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OsIPK1 frameshift mutations disturb phosphorus homeostasis
and impair starch synthesis during grain filling in rice
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Abstract

Inositol 1,3,4,5,6-pentakisphosphate 2-kinase (IPK1) catalyzes the final step in phytic acid (InsPg) synthesis. In this study,
the effects of Os/PKI mutations on InsP, synthesis, grain filling and their underlying mechanisms were investigated. Seven
gRNAs were designed to disrupt the OsIPK] gene via CRISPR/CASO system. Only 4 of them generated 29 individual inser-
tion or deletion T plants, in which nine biallelic or heterozygous genotypes were identified. Segregation analysis revealed
that OsIPK1 frameshift mutants are homozygous lethality. The biallelic and heterozygous frameshift mutants exhibited
significant reduction in yield-related traits, particularly in the seed-setting rate and yield per plant. Despite a notable decline
in pollen viability, the male and female gametes had comparable transmission rates to their progenies in the mutants. A sig-
nificant number of the filling-aborted (FA) grains was observed in mature grains of these heterozygous frameshift mutants.
These grains exhibited a nearly complete blockage of InsP, synthesis, resulting in a pronounced increase in Pi content. In
contrast, a slight decline in InsP4 content was observed in the plump grains. During the filling stage, owing to the excessive
accumulation of Pi, starch synthesis was significantly impaired, and the endosperm development-specific gene expression
was nearly abolished. Consistently, the activity of whereas AGPase, a key enzyme in starch synthesis, was significantly
decreased and Pi transporter gene expression was upregulated in the FA grains. Taken together, these results demonstrate
that OsIPK1 frameshift mutations result in excessive Pi accumulation, decreased starch synthesis, and ultimately leading
to lower yields in rice.

Key message
OsIPK1 frameshift mutation results in excessive Pi accumulation in the filling-aborted grain and reduced grain yield in rice.
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Phytic acid, also known as myo-inositol-1,2,3,4,5,6-hexak-
isphosphate (InsPy), is the primary storage form of phos-
phorus (P) in plant seeds (Freed et al. 2020), accounting for
65%-85% of total seed P content (Raboy 1997a). However,
monogastric animals (including humans) cannot degrade
InsP, owing to the lack of endogenous phytase. This means
that the phosphorus present in the cereals is not available.
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The excretion of undigested InsP4 through waste results in
environmental P pollution, which accelerates eutrophication
(Sharpley et al. 1994; Raboy 2000). In addition, InsPg is a
strong chelator of nutritionally important divalent cations
such as Ca®*, Fe**, Mg?>", Mn** and Zn?** (Raboy 2001;
Cominelli et al. 2020), thereby reducing their nutritional
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value (Al Hasan et al. 2016). Based on these considera-
tions, low phytic acid (Ipa) breeding was first proposed in
the 1990s (Raboy 2000), and the first [pa maize mutants
were obtained in 1997 (Raboy 1997b). Subsequently, several
studies have been conducted based on targeted mutations of
genes involved in InsP, synthesis, resulting in the develop-
ment of new /pa germplasm in crops such as wheat, rice,
maize, barley, soybean, pea, and canola (reviewed by Wang
et al. 2022; Sahu et al. 2024).

InsP¢ can be synthesized by two interconnected pathways
in plants: lipid-dependent and -independent pathways. In
the lipid-dependent pathway, phospholipase C hydrolyzes
phosphatidylinositol phosphate to form Ins(1,4,5)P5, which
is then sequentially phosphorylated to InsP, and InsPs by a
dual-specific inositol polyphosphate kinase (IPK2) (Saiardi
et al. 1999; Stevenson-Paulik et al. 2002, 2005). In the
lipid-independent pathway, inositol-3-phosphate synthase
(MIPS) catalyzes the conversion of glucose-6-phosphate to
inositol-3-phosphate (InsP,) (Shi et al. 2005; Kim and Tai
2011), which is then sequentially phosphorylated to form
inositol-1,4,5-triphosphate Ins(1,4,5)P;, Ins(1,4,5,6)P, and
Ins(1,3,4,5,6)P; by inositol-1,3,4-trisphosphate-5/6-kinases
(ITPKs) (Wilson and Majerus 1997; Yang and Shears 2000).
Both pathways utilize inositol 1,3,4,5,6-pentakisphosphate
2-kinase (IPK1) to catalyze the conversion of Ins(1,3.,4,5,6)
Ps to InsPg (Verbsky et al. 2002; Cridland and Gillaspy
2020), suggesting the importance of IPK1 in InsP synthesis.
The gene encoding IPK1 has been selected as a target for Ipa
wheat germplasm development using RNAi (Aggarwal et al.
2018) or CRISPR/Cas9 technology (Ibrahim et al. 2022), in
which the InsP4 content in grains decreased and the avail-
ability of phosphorus, iron, and zinc increased.

Comparison of the phenotypes after mutating /PK/ in
different plant species indicated that mutants exhibited
decreased InsP¢ content, however displayed different or con-
tradictory agronomic traits. For example, Arabidopsis IPK1
T-DNA insertion mutants reduced the InsP, content by 83%,
however did not alter other traits (Stevenson-Paulik et al.
2005), which was also the case for a soybean mutant with
the IPK1 gene mutated at G;s,,> A (Yuan et al. 2012). IPK]
rice transgenic lines (Ali et al. 2013) and wheat mutants
(Ibrahim et al. 2022), which were developed by RNAi or
CRISPR/Cas9, also exhibited little change in agronomic
traits, such as seed setting rate and yield. In contrast, the
loss-of-function Arabidopsis IPKI mutant (null mutant)
atipkl-2/3 exhibited severe growth retardation and was
unable to complete its life cycle, whereas atipkl-1 exhib-
ited enhanced inorganic phosphorus (Pi) uptake through the
roots, and increased root crown Pi transfer capacity (Kuo
et al. 2014). Moreover, in some T-DNA insertion mutants,
the root system displayed significant Pi starvation, hyper-
sensitivity to arsenic (Sun et al. 2016), and susceptibility
to the plant pathogen Pseudomonas syringae (Poon et al.
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2020). Recently, OsIPK1 was knocked out using CRISPR/
Cas9 technology, and only a homozygous rice mutant with a
33-base deletion in the third exon was obtained (Jiang et al.
2021). The mutant displayed a 19.5% reduction in InsP, con-
tent and enhanced salt and drought tolerance. No change in
its agronomic traits was observed. However, homozygous
frameshift mutants could not be obtained, and were not
further investigated (Jiang et al. 2021). Therefore, whether
lowering InsP, levels by mutating /PK/ affects agronomic
traits remains unclear.

