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� This study, for the first time, used
CRISPR/Cas9 to disrupt TaIPK1 gene in
wheat

� Disruption of TaIPK1 gene reduces
phytic acid and enhanced Iron and
Zinc in wheat grains

� This study will help to develop the
biofortified wheat and reducing the
malnutrition

� This study provided a great resource
for the development of biofortified
wheat using CRISPR/Cas9.
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Introduction: Phytic acid (PA) is an important antinutrient agent present in cereal grains which reduces
the bioavailability of iron and zinc in human body, causing malnutrition. Inositol pentakisphosphate 2-
kinase 1 (IPK1) gene has been reported to be an important gene for PA biosynthesis.
Objective: A recent genome editing tool CRISPR/Cas9 has been successfully applied to develop biofortified
rice by disrupting IPK1 gene, however, it remained a challenge in wheat. The aim of this study was to bio-
fortify wheat using CRISPR/Cas9.
Methodology: In this study, we isolated 3 TaIPK1 homeologs in wheat designated as TaIPK1.A, TaIPK1.B
and TaIPK1.D and found that the expression abundance of TaIPK1.A was stronger in early stages of grain
filling. Using CRISPR/Cas9, we have disrupted TaIPK1.A gene in cv. Borlaug-2016 with two guide RNAs tar-
geting the 1st and 2nd exons.
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Results: We got several genome-edited lines in the T0 generation at frequencies of 12.7% and 10.8%.
Sequencing analysis revealed deletion of 1–23 nucleotides and even an addition of 1 nucleotide in various
lines. Analysis of the genome-edited lines revealed a significant decrease in the PA content and an
increase in iron and zinc accumulation in grains compared with control plants.
Conclusion: Our study demonstrates the potential application of CRISPR/Cas9 technique for the rapid gen-
eration of biofortified wheat cultivars.
� 2022 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Malnutrition or hidden hunger is a serious issue around the
globe affecting about two billion people, predominantly in devel-
oping and African countries [1]. This is mainly due to the depen-
dency of people on selected grain crops such as maize, wheat, or
rice having an inadequate amount of vital micronutrients mainly
iron, zinc, and vitamin A [2,3]. Malnutrition due to the deficiency
of these micronutrients often leads to muscular dysfunction, weak
immune system, anaemia, body weight loss, diarrhea and pneumo-
nia. Cereals are deficient in micronutrients due to the presence of
phytic acid (PA) or phytate (inositol hexakisphosphate/IP6), that
acts as a major chelator of important micronutrients [4].

Phytic acid is a member of the inositol phosphates (InsPs) fam-
ily which comprises soluble signaling molecules [5]. As a second
messenger, these molecules play important roles in cell metabo-
lism including mRNA export, DNA repair, chromatin structure reg-
ulation and apoptosis [6,7]. Phytic acid is a major source of
phosphorus (P) in wheat and other cereal grains, however, it can-
not be efficiently utilized by monogastric animals including
humans due to the absence of phytase enzyme [4]. Additionally,
it acts as a chelator of metal ions such as Fe+2 and Zn+2 and reduces
the bioavailability of these important micronutrients, and thus
considered as an antinutrient substance [8]. Considering the antin-
utritional properties of PA, several approaches were used to reduce
the seed PA content in cereal grains such as the development of
low PA mutants using induced mutations by ethyl-
methanesulfonate (EMS) or gamma irradiation [9,10]. For example,
low PA mutants, called as Lpa5, Lpa9, and Lpa59, were developed
in rice through induced mutations (gamma rays 60Co) which
showed 54–63% reduction in phytic acid [10]. Similarly, a low PA
mutant was screened from 562 ethyl-methanesulfonate (EMS)
mutagenized M2 lines in wheat with 43% less PA contents [9]. A
low phytic acid mutant (lpa241) was also found in maize that
showed 90% reduction of phytic acid in seeds [11]. However, these
induced mutations are often random and associated with other
agronomic defects such as poor germination and low yield, in addi-
tion to low PA content [10,11]. Therefore, a targeted mutagenesis
approach should be used that can specifically target the desired
gene to avoid other lethal phenotypes [12].

