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Abstract

Male sterility is widely used in the production of hybrid seeds in rice, but the use of genic male
sterility is limited because of the high labour cost for maintaining male-sterile lines. Previous
studies using T-DNA insertional mutagenesis demonstrated that disrupting the expression of
oxophytodienoic acid reductase 3 (OPR3), which is involved in the jasmonate biosynthesis
pathway, results in a kind of male sterility that can be restored to fertility by exogenous
jasmonate in Arabidopsis. Here, we created male-sterile mutations by editing the second and
fourth exons of OsOPR7 in rice through clustered regularly interspaced short palindromic repeats
(CRISPR)/CRISPR-associated system 9. The induced mutagenesis at these exons resulted in 31.8%
and 23.9% male-sterile plants in the Ty generation, respectively. We screened male-sterile lines
that can be restored to fertility by exogenous methyl jasmonate in the T, Ty and T2 rice
populations and characterized the anther and agronomic traits of the transgenic plants. Results
showed the successful generation of male-sterile lines through the silencing of OsOPR7, the
orthologous gene of Arabidopsis OPR3, in a field crop, paving the way for the establishment of a
two-line system for rice hybrid production. The system consists of a male-sterile line that can be
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maintained by spraying methyl jasmonate and a restoring line that confers pollen.

Introduction

Rice (Oryza sativa L.) is the most important staple food crop for
more than half of the world’s population. Hybrid rice, with a yield
that is 20%-30% higher than that of conventional rice, is an
important achievement in agriculture and has substantially
contributed to the worldwide food supply (Chen and Liu, 2014;
Ma and Yuan, 2015). Rice is a self-pollinating crop, and hybrid
seed production is based on male-sterile lines. Chinese scientists
successfully identified male-sterile genes from wild rice, trans-
ferred them to commercial varieties and realized the three-line
system of heterosis utilization as early as 1974 (Ma and Yuan,
2015).

The manipulation of pollination is a key step in rice hybrid
breeding. There are two systems, namely the three-line and the
two-line systems, for rice heterosis utilization. The three-line
system is based on cytoplasmic-genetic male sterility (CMS)
(Huang et al., 2015; Tang et al., 2014). The most popular two-line
system in rice is based on environment-sensitive nuclear male
sterility (EGMS) (Chen et al., 2014; Huang et al., 2014; Yuan,
2014; Zhou et al., 2016). The three-line system not only is
complicated and costly in terms of labour but also requires
sophisticated paddy field arrangements. The establishment of a
two-line system on the basis of photoperiod- and thermosensitive
genic male-sterile lines (PGMS/TGMS) broadens the utilization of
heterosis within and between subspecies. This system increases
rice yield by 5%-10% compared with that obtained using a

three-line system. However, two-line systems are developed
under long-day and short-day conditions, and the isolation and
backcrossing processes normally requires more than 3 years to
produce male-sterile lines. Genic male sterility (GMS) is common
in flowering plants, but its application to hybrid production is
limited mainly because it cannot propagate pure male-sterile
lines, which are the preconditions for efficient commercial
production (Chen et al., 2010; Fan and Zhang, 2018; Li et al.,
2016; Wang and Deng, 2018). Previous studies on defective
pollen wall 2 (DPW2) (Xu et al., 2017), defective in exine
formation protein 1 (OsDEXT) (Yu et al., 2016), ATP-binding
cassette G26 (OsABCG26) (Zhao et al., 2015) and glycerol-3-
phosphate acyltransferase 3 (OsGPAT3) (Men et al., 2017)
discovered various nuclear male-sterile mutations in rice. No
pollen 1 (OsNPT), which encodes glucose-methanol-choline
oxidoreductase, is involved in tapetum degeneration and pollen
exine formation, and an osnp7 mutant displays normal vegetative
growth but complete male sterility that is insensitive to environ-
mental conditions (Chang et al., 2016).

Clustered regularly interspaced short palindromic repeats
(CRISPR)-associated protein 9 (Cas9) is an efficient tool used in
rice and other crop breeding for desired traits (Zheng et al., 2016;
Lee et al.,, 2019; Li et al., 2019; Ma et al.,, 2019; Wang et al.,
2019; Wang et al., 2020). OsDGD2B is a digalactosyldiacylglyc-
erol synthase in anther. osdgd2f mutants induced by CRISPR/
Cas9 were of a male-sterile type and characterized by degener-
ating tapetal cells, shrunken anthers and pollens that are devoid
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of starch granules (Basnet et al., 2019). Recently, a strategy for
effectively establishing a male-sterile enriched mutant library by
knocking out anther-specific genes using the CRISPR/Cas9
technology was proposed (Ma et al., 2019).