In cereal crops such as rice, grain filling is a crucial pro-
cess in which fertilized ovaries acquire the carbohydrates
produced by leaves to synthesize starch. As starch accounts
for more than 70% of the dry weight of rice seeds, changes
in starch biosynthesis greatly influences the yield of cere-
als. ADP-glucose pyrophosphorylase (AGPase) catalyzes
glucose-1-P and ATP and produces ADP-glucose (ADPG),
an activated glucosyl donor for starch synthesis (Pfister and
Zeeman 2016). AGPases are heterotetramers composed of
two large subunits (AGPL) and two small subunits (AGPS)
(Huang et al. 2014). Both AGPL and AGPS are localized
in the cytosol and plastids, and the cytosolic type accounts
for most AGPase activity in the cereal endosperm (Jeon
et al. 2010; Saripalli and Gupta 2015). In contrast, glucose-
6-P participates in the synthesis of InsP¢. Disruption of the
enzymes involved in InsP4 synthesis resulted in a several-
fold increase in seed Pi (Liu et al. 2007; Yuan et al. 2007;
Ali etal. 2013; Li et al. 2014; Aggarwal et al. 2018). There-
fore, the maintenance of normal cytoplasmic Pi levels (P
homeostasis) is crucial for seed development, as AGPase,
a key enzyme in starch synthesis, is allosterically inhibited
by Pi (Preiss 1982). However, the mechanisms underlying
phosphate homeostasis in starch biosynthesis and grain yield
in cereals are poorly understood.

Rice is an important global food crop (Fitzgerald et al.
2009), and its InsP4 content ranks among the top 134 com-
mon plant species (Silva et al. 2021), so it is of great signifi-
cance to cultivate [pa rice. The rice genome contains only
one copy of OsIPKI (Os04¢56580) (Suzuki et al. 2007),
which is located on chromosome 4. Whether using it as a
target for rice Ipa breeding lacks systematic evaluation. Pre-
viously, the g2 and g4 sites of OsIPKI were edited using
CRISPR/Cas9, and only one mutant with a 3-base deletion at
the g4 site was obtained (Li et al. 2019). In this study, seven
gRNAs distributed across the whole OsIPK1 were designed,
and only four gRNAs produced base insertions and dele-
tions (indels). Segregation analysis revealed that OsIPK]
frameshift mutants are homozygous lethality. A quarter of
grains in the heterozygous frameshift mutants exhibited
excessive Pi accumulation, diminished AGPase activity,
and blocked conversion of sucrose into starch. Our results
provide insights into the manipulation of InsP4 synthesis and
Ipa breeding in rice and other cereal crops.
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Materials and methods
Plant materials and growth conditions

Rice cultivar variety JinGeng 818 (Oryza sativa L. ssp.
Japonica, national authorized variety 2014046, WT) was
used for this study. The derived OsIPKI-indel mutants were
grown in a controlled glasshouse or paddy field with routine
management practices: single-plant planting, single-plant
harvesting, and single-plant testing. Materials grown in a
controlled glasshouse were used for evaluating genotypes,
physicochemical parameters, and gene expression, while
those grown in paddy fields were used for propagation,
agronomic trait evaluation, and artificially assisted recip-
rocal crosses. The three ecological sites were Tianjin (39°
06" 06" N/117° 10" 03" E, T, in spring 2019; Ts, in spring
2022), Hainan (18° 20" 17" N/109° 38' 55" E, T, in winter
2019; T3, in winter 2020 and T,, in winter 2021) and Anhui
(32°40' 09" N/118° 37" 22" E, T,, in spring 2020).

gRNA design, CRISPR/Cas9 vector construction,
and generation of OsIPK1-indel mutants and their
complementation lines

The gRNAs were designed using the CRISPR-P 1.0 (http://
crispr.hzau.edu.cn/CRISPR/). The single-stranded DNA
of each target sequence (Table S1) was synthesized and
complemented to form oligomers. CRISPR/Cas9 vectors
containing distinct gRNA sequences were constructed by
inserting oligomers into the BspQI site of the binary vec-
tor VKO005-01 (Viewsolid Biotech. Co., Beijing, China),
the derived vectors were named VK with serial numbers,
and mature embryo-derived calli were transformed using
Agrobacterium tumefaciens strain EHA105 as described by
Li et al. (2019). To obtain complementation lines, the pro-
moter of OsIPK1 (2.2 kb DNA fragment, abbreviated as
ProOsIPK1-2.2 kb) was cloned by PCR using the primer
pair IPK1-Pro-F/IPK1-Pro-R (Table S2) and then inserted
into the Ncol/BstEll-digested pCAMBIA1301 vector to
replace the CaMV35S promoter and drive the expression
of the cDNA of OsIPKI amplified using the primer pair
IPK1-cDNA-F/IPK1-cDNA-R (Table S2). The resulting
constructs were transformed into mature embryo-derived
calli using the same method.

Genotyping and genetic analysis of OsIPK1-indel
mutants

To analyze the genotype of the transgenic plants in each
gRNA site, genomic DNA was extracted from leaves of
transgenic T lines by using the CTAB method (Doyle 1991).

The genomic region of each gRNA site was amplified using
specific primers (Table S2) and then genotyped by Sanger
sequencing. The TA cloning was performed if the sequenc-
ing peak overlapped, and 10 colonies were sequenced to
determine their genotypes. Genotyping of the progenies was
also performed using a similar method and the segregation
frequency was calculated.

The transgene-free OsIPK1-indel plants were identified
by amplifying the leaf DNA of the T, generation using the
primers hpt-F/hpt-R (for hygromycin gene), VK005-1-F/
VKO005-1-R (for rU6-gRNA) and Cas-sun-F/Cas-sun-R
(for mpCas9) (Table S2). Off-target analysis was conducted
using the PCR-sequencing method (primers are shown in
Table S3). Transgene-free lines with non-off-target effects
were used for propagation analysis.