Several genes encoding the enzymes involved in different steps
of PA biosynthesis pathway have been reported in different crops
[13–16]. The first step in the PA biosynthesis involves the forma-
tion of inositol-3-phosphate (Ins3P) from glucose-6-phosphate
which is catalyzed by myo-inositol-3-phosphate synthase (MIPS)
[17]. Next steps involve the phosphorylation of the inositol ring
through various enzymes at the remaining five positions [16,18].
Other enzymes involved in catalyzing these phosphorylation reac-
tions include inositol monophosphatase (IMP), inositol tris/te-
traphosphate kinase (ITPK), inositol polyphosphate kinase (IPK2),
and inositol-pentakisphosphate 2-kinase (IPK1). Attempts were
made to disrupt the PA biosynthesis pathway by targeting different
genes involved in different steps of this pathway [19]. However,
disrupting the pathway at early stages would disrupt the myo-
inositol-3-phosphate that will negatively affect the plant inositol
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metabolism and hence disturb other related pathways [20]. There-
fore, the best strategy to develop low PA grains is to disrupt the
genes involved in final stages of PA biosynthesis

IPK1 (Inositol 1,3,4,5,6-pentakisphosphate 2-kinase) is a member
of inositol phosphate kinase (IPK) superfamily which catalyzes
the final step of PA biosynthesis by phosphorylating IP5 to IP6
[4,21,22]. Targeting this gene using genome editing approach has
great potential to develop low PA crops [23]. Previously, low PA
rice and wheat were developed using RNAi- mediated knockdown
of the IPK1 gene which caused significant increase in seed Fe and
Zn contents [4,8]. However, RNAi- mediated targeting has several
limitations towards crop improvement due to high rate of off-
target mutations and completely transgenic nature. Recently, a
robust genome editing tool known as Clustered Regularly Inter-
spaced Short Palindromic Repeats (CRISPR) and CRISPR-
associated protein 9 (Cas9) (CRISPR/Cas9) system has dominated
over RNAi and other genome editing tools for its fast and heritable
nature with less chances of off-target mutations. Most importantly,
we are now able to eliminate the CAS9 transgene in the next gen-
erations using simple segregation or crossing which offers a great
potential for its utilization for rapid crop improvement using tar-
geted mutagenesis [12,24].

Up till now, disruption of IPK1 gene through CRISPR/Cas9 has
not been attempted in wheat for biofortification. To address the
issue, here we developed CRISPR/Cas9-mediated knockout lines
for TaIPK1 gene by targeting 1st and 2nd exons of TaIPK1 gene
using specific guide RNAs to produce biofortified wheat grains.
We found that expression of TaIPK1.Awas higher than other homo-
logs, TaIPK1.B and TaIPK1.D in Pakistani elite wheat cv. Borlaug
2016. Disruption of TaIPK1.A led to increase in the accumulation
of iron and zinc contents in genome edited Borlaug 2016 plants
compared with non-edited plants. We believe that this study will
help for the development of biofortified wheat at commercial level
and contribute in reducing the malnutrition from developing
countries.
Materials and methods

Plant material and growth conditions

Seeds of the high yielding hexaploid wheat (Triticum aestivum
L.) cultivars ‘‘Pakistan 2013” and ‘‘Borlaug 2016” were obtained
from Bio-Resource Conservation Institute (BCI), National Agricul-
tural Research Centre (NARC), Islamabad, Pakistan. Non-
transgenic control plants (cv. Pakistan 2013 and Borlaug 2016)
and transgenic plants (T0, T1 and T2) were grown in glasshouse at
the National Institute for Genomics and Advanced Biotechnology
(NIGAB), NARC, Islamabad, Pakistan. The greenhouse conditions
were maintained in controlled conditions as day light period
16 h with 25 ± 3 �C temperature and night period 8 h with
15 ± 3 �C temperature. Pots were filled with homogenized soil mix-
ture, containing soil, sand and peat moss (1:1:2). Experiments
were conducted according to complete randomized design (CRD).
Three biological replicates of each variety/line were maintained
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Table 1
Guide RNA sequences used for construction of RNA expression cassettes.

