sequences from wheat, rice, maize, and Arabidopsis.

Conclusions

In this study, the IPK gene family comprising 24 members was
identified in the T. aestivum genome. These genes were
classified into four subgroups which is consistent with the sub-
family classification of [IPKs. Chromosomal locations,
distributions of conserved motifs and intron/exon structures of
IPK family members in wheat were also determined. The
results of the current study showed that /IPK genes are highly
conserved among wheat, Arabidopsis, and other cereals like
rice and maize. The IPK genes showed different patterns of

expression in different tissues at different developmental
stages showing diversity in their biological functions. Since
most of these genes are involved in phytic acid (PA) synthesis,
this detailed study provides a foundation for researchers to
understand these genes and target the good candidate genes
to attain low phytate (lpa) crops by exploiting the latest
biotechnological tools like genome editing. Therefore, it is
clearing the way toward nutritional improvement of common
wheat (T. aestivum) and other staple food crops.
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