Agronomic trait analysis and artificial-assisted
reciprocal cross

OsIPK-indel mutant seedlings (at least 40 plants for each
genotype) were planted in an experimental paddy field under
natural conditions. Plant height, effective tiller number, grain
number per panicle, grain setting rate, 1000-grain weight,
and yield per plant were measured for 15 plants of each
genotype at random, on a single-plant basis, at the mature
stage. To eliminate the generational and ecological environ-
ment influences, the values of each trait were converted into
relative values of the WT in the corresponding year.

Artificially assisted reciprocal crosses were performed
in fields between WT and OsIPKI-indel mutants with the
same flowering time. After cutting out the immature florets
or those that were pollinated in the female parent panicles,
50-80 pre-flowering mature florets remained for emas-
culation. At noon, the paternal pollens were pollinated to
the emasculated female parent florets. Hybrid seeds were
collected after 25 days, and germinated and genotyped as
described above.

InsPg, Pi, total Pi, and carbohydrate analysis

The hulled grains were ground into powder using a tis-
sue grinder (Shanghai Jingxin Industrial Development Co.
Ltd., Shanghai, China). For InsP, analysis, 1 g of powder
was taken and analyzed using a K-PHYT kit (Megazyme
International, Wicklow, Ireland), following the instruc-
tions provided by the suppliers. This method involved the
acid extraction of inositol phosphates, followed by treat-
ment with phytase and alkaline phosphatase. The total
phosphate released was measured using a modified color-
imetric method, and InsP4 content was calculated. For Pi
content analysis, 0.15 g of powder was mixed with 15 mL
of 12.5% (w/v) trichloroacetic acid solution (with 25 mM
MgCl,), extracted overnight at 4 °C, and then centrifuged at
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15,000xg at 4 °C for 15 min. The supernatant was filtered
through a 0.22 pm filter, adjusted to pH 3 with 0.5 M sulfu-
ric acid, and diluted to 25 mL to obtain the Pi extract. The Pi
content was determined using molybdenum-antimony scan-
dium colorimetry (Murphy and Riley 1962), and the A,
value was determined. For total phosphorus content analysis,
0.5 g powder was mixed with 10 mL HNO,-HCI (9:1, v/v)
and kept in an acid catcher at 120 °C for 1 h. After filtration
with a 0.22 pm filter, the extracted solution (0.5 mL) was
diluted to 25 mL, and the total phosphorus was extracted.
The Pi content was determined as described above, and the
total phosphorus in the sample was calculated.

Starch, soluble sugar, and sucrose contents were deter-
mined using an Amylum Content Assay Kit, Plant Soluble
Sugar Content Assay Kit, and Plant Sucrose Content Assay
Kit (all provided by Sangon Biotech (Shanghai) Co., Ltd.,
Shanghai, China), respectively, according to the manufac-
turer’s instructions. The starch and soluble sugar contents
were determined by the anthrone colorimetric method; the
sucrose content was determined by detecting the colored
substance produced by the reaction of sucrose hydrolysate
fructose with resorcinol at 480 nm.

Pollen viability examination

To observe the characteristics of pollen grains, pollen grains
were shed onto a glass slide, and then 2% (w/v) iodine-potas-
sium-iodide (I,-KI) solution was added. After 5 min, their
morphological characteristics were observed under light
microscope (S9i, Leica) and counted fully stained, partially
stained, and not stained pollen, separately.

Observation of mature or developing grains

Mature grains were carefully broken apart with forceps, and
cut with a cutter, and the cross-sections of the grains were
subsequently stained with 2% (w/v) L,-KI solution. For the
developing grains, those in the middle and upper panicles
(15 days after flowering) were selected, incised with a razor
blade, squeezed with tweezers, and subsequently observed
and photographed under a microscope (S9i, Leica). To
observe the longitudinal sections of the grains, dehulled
grains at the filling stage were collected, embedded, sec-
tioned as described previously (Wang et al. 2015), stained
with 0.1% toluidine blue, and observed under a light micro-
scope (591, Leica).

Gene expression analysis and AGPase activity
determination

The hulled grains were collected during the filling stage,

and total RNA was extracted using the Eastep™ Super
Total RNA Extraction Kit (Promega, Madison, WI, USA).
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First-strand cDNAs were synthesized using Reverse Tran-
scriptase M-MLV (RNase H™) [TaKaRa Biotechnology
(Dalian) Co., Ltd, Dalian, China], and qRT-PCR was per-
formed using TB Green® Premix Ex Taq™ II (Tli RNaseH
Plus) (TaKaRa) on a quantitative fluorescence PCR instru-
ment CFX96 (Bio-Rad, Hercules, CA, USA). OsPYL3-
like (0s06g0528300), OsAGPL2 (Os01g0633100), and
OsAGPS2b (0s08g25734) were selected as endosperm-spe-
cific genes. Four upstream genes [OsMIPS (0s03g09250),
OsIMP (0s03g0587000), OsITPKI (Os10g01480) and
OsIPK1 (0s04g56580)], two downstream genes [OsVIP1
(0s01g0777700) and OsVIP2 (0Os03g0689100)] involved
in InsPg synthesis, and two phosphorus transport genes,
OsPHOI;2 (0s02g56510) and OsPHTI;3 (Os10g30770),
were used for gene expression analysis. The actin gene
(0s03g50885) was used as an internal control. qRT-PCR
primers are shown in Table S2.

Developing grains were dehulled and ground into pow-
der in liquid nitrogen. AGPase activity was determined as
described by Ma et al. (2021).

Statistical analysis

To analyze the significant differences among multiple
groups, one-way analysis of variance (ANOVA) followed by
Tukey’s test at p <0.05 was adopted. Statistical significance
between two groups was assessed by two-tailed Student’s
t-test. All statistical tests were performed using IBM SPSS
Statistics 22.0 software.