Name Gene and Oligo Guide RNA sequence Size (bp)

TaIPK-A-1st Oligo
TaIPK-A-1st C Oligo

50TGTTGGTCTACAAGGGAGAGGGCG30

50AAACCGCCCTCTCCCTTGTAGACC30
24

TaIPK-A-2nd Oligo
TaIPK-A-2nd C Oligo

50GTGTGTCTGTCAAGCAAGGTTCTG30

50AAACCAGAACCTTGCTTGACAGAC30
24
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for RNA sampling. While, six observations were taken for morpho-
logical (plant height, spike length, number of spikelets and, grain
related traits) and biochemical (total phytic acid, Fe and Zn con-
tent) traits.

TaIPK1 homoeologs isolation

Samples of leaf, shoot and root tissues were taken at 3–4 leaf
stage plants and frozen in liquid nitrogen. Total RNA was extracted
from leaf, shoot and root tissues using GeneJet plant RNA Purifica-
tion Kit (Thermofisher, catalog number K0732) according to the
manufacturer’s instructions. cDNA synthesis was carried out by
using First Strand cDNA Synthesis Kit (Fermantas, catalog number
K1612) with 5 mg of total RNA.

Coding sequences of TaIPK1 homeologs of three genomes of
wheat i.e. A, B and D were retrieved by a BLAST search of rice
(OsIPK1; AK102842) sequence in Ensemble Plants database.
Sequence alignments were performed by using BioEdit software.
Gene specific primers were manually designed for isolation of
IPK1 homeologs(A, B and D genomes separately) from wheat cv.
Pakistan 2013 and Borlaug 2016 (Additional file 1). For the ampli-
fication of full-length coding sequence of IPK1 gene, PCR was per-
formed with rTaq polymerase (TaKaRa, Tokyo, Japan; Code R001)
using cDNA as a template. The PCR products were resolved on
1.0% agarose gel. Target bands were recovered and purified by
using GeneJETTM gel extraction kit, and cloned into the pTZ vector
by InsTAcloneTM PCR cloning kit (Thermo Scientific InsTA clone
#K1214). The TaIPK1 homeologs were then confirmed by sequenc-
ing of the pTZ vectors.

BioEdit software was used for sequence analysis of newly iso-
lated IPK1 gene homoeologs from the A, B and D genomes of Bor-
laug 2016 variety. The IPK1 sequences retrieved from Ensemble
plant database served as reference genes. Multiple alignments
were generated by ClustalW in BioEdit Sequence Alignment Editor.

Target selection and guide RNAs designing

Samples of developing grains were taken at two stages, i.e.
14 days after anthesis (DAA) and 21 DAA. RNA extraction and cDNA
synthesis were performed as described above. StepOne Plus real
time RT-PCR system (Applied Biosystems) was employed to
observe the expression pattern of TaIPK1.A, TaIPK1.B and TaIPK1.D
in cv. Borlaug 2016. SYBR Green was used as fluorescent dye. Total
RNA extracted was converted into cDNA using reverse transcrip-
tase (RT) PCR (Fermantas) in 20 ml reaction volume with 5 mg of
total RNA. Genome specific primers were designed from 3 home-
ologs of TaIPK1 gene and TaActin was used as an endogenous con-
trol for relative expression [25]. Expression levels were normalized
by housekeeping gene (TaActin). The quantification of relative
expression level was done by using 2�DDCt method. The primer
sequences are available in additional file2. Target homeolog was
selected based on expression pattern.

In order to design unique gRNAs, target sequences were identi-
fied in the coding region of the TaIPK1 gene. And a BLAST search
was done to identify the possible off-target sites. Containing a
PAM sequence these manually selected guide RNA seed sequences
were close to the start codon with a suitable restriction site. The
CRISPR/Cas9 system was provided by Dr. Bing Yang (Iowa State
University, Genetics, Development and Cell Biology department,
Ames, USA) [26]. The guide RNA expression cassette was con-
structed according to expression vector pENTR4- gRNA. Two com-
plementary oligonucleotides of 21–25 bp with 4-nucleotide
overhang of TGTT at the 50 end of sense strand and an extra AAAC
at the 50 end of antisense strand for BtgZI restriction site were syn-
thesized commercially. Similarly, another two oligos from the 2nd
exon with BsaI restriction site were designed with 4 nucleotide
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overhang of GTGT at the 50 end of sense strand and the same AAAC
at the 50 end of antisense strand (Table 1).