Jasmonates (JAs) play an important role in regulating flower
development, especially in anther development (Cai et al., 2014;
Gbémez et al., 2015; Li et al., 2018; Xiao et al., 2014; Zhang and
Yang, 2014). The loss of function of the genes on the JA
biosynthetic pathway resulted in various male-sterile mutants in
Arabidopsis (Ishiguro et al., 2001; Sanders et al., 2000; Stintzi and
Browse, 2000; Wasternack and Hause, 2013; Xiao et al., 2014).
Particularly, the defective anther dehiscence 1 (dad7) and
oxophytodienoate reductase 3 (opr3) mutants displayed malfunc-
tion in anther dehiscence, pollen maturation, filament elongation
and flower opening. The fertility of such mutants can be restored
by applying methyl jasmonate (MeJA) or linolenic acid, a kind of
JA precursor (Ishiguro et al., 2001; Stintzi and Browse, 2000).
ORR3 catalyses reductive reaction from jasmonoyl-isoleucine (JA-
lle) to 12-oxophytodienoic acid (OPDA). opr3-1 is a conditional
allele conferring incomplete defects on JA-lle biosynthesis. By
contrast, opr3-3 is an allele that is responsible for the complete
blocking of JA synthesis, and opr3-3 plants are male-sterile
(Sanders et al., 2000). The rice OsOPR7 gene, which shares a high
percentage of nucleotide sequence similarity with AtOPR3 gene,
is involved in JA biosynthesis in rice (Oryza sativa L.), and the
expression of OsOPR7 in Arabidopsis opr3 mutant restores the
fertility of a mutant by regaining JA production (Tani et al., 2008).

In this study, we applied CRISPR/Cas9 to create insertional/
deletional mutations at OsOPR7 in rice. The CRISPR/Cas9-induced
osopr7 mutants were male-sterile, and their fertility was
restorable by exogenous MelA. In addition to current PGMS/
TGMS systems, the successful generation of osopr7 male-sterile
lines pave the way for establishing a two-line system for hybrid
production in rice.

Results

Analysis of sequence similarity and structure of the OPR
orthologous genes in a variety of plant species

Of the three OPRs in Arabidopsis thaliana, only OPR3 is involved in
JA biosynthesis (Breithaupt et al., 2006; Wasternack and Hause,
2018). There are three OPR orthologous genes in tomato, eight in
maize, and 10 in rice. Basing on the nucleotide sequences of
these OPR orthologous genes, we analysed and compared the
structures of the genes and made a phylogenetic tree. As shown
in Figure 1a, the 24 OPR orthologs were unevenly distributed
among Arabidopsis thaliana (At), Oryza sativa (Os), Zea mays (Zm)
and Solanum lycopersicum (Le). The OPRs can be classified into
three clades, each with an uneven number of members. AtOPR3
and OsOPR7 are located in Clade Ill, sharing a high similarity of
nucleotide and having a close phylogenetic relationship. AtOPR3
contains four exons and three introns, whereas OsOPR7 contains
five exons and four introns. OsOPR7 had long intron sequences
and thus had a longer full genomic sequence than AtOPR3.
However, AtOPR3 and OsOPR7 had nearly the same coding
sequences (Figure 1b).

Characterization of targeted editions induced by
CRISPR/Cas9 in T, transgenic plants

To knock out the OsOPR7 gene in rice, we transformed ZH11
plants with a VK005-01 vector. We identified 14 Tq rice
transgenic plants from 333 calluses that survived from the

hygromycin resistance selection. Eight and six of the identified T
mutants had nucleotide changes at Exon 2 and Exon 4 of
OsOPR7, respectively (Table 1). Sequencing the PCR products of
the target sites revealed heterozygous biallelic and homozygous
mutations at the targeted regions. Of the eight To mutants, which
had nucleotide changes at Exon 2 of OsOPR7, five were biallelic
genotypes, one was homozygous, and two were heterozygous.
Targeted mutagenesis resulted in 13 kinds of allelic variations at
Exon 2 of OsOPR7 in addition to allele 0 (a0) of the rice wild type
(ZH11). Five alleles (a2, a4, a7, a9 and al3) belonged to the
deletional mutant type, and eight alleles (a7, a3, a5, a6, a8, a10,
all and a72) belonged to the insertional mutant type. No
coexistence between deletion and insertion mutations was found
after allelic changes at Exon 4 of OsOPR7. Three of the six To
mutants were biallelic, two were homozygous, and one was
heterozygous. Targeted mutagenesis led to a total of nine kinds
of allelic variations at Exon 4 of OsOPR7 in addition to the rice
ZH11 allele 0 (a0). Six of the alleles (a74, a15, a17, a19, a21 and
a22) were deletional, two alleles (a76 and a78) were insertional,
and one allele (a20) was co-existing of deletion—insertion types.

Each row stands for an individual Ty plant or the wild-type
plant. Os2 (or Or4) indicates transgenic plants, in which Exon 2
(or Exon 4) of OsOPR7 gene was targeted. The number after ‘#'
stands for plant ID number. The letters in red colour show the
nucleotide changes induced, and the dashes ‘' indicate deletion
of a nucleotide. Ho, He and Bi represent homozygous alleles,
heterozygous alleles and biallelic inducement, respectively. I/D
changes mean insertional/deletional number of nucleotides,
where '+ or ‘=’ means insertional/deletional changes, respec-
tively.