Results

OsIPK1 frameshift mutations are homozygous
lethality

Seven guide RNAs (gRNAs) (g/—g7) distributed throughout
the OsIPK1 gene (Fig. 1) were designed, and their CRISPR/
Cas9 vectors were constructed and transformed into mature
embryo-derived calli, respectively. A total of 151 transgenic
plants were regenerated from 5689 transformed calli. Of
them, only 29 plants from four gRNAs (g1, g3, g4, and g7)
resulted in indels (base insertions or deletions) (Fig. S1A),
with a 19.2% indel frequency. The indel frequencies were
the highest for g/ (73%), followed by g7 (58%), g4 (14%),
and g3 (3%), with no indels observed for the other gRNAs
(Fig. S1B). To obtain detailed genotypic information, the
target fragments were subjected to TA cloning and sequenc-
ing. Nine biallelic and heterozygous mutants were identi-
fied, including five (—=8+5/+1, —3/+1, —3/—16, —3/-25, and
—15/+1) from gl, two (0/+1 and 0/—1) (“0” indicates no
mutation, similarly hereinafter) from g7, and only one from
g3 (0/—4) and g4 (0/+1), respectively (Table 1).
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% LOC Os04g565

80
Nucleotide sequence

-33
-3+2
-1
-5
-33
-33

UP

PT
PT

Putative amino acid sequence

1 11 21 34
MEVVLHEGDAKDWVYKGEGAANLILSYTGSSPSM

MEVGM-EGDAKDWVYKGEGAANLILSYTGSSPSM
MEVV-HEGDAKDWVYKGEGAANLILSYTGSSPSM

non-coding region

66 84 99
WGKIPGLLESVKNDCLPQAYATIVMSQHLGANHV
unpredictable, deletion of either the N- or C-end

390 408 423
VNQSYDYKAYFIDLDVKPLDKMVHYFKLDQKIVN
VNQSYDLQGIFY.

VNQSYDTRHILLIWM.

W gl 1 11 21 33 97 102
;'> ) 3: WT [batggaggtggttctyg catgAGGgggatgccaaa (63 nt) tctatg
8 g]“ +1 gatggaggtggttctgccatgagggggatgccaaa (63 nt) tctatg
| -8+5 gatggaggtggggatg ---gagggggatgccaaa (63 nt) tctatg
| -3 gatggaggtggttc-- -atgagggggatgccaaa (63 nt) tctatg
‘\‘—15 gatg------------ --- gagggggatgccaaa (63 nt) tctatg
‘\‘—16 gatg------------ -—--— agggggatgccaaa (63 nt) tctatg
3 ?42 '-25 gatg-—---—-----= —m——mm—mmo ccaaa (63 nt) tctatg
4
‘:\‘ WT acgc Igggatgcatgtcctatggcdagagctgcactcttgaaatggc
“‘\‘ acgcccagggatgcatgtcc gccagagctgcactcttgaaatggce
St |
6 g5 | 196 215 243
‘\“WT tg[gggcaagatcccaggatt—gt]TGGaatctgttaaaaatgattgcttg
41 tggggcaagatcccaggatttgttggaatctgttaaaaatgattgcecttg
7 g6
1168 1185 1191 1192
g7 WT gtlgaaccaaagctatgatt acalAGGtat (136 nt) gcaggcatat
g 8 +1 gtgaaccaaagctatgatttacaaggtat (136 nt) gcaggcatat
:I‘> -1 gtgaaccaaagctatgat- acaaggtat (136 nt) gcaggcatat
w

Fig. 1 Distribution of seven gRNAs across OsIPKI and its edited
sequence analysis in OsIPKI-indel mutants. Left is a schematic dia-
gram of OsIPK1 (Os04g56580) and the localization of gRNAs. Dif-
ferent gRNAs are shown in different colors. The number above the
sequence indicates the position of the coding sequence (CDS) and
its deduced amino acid sequence in the wild type. The italic number
with “+” or “~" in front of “nucleotide sequence” (e.g., —8+5) is the
genotype of the mutant. The “Nucleotide sequence” behind the gen-
otype is the OsIPK] mutant sequence. The normal letters are in the

exon sequence, while the italic letters are in the intron sequence. The
sequence with the box is the gRNA site, and the capital letter next
to it is the protospacer adjacent motif (PAM) sequence. The indel
sequence is shown in color, where the letter is the base insertion,
while “-” is the base deletion. Their putative amino acid sequence
deduced by Lasergene Software Suite ver 7.1 (DNASTAR Inc.,
Wisconsin, USA) is shown on the right, and the labeling method is
roughly the same as before, except that capital letters are used. UP:
unpredictable, PT: premature translation termination

Table 1 Genetic segregation

.. . Line Parental genotype Segregation pattern® i value

analysis in progenies of the

biallelic or heterozygous gl —8+5/+1 —8+5/-8+5(36)  —8+5/+1(63)  +1/+1(0) 0.41 for 1:2:0

OsIPKI-indel mutants —3/+1 —3/-3(41) —3/+1(57) +1/+1 (0) 3.19 for 1:2:0

-3/-16 -3/-3(23) -3/-16 37) —16/-16 (0)  0.68 for 1:2:0

—3/-25 -3/-3(22) —3/-25 (34) —25/-25(0)  0.89 for 1:2:0

—15/+1 -15/-15 (11) —15/+1 (31) +1/+1 (0) 0.96 for 1:2:0

g3 0/—-4 0/0 (8) /-4 (11) —4/-4(7) 0.69 for 1:2:1

¢4 0/+1 0/0 (11) 0/+1 (17) +1/+1 (0) 0.45 for 1:2:0

g7 0/+1 0/0 (90) 0/+1 (214) +1/+1 (0) 1.90 for 1:2:0

0/-1 0/0 (18) 0/-1(21) —1/-1(0) 2.88 for 1:2:0

The 4 analysis indicates that the segregation frequency is statistically significant

*Numbers in parentheses indicate the number of progenies with the genotype, which is the cumulative data
for three successive generations (T, T, and T;)

To obtain homozygous OsIPKI-indel lines, nine lines
without transgenes or off-target genes were selected for
self-crossing. Genotype identification for three consecutive
generations (T, T,, and T;) revealed that homozygous in-
frame mutants (—8+5, —3, and —15) could be obtained from
g1, which caused deletions of several amino acids in the
N-terminus of the protein. Homozygous in-frame mutants
—4 could be also obtained from g3, which was in the intron

and would not affect the coding sequence. Unexpectedly,
no homozygous frameshift mutants were identified. These
frameshift mutations were the+1, —/6, and —25 from g/
(which may lose 33 amino acid residues at the N-terminus),
at+/ from g4 (which may lose either 71 amino acid residues
at the N-terminus or 374 amino acid residues at the C-termi-
nus), and at+/ or —/ from g7 (which may lose 50 amino acid
residues at the C-terminus sequence owing to a premature
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termination). All these frameshift mutants exhibited a 1:2:0
progeny segregation frequency, implying that the frameshift
mutants are homozygous lethal, but can exist normally as a
recessive gene in biallelic or heterozygous plants (Table 1).