Vector construction for CRISPR/Cas9

In order to unveil the function of TaIPK1 in wheat, gene disrup-
tion using CRISPR/Cas9 system was employed. Two single guide
RNAs i.e. gRNA1 and gRNA2 with PAM sequences were designed
from the first and second exons of TaIPK1. Potential off-target
sequences were detected via BLAST searches. These targets were
also evaluated for the presence of non-CpG sensitive restriction
site sequences predicted to be disrupted by Cas9 induced indels,
which also had to be unique within a PCR amplicon. Final target
sequences were chosen to be as specific as possible to the intended
target sequence (that is, keeping the number of mismatches to off-
target sequences high), close to the start codon. The gateway vec-
tor system of pENTR4 and pOs-Cas9 was used for genome editing
purpose. The constructs were generated according to Bing Yang’s
method [26], and wheat cv. Borlaug 16 was used for genome edit-
ing. Both the guide RNAs were inserted into pENTR4 vector using
BtgZ1 and Bsa1 sites. Finally this cassette was inserted in final pOs-
Cas9 vector through gateway LR-recombination process. The con-
structed vector of CRISPR/Cas9 carrying both the guide RNAs was
introduced into LBA4404 strain of Agrobacterium tumefaciens.

Wheat transformation and screening of transformed plants

For wheat transformation, immature seeds of wheat cv. Borlaug
2016 were surface sterilized with sodium hypochlorite for 10 min
followed by washing with distilled water. Immature embryos were
isolated from seeds and treated with Agrobacterium tumefaciens
carrying CRISPR/Cas9 construct and grown on MS medium for
plant regeneration. The regenerated plants were shifted to another
medium containing hygromycin for selection of positive transgenic
plants. The transgenic seedlings were transferred to glasshouse in
pots and allowed to grow under controlled condition (22/16 �C
with 16/8h day/night photoperiod and 70% humidity) till maturity.

In order to detect the efficiencies of gRNA-1 and gRNA-2 into
wheat plants, PCR based restriction enzyme assay was carried
out. Genomic DNA was extracted and PCR was performed with pri-
mers flanking the target sites using genomic DNA as template
(Additional file 3). PCR products were digested with T7-E1 restric-
tion enzyme and resolved on agarose gel electrophoresis. Finally,
undigested PCR products were gel purified and sequenced from
commercial company. The presence of homozygous or biallelic
indels was detected by the comparison of sequences with wild
type sequences at To stage.

Determination of phytic acid (PA) and micronutrients (Fe, Zn) contents

Estimation of total phytic acid in mature seeds of T2 lines and
non-transgenic cv. Borlaug 2016 was done by using K-PHYT kit
(Megazyme Inc, Bray, Ireland) according to the manufacturer’s pro-
tocol. Briefly, the mature seeds were subjected to grinding to make
fine powder and extraction was done using 0.66 N NH4Cl with con-
tinuous stirring for 10–12 h. For colorimetric procedure, super-
natant was used as per manufacturer’s instructions.



Fig. 1. Protein sequence alignment showing conserved domain and sequence variation among A, B & D genomes. Variation in amino acids is represented by different colors.
Red bar above the amino acid sequences (15–420) represent ‘‘Ins_P5_2-Kinase” domain. Light blue rectangular box show 13–20 a.a deletion by gRNA1, and dark blue
rectangular box show 76–78 a.a deletion by gRNA2.
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For Micronutrients (Fe, Zn) analysis, mature seeds of T2 trans-
genic lines and non-transgenic cv. Borlaug 2016 plants were sub-
jected to grinding to make fine powder. The samples were
transferred to a carbonator for ashing at 600 �C for 16 h. Quantifi-
cation of micronutrients was done by using Atomic Absorption
Spectrometer [27].