To further confirm that the homozygous lethality is
caused by frameshift mutations of OsIPK], the full-length
coding sequence of OsIPKI driven by its native promoter
(Fig. S2A) was introduced into mature seed-derived calli
from —3/-25(gl) mutants. Sequence of the T, comple-
mentation lines showed a clear nonoverlapping map with a
deletion of —25 bp (Fig. S2B). Segregation analysis of the
progeny revealed a segregation pattern of a 4:8:3 (homozy-
gous —3/—3 plants, 13 biallelic —3/-25, and 2 homozy-
gous —25/—25, respectively) (y>=1.66), suggesting that
homozygous frameshift mutants could be generated in the
complementation lines. These results indicated that OsIPK1
frameshift mutations are responsible for the homozygous
lethality.

Biallelic and heterozygous frameshift mutants
exhibit significantly reduced yield-related traits,
especially seed-setting rate, and yield per plant

To investigate the role of OsIPKI in rice growth and devel-
opment, six agronomic traits (plant height, number of
effective tillers, grains per panicle, seed-setting rate, 1000-
grain weight, and yield per plant) of three homozygous and
nine biallelic and heterozygous mutants without off-target
(Table S3) were observed for three generations (T, T,, and
T;) in three experimental plots. Except for individual lines
(such as —8+5(g1)) and individual trait (grains per panicle),
most of them have been significantly decreased, especially
seed setting rate and yield per plant (Figs. 2, S3A).

Interestingly, the —8+5 mutants derived from g/, whether
homozygous (—8+5/—8+5(gl)) or biallelic (—8+5/+1(gl))
exhibited better plant height, number of effective tillers,
grains per panicle, and yield per plant, compared to the wild-
type (WT), with homozygotes being the most significant.
For example, the average plant height and yield per plant
of homozygotes in the three generations were 118.7 and
139.3%, respectively, and those of biallelic mutants were
114.1 and 114.0%, respectively, of the WT (Figs. 2, S3B).
However, the —3/—3(g1) mutants that which had the same
base deletions as —8+5/—8+5(g1), displayed no significant
differences in their agronomic traits with respect to WT
(Figs. 2, S3C).

In contrast, all biallelic and heterozygous frameshift
mutants exhibited significantly reduced seed-setting rates
and reduced yields per plant (Fig. 2). The seed-setting rate
ranged from 52.2% in 0/+1(g4) to 83.2% in —3/-25(gl)
of the wild-type (WT). The yield per plant ranged from
48.6% in 0/+1(g4) to 76.5% of the WT in —3/—16(g1). The
—4/—4(g3) displayed no difference in the six agronomic
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traits compared to the WT owing to the intron position of
g3. Taken together, these results indicated that OsIPK]
frameshift mutations decreased seed-setting rates and yields
per plant in rice.

Biallelic and heterozygous frameshift mutants
exhibit lower pollen viability, however are
not responsible for homozygous lethality

The fertility of frameshift mutants was examined as pos-
sible cause of their lethality. Mature florets in these lines
did not show any noticeable morphological abnormalities
(Fig. 3A). I,-KI staining revealed three types of pollens:
fully stained, partially stained, and not stained (Fig. 3B).
Homozygous in-frame mutants (—8+5/—8+5(g1)) had simi-
lar proportions of the three pollen types to those of the WT.
In contrast, biallelic and heterozygous frameshift mutants
(except —8+5/41(g1)) exhibited significantly lower propor-
tions of fully stained pollen, which was only 58.9% of the
WT (Fig. 3C). As these frameshift mutants produced two
types of pollens, one with frameshift mutation and the other
with in-frame mutation, we thus speculate only pollens with
frameshift mutation, but not in-frame mutation, decreased
their viability.

To further investigate whether lowered pollen viability
is responsible for homozygous lethality in biallelic and
heterozygous frameshift mutants, reciprocal crosses were
performed between WT and five mutants whose flowering
times were similar to those of the WT. All reciprocal crosses
showed a 1:1 progeny segregation frequency (Table 2).
The fertility of both the male and female gametes in the
frameshift mutants suggests that homozygous lethality in
these mutants may relate to zygotic development.

The filling-aborted (FA) grains are responsible
for the reduced seed-setting rate in the OsIPK1
frameshift mutants

To further investigate why homozygous lethality in
frameshift mutants, the mature grains were observed after
self-fertilization. Except for the plump grains, two types of
unfilled grains were observed (Fig. 4A). One was a wizened
grain with a normal seed coat, no starchy endosperm, and
that could not be stained with the I,-KI solution. As the grain
might have been fertilized but failed to fill, it was named as
a filling-aborted (FA) grain. The other was an unfertilized
empty grain with a visible stigma and an undeveloped ovary,
which also could not be stained with the 1,-KI solution. This
grain was named as an empty grain.

Among the 11 genotypes studied (excluding —4/—4(g3)
which had similar agronomic traits as WT, and 0/-1(g7)
which had the same agronomic traits as 0/41(g7), respec-
tively), WT had the lowest FA (0.64%) and empty grain
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Fig.2 Six agronomic traits in OsIPKI-indel mutants. The Y-axis is
the relative ratio of agronomic traits in the OsIPKI-indel mutants
compared to the corresponding WT under the same generation and