Morphological parameters were also measured in three trans-
genic lines compared to control plant (for each line 6 observations
were made). Morphological data measured include plant height,
spike length, spikelet number, grain length, grain width, 1000 grain
weight.
Statistical analysis

Gene expression, PA accumulation, Fe and Zn content, plant
height, spike length, spikelet number, grain length, grain width,
1000 grain weight were statistically analyzed. Bar graphs are made
in excel for representation of mean values. T-tests were performed
36
in excel to determine whether the average values were signifi-
cantly distinct between transgenic (T2) and wild plants (n = 6, *=
P < 0.05, **=P < 0.01, ***= P < 0.001).
Results

Isolation of TaIPK1 homeologs

In order to isolate IPK1 homeologs from indigenous wheat vari-
eties ‘‘Pakistan 2013” and ‘‘Borlaug 2016”, PCR was performed with
gene specific primers for the A, B and D genomes using cDNA as
template. The amplified sequence contained an open reading frame
of 1365 bp which was predicted to encode a protein of 454 amino
acid residues. Nucleotide alignment showed that the sequences of
new IPK1 homeologs were highly similar to the TaIPK1 sequences
retrieved from NCBI database. Protein alignment of newly isolated
TaIPK1-A, TaIPK1-B and TaIPK1-D genes and their homeologs
retrieved from NCBI showed that the size of the proteins is
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conserved (Fig. 1). Pairwise alignment of newly isolated genes
TaIPK1-A-N revealed 9 amino acids substitutions and conservation
of 445 amino acids. Six out of 9 substitutions were synonymous,
while 3 were non-synonymous. Interestingly, TaIPK1-B- N showed
16 amino acids substitutions. Eleven out of 16 substitutions were
synonymous, while 5 were non-synonymous. In case of TaIPK1-
D-N, 6 amino acids substitutions were detected. These mutations
were randomly distributed over the entire length of the sequence.
These data allow us to infer that newly isolated genes are homoe-
ologs of IPK1 in wheat.

Selection of target homeolog of TaIPK1 gene

In order to observe gene expression patterns of 3 homeologs in
Borlaug 2016, qRT-PCR was performed. Results showed that all the
3 homeologs i.e. TaIPK1.A, TaIPK1.B and TaIPK1.D are expressed in
the seeds at 14 days after anthesis (DAA) or in early stages of grain
filling (Fig. 2A). However, transcript expression decreases after 21
DAA and a significantly less transcript level was observed at 21
DAA compared to 14 DAA (Fig. 2A). Notably, among the three
homeologs, TaIPK1.A (from A genome) exhibits considerable higher
expression than other two homeologs i.e. TaIPK1.B and TaIPK1.D at
both the stages. TaIPK1.B is the least expressed gene among
3homeologs. We therefore, targeted the TaIPK1.A gene from A gen-
ome for CRISPR/Cas9 mediated disruption in Borlaug 2016 cultivar
of wheat for the functional characterization of TaIPK1 gene
(Fig. 2B).
Fig. 2. Expression of TaIPK1 homoeologs in seeds and illustration of gRNA expressio
developmental stages of seed i.e. 14 and 21 days after anthesis (DAA). 2AL, 2BL, 2DL repre
and D genomes. qRT-PCR assays were performed using SYBR green and Ct values were nor
TaIPK1 homoeologs at 14 DAA stage and gray bars represent the expression at 21 DAA st
sequences for sgRNA1Ta.IPK1.A (Target 1) and sgRNA2Ta.IPK1.A (Target 2) are shown b
endonucleases (BtgZ1 andBsa1) recognition sequences are underlined. Primers used for m
delivered to wheat is depicted. The construct sgRNATa.IPK1.A houses a Kanamycin resi
mobilized to the binary vector pOs-Cas9 through the Gateway recombination. The expre
followed by endonuclease Cas9 driven by Ubiquitin promoter from Rice.
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CRISPR/Cas9 mediated genome editing unveils mutations in TaIPK1

Guide RNAs (gRNA1 and gRNA2) were designed from the 1st
and 2nd exons of Ta.IPK1.A gene (Fig. 2B). The construction of bin-
ary CRISPR/Cas9 vector sgRNA.TaIPK1 was successfully accom-
plished using gateway recombination reaction (Fig. 3). A total of
50 independent transgenic lines were produced by Agrobacterium-
mediated in planta transformation. Among these, 15 To plantlets
were screened for the Cas9 induced mutations through PCR ampli-
fication of the targeted regions using target flanking primers. PCR/
restriction enzyme assay unveiled the mutation frequency of 12.7%
and 10.8% for gRNA1and gRNA2 respectively. In different mutant
lines, the Ta.IPK1.A sequences were found to contain various
mutant alleles in both target sites (Fig. 4; Additional file 4). PCR
amplification followed by sequencing of targeted regions in three
To lines; To-L4M1_A, To-L9M2_E and To-L13M3_F, revealed 1 to
23 base pairs deletions and 1 bp insertions as well (Fig. 4). These
three transgenic lines with confirmed homozygous edits in T1 gen-
eration were selected for T2 embryo rescue and further analysis.

Disruption of TaIPK1 decreases phytic acid but increases Fe and Zn
content in wheat

To see if disrupting TaIPK1 gene affects PA, Fe and Zn contents in
wheat seeds, we measured PA, Fe and Zn contents in seeds of trans-
genic genome-edited plants along with CB16. Measurement of PA
demonstrated that PA content was significantly reduced in genome
n Cassette. (A) Expression analysis of three TaIPK1 homoeologs at two different
sent expression of TaIPK1 homoeologs on the long arm of chromosome 2 of the A, B
malized against TaActin as an endogenous control. Blue bars represent expression of
age. (B) Wheat Ta.IPK1.A gene model and target sequences are shown. The Ta.IPK1.A
elow the target regions with the PAM highlighted in magenta colour. Restriction
utation detection are shown in both panels. (C) Schematic of binary plasmid vector
stant cassette flanked by the Gateway recombination sequence attL1 and attL2 is
ssion cassette consists of a pair of sgRNAs (sgRNA1Ta.IPK1.A and sgRNA2Ta.IPK1.A)



Fig. 3. Construction of gRNA expression Cassette. (A) Shows the restriction analysis of clones from the ligation of dsOligo at the BtgZ1 site of pENTR4-gRNA1 after digestion
with BamH1 restriction enzyme. The clones without the 350 bp fragment are positive clones. (B) Shows the confirmation of insertion of second dsOligo at the Bsa1 site of
pENTR4-gRNA1 after digestion with Bsa1 and BamH1 restriction enzymes. The positive clones are without digested fragment of 790 bp. (C) Shows the confirmation of
Gateway LR recombination reaction after digestion of clones with HindIII restriction enzyme. The positive clones show the digestion pattern of 12 kb, 2.6 kb and 1 kb. (M, 1 kb
DNA marker, C, control plasmid).

Fig. 4. Confirmation of mutation in TaIPK1.A gene by sequencing. TaIPK1.A mutant alleles detected in To wheat plants. Insertions and deletions are represented by magenta
font or magenta hyphens respectively. For each line (L4M1_A to L13M3_F), 12 clones were examined and the frequencies of each mutant allele are represented at the right
side of the panel (Additional file 4).

S. Ibrahim, B. Saleem, N. Rehman et al. Journal of Advanced Research 37 (2022) 33–41
edited lines compared with CB16 (Fig. 5A). The maximum reduc-
tion in the phytic acid content was observed for T2-L9M2_E plants
(0.44ug/g) compared to control plants (1.60ug/g). Remaining two
lines i.e. T2-L4M1_A and T2-L13M3_F also showed significant
reduction in PA content as 1.22 and 1.12ug/g, respectively.

Further, micronutrient accumulation of Fe and Zn in grains
showed a significant (at P < 0.01) increase in genome edited lines
of TaIPK1 compared to control seeds. The results showed approxi-
mately 1.5 to 2.1 fold increase in the Fe concentration and 1.6 to
1.9 fold rise in Zn concentration. Maximum Fe content (83.61ug/
g) were observed in T2-L9M2_E line plants, while higher Zn content
(64.23ug/g) were demonstrated in T2-L13M3_F (Fig. 5B, C). How-
ever, no significant difference was observed in the seed germina-
tion for the transgenic and non-transgenic control seeds and
plant height in transgenic lines compared to CB-16 (Additional file
6). Besides change in micronutrient accumulation, we also
38
observed an altered spike architecture in transgenic plants
(Fig. 5G). Spike length and number of spikelets were significantly
reduced in genome edited lines compared with CB-16 (Fig. 5H).
The maximum reduction in spikelet number was recorded 16 in
T2-L9M2_E GE transgenic plants compared to CB-16 as 21, while
other transgenic lines, T2-L4M1_A and T2-L13M3_F also demon-
strated significant reduction in number of spikelets per spike.
(Fig. 5E). Spike length was also reduced in transgenic plants, how-
ever, it is significant only for T2-L13M3_F plants (Fig. 5E). It is note-
worthy that lowest PA content and highest Fe content were also
observed in T2-L9M2_E line which indicates a possible negative
correlation among PA and Fe contents. Notably, reduction in spike
length and spikelet numbers results in significant increase in grain
weight and grain length but not in grain width compared to CB-16
(Fig. 5D, E, F). This increase in grain weight suggested that trans-
genic lines compensate the reduction in grain yield caused by