(16.03%) rates, whereas 0/+1(g4) had the highest FA
(21.92%) and empty grain (28.66%) rates (Table S4).
Linear fit analysis revealed a negative correlation
between the FA grain rate, empty grain rate, and the
plump grain rate in these mutants, with the FA grain rate
having a higher slope and a higher correlation coefficient
(k=—1.4151 and R?>=0.9534) than the empty grain rate
(k=-2.5369 and R>=0.8276) (Fig. 4B). Moreover, the FA
grain rate was almost zero in the WT, but was significantly

ecological conditions. Data are shown as means+SE (%) (n=15
plants) (Student’s t-tests: *, P<0.05; **, P<0.01; *** P <0.001, no
difference if there is no asterisk)

higher in these biallelic or heterozygous mutants, that in
0/+1(g4) (21.92%) nearly reached the theoretical Mende-
lian genetic segregation ratio (25% in recessive homozy-
gote theory). Therefore, we proposed that FA grains were
likely the abnormal zygote development after fertilization
of frameshift male and female gametes, and were respon-
sible for the reduced seed-setting rate in the OsIPK]I
frameshift mutants.
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Fig.3 Floret morphology and pollen viability in OsIPKI-indel
mutants. A Floret morphology. B Pollen viability revealed by the
I,-KI staining method. Mature pollens with anther lengths exceed-
ing 2/3 of florets were used for staining. Red, purple, and blue
arrows represent fully stained, partially stained, and not stained pol-
len, respectively. C The proportion of three types of pollen in the
OsIPK1-indel mutants. Data are shown as means+SE (%) (N=3
biological replicates; n=>5 spikelet). Different lowercase letters over
bars indicate significant differences among the same type of pollen at
P <0.05 by one-way ANOVA

FA grains have a notably increased Pi content
and decreased starch content

To investigate the effect of OsIPKI mutations on FA for-
mation, InsPg, inorganic phosphorus, and total phosphorus

contents in the plump and FA grains of OsIPKI-indel
mutants were determined. As 0/4+1(g4) and 0/+1(g7) had a
higher FA grain ratio, they were selected as the representa-
tive FA grains for testing.

All the OsIPKI-indel mutant plump grains had
lower InsP, content (88.0-94.5%) but higher Pi content
(101.6-211.1%) of the WT, except that —8+5/—8+5(gl)
and —8+45/4+1(gl) had slightly higher InsPy content
(101.1-105.1%) and lower Pi content (67.0-73.9%) (Fig. 5).
However, 0/+1(g4) and 0/+1(g7) had significantly lower
InsPy content (44.5-57.6%) but much higher Pi content
(41.8-43.5-fold) of the WT. No difference in total phos-
phorus content was detected between plump and FA grains
of the mutants. These results indicated that OsIPKI-indel
mutations result in an increased Pi content in plump grains,
whereas a notably increased Pi content in FA grains, accom-
panied by a moderate decrease in InsP4 content.

The starch, sucrose, and soluble sugar contents in the
plump and FA grains of the OsIPKI-indel lines were deter-
mined. The plump grains of the OsIPKI-indel mutants
(except —8+5/—8+5(gl) and —8+5/+1(gl)) had a slightly
lower starch content (90.4-99.5%) and higher sucrose con-
tent (100.2—-149.9%) of the WT. In contrast, a significant
lower starch content (24.2-26.6%) and high sucrose content
(3.61-3.83-fold) of the WT were detected in FA(g4) and
FA(g7) grains (Fig. 5). However, the soluble sugar content
displayed no regular pattern in the plump or FA grains of
these OsIPK1-indel lines. In addition, a negative or positive
correlation was observed between the Pi content and starch
or sucrose content, respectively, in the plump seeds (Fig.
S4). Taken together, these results suggested that as Pi lev-
els in the grains increased, sucrose accumulated and starch
decreased, probably due to an inhibition of the conversion
of sucrose into starch.

InsPg in cereal crops is predominantly localized in the
aleurone layer (clinging to bran) (Bohn et al. 2008). To
investigate the distribution of InsP, and Pi in different tis-
sues of the 0/+1(g4), 0/+1(g7) lines and WT, levels were
determined in the bran, embryos, and starchy endosperms of
plump grains. InsP; and Pi predominantly occur in brans and
embryos, few occur in the starchy endosperm, while their

Table 2 Segregation analysis Li _ ,

of reciprocal crosses between ine R ostpK1-indet X Swt LwrX S ostpk indel

biallelic or heterozygous Segregation pattern® 2 for 1:1 Segregation pattern® 2 for 1:1

OsIPK1-indel mutants and WT
-3/-25(g1) 0/-25 (43) 0/-3 (55) 1.47 0/-25 (48) 0/-3 (54) 0.35
-3/-16(gl1) 0/-16 (27) 0/-3 (37) 1.56 0/-16 (40) 0/-3 (44) 0.19
=3/+1(gl) 0/+1 (32) 0/-3 (35) 0.13 0/+1 (25) 0/-3 (36) 1.98
0/+1(g4) 0/0 (44) 0/+1 (31) 225 0/0 (36) 0/+1 (53) 3.25
0/+1(g7) 0/0 (57) 0/+1 (46) 1.17 0/0 (51) 0/+1 (63) 1.26

The 4 analysis shows that the segregation ratio in the table is statistically significant

4The numbers in parentheses indicate the number of progenies with this genotype

@ Springer



Plant Molecular Biology (2024) 114:91

Page9of15 91

Plump grain FA grain Empty grain

\ 3 y A /
) : -
2 ! 5 (
=) Y N - 7 \
\‘\‘ =)

\u’ < 5 mm
=
w
o -~
> | g
=)
s
= 1 mm
o]
15
R
<
8
2]
i, 1 mm

Fig.4 Morphology of three types of mature grains and their linear
correlation with the seed-setting rate in OsIPKI-indel mutants. A
Comparison of whole grain, the cross-section of the dehulled grains,
and their I,-KI staining in mature plump grain, filling-aborted (FA)
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starch, soluble sugar, and sucrose contents in OsIPKI-indel mature
grains. A horizontal line was drawn at the WT value. The portion
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content in the bran of FA(g4) and FA(g7) was 5.2-7.3% and
5.4-6.4 folds of the bran of WT and plump grains, respec-
tively (Fig. S5). Taken together, the frameshift mutants result
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ence if there is no asterisk)

in nearly complete blockage of InsP, synthesis in FA(g4) and
FA(g7) grains, and excessive Pi accumulation, further sug-
gesting that FA grains are homozygous frameshift mutants.
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OsIPK1 frameshift mutations disrupt Pi homeostasis
and affect grain filling

To further investigate the effects of increased Pi content on
FA formation, the grains of 0/4+1(g4) and 0/4+1(g7) were
observed during grain filling (15 days after pollination). Two
types of developing grains were identified. One was creamy
white and gelatinous, and similar to WT, accounting for
approximately three-quarters (81/110 for 0/41(g4), 75/99 for
0/+1(g7)), name it plump(g4) and plump(g7), respectively.

Another was a colorless liquid, which accounts for about a
quarter, and is named FA(g4) and FA(g7) (Fig. 6A). Paraf-
fin sections revealed that the plump grains were similar to
WT, and had an endosperm rich in starch granules and a
normally developed embryo, whereas FA grains only had an
intact seed coat, however an aborted embryo and no starch
granules (Fig. 6A).

To identify the genotypes of FA grains in these
mutants, we isolated the embryo, seed coat, and color-
less endosperm and performed a sequencing separately.
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Biosynthetic genes involving InsPe Pi transport

Fig.6 OsIPKI frameshift mutations result in excessive Pi accumula-
tion and impaired starch synthesis, and then produces FA grain dur-
ing the filling stage. A The morphology and the longitudinal section
stained with 0.1% toluidine blue of developing grains (15 days after
fertilization). The white arrows represent developed endosperm,
while the blue arrows represent undeveloped endosperm, and the
black, red, and yellow arrows represent the stained longitudinal sec-
tion of endosperm, seed coat, and embryo, respectively. B AGPase
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activity in the plump grains and the corresponding FA grains during
the grain-filling stage. Data are shown as means+SE (pmol/min/g
FW). C Expression of OsPYL3-like, OSAGPL2, and OsAGPS2b and
D genes involved in inositol phosphate metabolism and Pi transport in
cells. Data are shown as means + SE (fold) (N=3 biological repeats;
n=3 technical repeats). Student’s r-tests: *, P<0.05, **, P<0.01;
*#% P <0.001, ns no significant difference



Plant Molecular Biology (2024) 114:91

Page110f15 91

Unfortunately, we could not identify normal peak
(homozygous genotype) in these tissues (Table S5).
In contrast, we could identify normal and overlapping
peaks in the plump grains (Table S5), indicating that the
embryos of FA grain were aborted, which was due to
homozygous lethality, as only the embryo represents the
genotypes of the offspring.

To investigate the biochemical mechanism of abnor-
mal filling in FA grain, InsP, Pi, and carbohydrate con-
tent of FA grain during the filling stage were analyzed.
Compared with WT, FA (g4 and g7) exhibited a reduc-
tion in InsP¢ content by 27.7-29.6%, an increase in Pi
content by 2.24-2.34-fold, a decrease in starch content
by 11.9-14.0%, and an increase in sucrose content by
2.52-2.85-fold, while soluble sugar content showed no
difference (Fig. S6), which was consistent with those of
mature grains.

To further investigate the relationship between InsP¢
and Pi with starch levels in the FA (g4 and g7) grain fill-
ing, the activity of a key enzyme involved in starch syn-
thesis (AGPase) was studied. AGPase activity in FA(g4
and g7) was only 18.5 to 24.2% of that in the WT, while
that in the plump(g4 and g7) was not different from that
in the WT (Fig. 6B).

OsPYL3-like (0Os06g0528300) is uniquely expressed
in the endosperm and its expression pattern is closely
related to grain filling in rice (Zhou 2015). OsAGPL2
and OsAGPS2b encode the large and small AGPase
subunits, respectively (Lee et al. 2007). The expression
of OsPYL3-like and OsAGPL2 was nearly abolished
in FA(g4 and g7) (0.2-1.0% and 0.1-0.7% of the WT,
respectively), whereas the expression of OSAGPS2b was
only 15.6-22.1% of the WT. In contrast, their expres-
sion in plump seeds was similar to that in the WT seeds
(Fig. 6C). These results suggested that the frameshift
mutations result in impaired starchy endosperm synthesis
and grain filling are terminated in FA grains.

Moreover, the expression of genes upstream (OsMIPS,
OsIMP, OsITPK1, and OsIPK]I) of the InsP, synthesis
was reduced by 13.6-58.0% of the WT, whereas the
expression of genes (OsVIPI and OsVIP2) involved in
inositol pyrophosphate synthesis, downstream of the
InsP¢ synthesis, was increased (2.0-2.61-fold of the
WT) in FA(g4 and g7). Furthermore, the expression of
genes related to Pi transport (OsPHTI;3) and Pi efflux
(OsPHOI;2) was increased (2.8-3.4-fold and 24.2-29.4-
fold of the WT, respectively) in FA(g4 and g7) (Fig. 6D).
Whereas in plump grains (g4 and g7), the expression of
these genes did not differ from that of the WT. Taken
together, these data suggest that OsIPK1 frameshift muta-
tions disturb IP metabolism and Pi homeostasis, and
impair the starchy endosperm synthesis, which in turn
produces FA grains.

Discussion

Seeds are not only food for humans, but also the reproduc-
tive organs of crops. However, the accumulation of high
levels of InsPg in grains causes human health problems
and environmental pollution. Breeding low InsPg crops is
an important global issue. It is not known whether IPK1,
the enzyme that catalyzes the final step in InsP¢ synthesis,
is a promising target for breeding /pa crops. In this study,
OsIPK1 in rice was knocked out by CRISPR/Cas9 technol-
ogy and demonstrated that OsIPK1 frameshift mutations
result in excessive Pi accumulation, decreased starch syn-
thesis during grain filling, and consequently decreasing grain
yield in rice. Therefore, Ipa breeding should be performed
cautiously when selecting OsIPK] as a target in rice.

OslIPK1 is an essential gene in rice, and its disruption
results in homozygous lethality

Essential genes are critical cellular components, and their
loss usually causes lethality (Lloyd et al. 2015). Among the
genes that produce distinct phenotypes when lost, “essen-
tial” genes that produce lethal phenotypes have always been
the target of research as they possess functions essential for
the survival of organisms and are potential drug targets in
microorganisms. In plants, essential genes are often single-
copy genes, widely expressed, slowly evolving, and highly
connected in functional gene networks (Lloyd et al. 2015).
In this study, all the gRNAs in the coding sequence
(CDS) were unable to obtain homozygous frameshift
mutants (Table 1), indicating that frameshift mutations
result in homozygous lethality. However, the expression
of OsIPK1 under its native promoter in biallelic frameshift
mutants could obtain homozygous frameshift plump seeds
in transgenic lines (Fig. S2B). Our results were consistent
with those of Jiang et al. (2021), who were unable to obtain
homozygous mutants with one- and two-base deletions in
the third exon of OsIPKI. Furthermore, only one copy of
OsIPK1 (Os04g56580), which is a characteristic essential
gene, has been identified in the rice genome (Suzuki et al.
2007). Therefore, OsIPK1 is proposed as an essential gene
in rice, and its disruption results in homozygous lethality.