Fig. 5. Micronutrient and phenotypic analysis of the mature T2 grains of genome edited mutant lines. (A) Total Phytic acid (PA) in the mature T2 seeds of genome edited (GE)
mutant lines. PA was measured in the mature T2 seeds from the primary tiller of each GE mutant line. (B, C) Fe and Zn concentration (lg/g) was estimated by using Atomic
absorption spectrometry (AAS). (D) Seed weight of control (CB-16) and GE mutant lines. (E) Seed length of control (CB-16) and GE mutant lines. (F) Seed width of control (CB-
16) and GE mutant lines. (G) Representative picture of spikes of wheat GE mutant lines and control (scale bar = 1.5 cm). (H) Spike length (cm) and spikelet count from the
primary tiller of GE mutant lines and control CB16 at T2 stage. The data indicates the mean ± SE of six biological replicates. Student’s t-test was used to compare the significant
variation between each transgenic line and control. *,** and *** shows statistical significance at P < 0.05, P < 0.01 and P < 0.001, respectively, and ns = non-significant.
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reduced spike length and number of spikelets. This study reveals
that editing of negative regulator of biofortification, results in
improvement of Fe and Zn accumulation in grains without com-
promising significantly on grain yield.
Discussion

Malnutrition is one of the main causes of poor growth and
development leading to neurological disorders and poor perfor-
mance in all spheres of life. The situation is exacerbated in devel-
oping countries that harbor most of the world population. The
immediate solution to this menace is biofortified food as a cheaper
source to mitigate nutritional deficiencies in the diet. Cereal crops
are rich sources of micronutrients but their bioavailability is lim-
ited due to the presence of certain anti-nutritional factors [28].
39
In grains of soybean, rice, wheat and other cereal crops, phytic acid
(IP6) is a major anti-nutrient that limits the micronutrients
bioavailability. At developmental stages of cereal grains it is accu-
mulated as phytate (metal ion chelator) that causes a drastic
reduction in the micronutrients bioavailability leading to the
micronutrient malnutrition.

Use of functional genomics approaches to disrupt the gene
responsible for phytate accumulation thereby leading to bioavail-
ability of micronutrient in the cereal grains especially in wheat
can be a cheaper plausible strategy. Inositol 1,3,4,5,6-
pentakisphosphate 2- kinase (IPK1) is a suitable candidate gene to
reduce phytic acid in wheat [8] as it is a member of inositol phos-
phate kinase (IPK) superfamily. These enzymes catalyze the phos-
phorylation of IP5 to IP6. IPK1 gene codes for an enzyme
involved with the final step of phytate biosynthesis. Targeting this
gene can be one of the most effective methods for developing low
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phytic acid crops [23]. In the present study, we have successfully
isolated and cloned the 3 TaIPK1 homeologs designated as
TaIPK1.A, TaIPK1.B and TaIPK1.D and found that the expression of
TaIPK1.A gene was stronger in early stages of grain filling. So we
disrupted the TaIPK1.A gene in cv. Borlaug-2016 using CRISPR/
Cas9 system to develop biofortified wheat grains.

Current advances in genome editing have made it possible to
silence or activate multiple genes simultaneously due to availabil-
ity of the CRISPR/Cas9 system [12]. In maize the IPK1 gene silenc-
ing has been done by using ZFNs, however in wheat the genome
editing using other genes has been attempted but transiently
[24]. We have used this modern but synonymous to natural gene
manipulation system to disrupt TaIPK1.A gene in Borlaug 2016 cul-
tivar of wheat. A tremendous reduction of phytic acid in the
mature T2 seeds was detected as compared to the control seeds.