The reduced seed-setting rate in OsIPK1 frameshift
mutants was due to abnormal grain development

Seed-setting rate is a major component that determines
grain yield. Several factors result in a reduced seed-setting
rate. These include defective pollen grains, abnormal dou-
ble fertilization, and defective embryonic and endosperm
development (Xu et al. 2017). In this study, yield traits,
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especially seed-setting rate, were observed to be signifi-
cantly decreased in biallelic and heterozygous frameshift
mutants (Fig. 2). The reduced seed-setting rate in OsIPKI-
indel frameshift plants contrasts with the observations in
the following reports, such as those /PK] mutants gener-
ated using RNAI technique in rice (Ali et al. 2013) or wheat
(Aggarwal et al. 2018), or by CRISPR/Cas9 in wheat (Ibra-
him et al. 2022) and soybean (Song et al. 2022). This incon-
sistency may be because RNAi only downregulates IPK1
expression and does not completely disrupt the function of
proteins. Another possibility is that the disruption of IPK]
could be compensated by homologous genes, as three (Bhati
et al. 2014; Ibrahim et al. 2022) or two (Yuan et al. 2007)
homologous genes were identified in wheat and soybean,
respectively, whereas OsIPK] is a single-copy gene in rice
(Suzuki et al. 2007).

To investigate factors resulting in reduced seed-setting
rate determined by homozygous lethality revealed that
although floret morphology was normal (Fig. 3A), pollen
viability was significantly decreased in the biallelic or het-
erozygous mutants (Fig. 3B, C). Increased accumulation of
Pi in the anthers was reported to decrease pollen vitality
in mutants of the phosphorus transporter regulatory gene
OsNLAI (Yang et al. 2020). Therefore, the reduction in pol-
len viability in OsIPKI-indel may be attributed to an accu-
mulation of Pi in the anthers. Further studies are required to
substantiate this hypothesis. However, reciprocal-crossing
experiments revealed that lowered pollen viability is not
the fundamental reason for homozygous frameshift lethal-
ity (Table 2). Furthermore, a class of FA grains with nor-
mal seed coats, and no starchy endosperms, occurred in the
mature grains of heterozygous mutants (Fig. 4A), whose
frequency (21.92% in 0/+1(g4)) almost reached the theo-
retical ratio of Mendelian recessive homozygotes (Fig. 4B).
Therefore, we propose that the reduced seed-setting rate was
due to abnormal grain development in frameshift mutants.

Blockage of InsP, synthesis disturbs Pi homeostasis
and severely impairs starch synthesis during grain
filling

In cereal seeds, endosperms store starch and proteins in the
grains, and are the most important source of human food
and animal feed. Cereal endosperm development progresses
through coenocytic nuclear division, cellularization, aleu-
rone, starchy endosperm differentiation, and the accumula-
tion of storage products (Liu et al. 2022). Although genes
affecting endosperm development have been reported,
understanding of the accumulation of storage substances
remains unclear.

In contrast to plump grains, InsP, synthesis was nearly
completely blocked, whereas Pi content was significantly
increased in FA(g4 and g7) grains (Fig. 5), resulting in
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Fig.7 A proposed model of grain-filling abortion in OsIPKI
frameshift mutants. OsIPKI frameshift mutations result in a notably
increased Pi content accompanied by a decrease in InsPg levels. The
upstream genes responsible for InsPy synthesis are downregulated
whereas the downstream genes of InsPg synthesis are upregulated.
Simultaneously, excessive Pi inhibits AGPase activity, results in grain
filling failure and further development into FA grains, and promotes
the expression of PHOI,;2 and PHTI;3 to transport the excessive Pi
in FA grains. Blue: decreased; Red: increased

almost no starch synthesis in FA grains (Fig. 6A). This
corresponded well with the increase in sucrose content,
decrease in AGPase activity, and the expression of the spe-
cific transcripts OSAGPL2 and OsAGPS2b was nearly abol-
ished in seeds (Figs. 6B, C, S6). Moreover, the starch con-
tent in OsIPK1-indel plump grains decreased with increasing
Pi content (Fig. S4), and the expression of the endosperm
development marker gene OsPYL3-like was nearly abol-
ished in FA(g4 and g7) grains (Fig. 6C). Therefore, nearly
complete blockage of InsP, synthesis significantly increases
Pi content, inhibits starchy endosperm development, and
produces FA grains. Further research is needed to deter-
mine whether abnormal endosperm development leads to
the inhibition of starch synthesis or whether the two occur
simultaneously. Our results were consistent with a mutation
in the Pi efflux gene OsPHOI;2, which causes excessive
Pi and inhibition of AGPase activity, ultimately resulting
in developmental defects in the rice endosperm (Ma et al.
2021). A similar conclusion was also reported that much
lower AGPase and starch phosphorylase activities in grains
during filling stage is the main reason decreasing grain
weight, low grain starch accumulation and poor plumpness
in os-Ipal, a low InsP4 mutant which was developed from
Xieqingzao using ®°Co y-ray (Zhao et al. 2008).

Moreover, the expression of upstream genes in InsPg syn-
thesis was downregulated, whereas the expression of down-
stream genes was upregulated in FA(g4 and g7) (Fig. 6D),
with a clear pre- and post-phytate boundary, suggesting
cascade regulation in InsPg synthesis. The expression of
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OsPHOI;2 and OsPHTI;3 was also upregulated in FA
(Fig. 6D), suggesting that high levels of Pi are urgently
required for efflux and phosphorus homeostasis has been
destroyed in FA grains. Therefore, IPK1-mediated InsP4 syn-
thesis plays an important role in regulating grain phosphorus
homeostasis, which is consistent with studies in Arabidopsis
(Kuo et al. 2018; Gulabani et al. 2022).

In conclusion, the data in this study indicates that the
OsIPK1 frameshift mutations result in a notably increased Pi
content accompanied by a decrease in InsPg levels during the
filling stage. Then the activity of AGPase, which converts
sucrose to starch, is inhibited, resulting in grain filling fail-
ure and further development into FA grains (Fig. 7). These
results provide insights into the function and mechanism of
OsIPK1 in maintaining phosphate homeostasis and grain
filling in rice.
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