Previous studies suggest that disruption of enzymes involved in
the early phytic acid synthesis pathway could be injurious for plant
development and seed growth [19,29,30]. However, CRISPR/Cas9
mediated knock out of three paralogs of BnITPK gene (involved in
PA synthesis pathway) in oilseed rape resulted in approximately
35% reduction in PA content in seeds without affecting the oil con-
tent and seed growth [31]. Similarly, in rice and Arabidopsis, IPK1
gene silencing ‘‘involved in late phase of phytic acid biosynthesis”
resulted in 69 and 83% decrease in phytic acid content, respec-
tively, whereas seed physiology was not affected [4,32]. Compared
to previous techniques, genome editing gives a better opportunity
to transform specific genes with minimal adverse effects [33]. To
avoid pleiotropic effects, one possible approach is to mutate a pro-
tein that results in a variant with null or reduced enzymatic activ-
ity. The resultant edited protein would show expression and fulfill
its function through interaction with other proteins while blocking
the concerned reaction. In a metabolic pathway, targeting of
upstream reactions would affect all the downstream reactions
[34]. Being the most downstream enzyme in the phytic acid path-
way, IPK1 is a potential target for attaining decrease in phytate
level. Fortunately, IPK1 gene can be mutated in such a way that
the protein remains normal for interactions with other proteins.
Studies have revealed that in cellular metabolism, inositol
pyrophosphates (IP6 and IP7) also perform vital roles [35]. In case
of other IPKs null mutants, there is loss of higher pyrophosphates
due to abnormality in vesicular morphology, which is not the case
with IPK1 mutants. Therefore, reduction in phytic acid would not
damage the functions mediated by inositol pyrophosphates (IP7
and IP8). IPK1 enzyme can be slightly altered through disruption
of its active site such that the protein remains expressing for
important protein–protein interactions but is unable to form phy-
tic acid (IP6) from IP5, without affecting the downstream and
upstream processes. Since IPK1 disruption neither compromise
plant physiology nor disturb the levels of myo-inositol, thus sug-
gesting the added advantage of IPK1 disruption.

Our results are in corroboration with these findings and signif-
icant decrease of phytic acid in the mature T2 seeds was detected.
As in developing spikes of mutant lines, awn length and spikelet
arrangement was found to be almost similar to the control plants
but alterations in spikelet number and spike length were recorded
in mutant plants as compared to control. Similarly, OsIPK1 target-
ing through RNAi technology resulted in low phytic acid without
changing the level of amino acids and vital seed storage proteins
[4]. Since TaIPK1 gene is highly expressed at the early stages of
seed development, it might be a sustainable strategy to operate
activity or expression of this gene to decrease phytic acid in wheat
grains. Our results demonstrate that the expression of TaIPK1.A
transcript was stronger in early stages of grain filling. The TaIPK1.
A transcript showed high expression level at both seed develop-
mental stages (14 and 21 DAA) as compared to TaIPK1. B and
TaIPK1.D transcripts.
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Previously TaIPK1 gene has been downregulated in wheat by
using RNAi technology for enhancing the micronutrients (Fe and
Zn) bioavailability [8]. In present study, we used highly advanced
genome editing tool CRISPR/Cas9 for TaIPK1 gene silencing in order
to enhance the micronutrients (Fe and Zn) bioavailability. Overall,
silencing results showed approximately 60 to 70% reduction of Ta.
IPK1.A transcript in the mature seeds of T2 transgenic lines. Our
results showed approximately 1.5 to 2.1 fold increase in the Fe
concentration and 1.6 to 1.9 fold rise in Zn concentration due to
significant reduction in phytic acid content. Taken together, these
results demonstrated that disruption of TaIPK1 gene leads to
reduction in PA and increase in Fe and Zn accumulation in wheat
grains, suggesting key role of TaIPK1 in wheat biofortification.
Thus, our study demonstrates the implications of CRISPR/Cas9 in
producing knockouts in wheat for IPK1 gene. These studies have
potential application in raising efforts to fortify wheat grains with
Fe and Zn for resource poor in developing countries.
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