Identification of male-sterile To mutants whose fertility
can be restored by exogenous MeJA

We compared the floral morphology of the wild type (ZH11)
with that of two Ty osopr7 mutants, namely Os2#03 (a3a4)
and Os2#09 (a8a9), where Os2 stands for the targeted
mutation at Exon 2 and the digits following # represent
individuals (Figure 2). Os2#09 and Os2#03 anthers were
indehiscent and were parallel. We divided all the seedlings of
the generations from Ty to T, into two parts, as shown in
Figure S1, and were used in observing anther sterility and
MelJA restoration, respectively. No significant differences were
observed between the appearances of the spikelets of the
mutants and ZH11 at the beginning of flower opening
(Figure 2, left column). However, an apparent difference in
spikelet appearance was observed at the fully opening phase of
the flowers, when the Os2#03 and Os2#09 anthers were
indehiscence in comparison with those of ZH11 (Figure 2, 2nd
column from left). Differences inside the flowers were even
clearer when pieces of paleae were removed from the flowers
(Figure 2, 3rd column from left). Enclosed in red circles in
Figure 2 (3rd column from left), a large number of pollen
grains were observed on the pistil of ZH11, and a few number
of pollen grains were visible on the pistils of the Os2#03 and
Os2#09 flowers subjected to MeJA treatment. By contrast,
pollen grains were hardly observed on the pistils of Os2#03
and Os2#9 without MeJA treatment.

Acquisition of osopr7 T; and T, plants and the
restoration of their fertility

Given that all the To mutants were indehiscent and parallel, we
used Os2#09 as an example to observe the T; and T, offspring.
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Figure 1 Orthologous OPRs across species. (a) Phylogenetic tree and gene structures of OPRs from various species. Clades |, Il and IIl are indicated in
fuchsia, green and light blue lines, respectively. The constructed maximum-likelihood tree, built using the ClustalW program with 1000 bootstrap
replicates, is based on the alignment of 24 OPR coding sequences. The digits in red stand for the bootstrap values. AtOPR3 and OsOPR?7 are indicated with
purple colour. The right side of the figure displays the gene structures of OPRs from Arabidopsis thaliana (At), Oryza sativa (Os), Zea mays (Zm) and Solanum
lycopersicum (Le), which are in the order of their appearance in the phylogenetic tree. Coding sequences (CDS) and untranslated regions (UTR) are shown in
the red and blue boxes, respectively. Introns are indicated with horizontal lines. (b) Comparison of the encoded amino acid sequences between AtOPR3 and
OsOPR7. The red colour boxes show the amino acids present in the two genes. The underlines indicate the SQRNAs designed. [Colour figure can be viewed

at wileyonlinelibrary.com]

The Os2#09 half plant without MeJA treatment and the Os2#09
half plant with the MeJA treatment looked similar at the mature
stage (Figure 3a). However, their panicles were different; that is,
the Os2#09 plant without MeJA treatment had a slim panicle
without plump seeds (Figure 3b, right), whereas the Os2#09
plant with MeJA treatment yielded with a considerate amount of
seeds on its panicle (Figure 3b, middle), although significantly less
than those on the wild-type panicle (Figure 3b, left). We were
able to harvest seeds from the Os2#09 (a8a9) plant with MeJA
treatment and grew the seeds for Ty plants because the male
fertility of To Os2#09 plants was restored through MelA
treatment. The Ty Os2#9 plants (e.g. Os2#09-3) without MeJA
treatment had less pollen grains inside its anther (Figure 3d)

compared with ZH11 (Figure 3c) and Os2#09-3 plants with MeJA
(Figure 3e), as indicated by I2-Kl staining results (Figure 3c-e). We
removed a piece of palea from each flower to have a clear vision
of the interior parts of the flowers. As shown in Figure 3f-h, the
ZH11 anthers were empty and thus thin, and the ZH11 pistil
appeared with visible pollen grains falling from the anthers
(Figure 3f). The anthers of the Os2#09-3 plants with MelA
treatment were dehiscent but still looked thicker than those of
ZH11 (Figure 3h). Notably, the anthers of the Os2#09-3 plant
without MeJA treatment were indehiscent, and no pollen grains
fell on the pistil (Figure 3g). The expression of OsOPR7 gene in
the anthers of ZH11 was 2°°-fold that in the eight T, 0s2#09
family plants (Figure 4).
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Table 1 Mutational changes at the target region of OsOPR7 in the Ty transgenic rice

Plant ID Allele Targeted sequence M /D
type  changes
Exon-2 A0 tggtgcTGGCGCCGATGACGCGG-T-G-CAGGgcgate i 0
o
(WT) A0 tggtgcTGGCGCCGATGACGCGG-T-G-CAGGgcgate 0
24802 Al tggtgcTGGCGCCGATGACGCGG-AGG-CAGGgcgate Bi +2
0s. i
A2 tggtgcTGGCGCCGATGACGCGG-T ----AGGgcgatc 2
A3 tggtgcTGGCGCCGATGACGCGG-G-G-CAGGggaatc . +1
0s2#03 Bi
A4 tggtgcTGGCGCCGATGACGC ---T-G-CAGGgcgatc 2
A5 t£ggtgcTGGCGCCGATGACGCGGAT-G-CAGGgcgate +1
0s2#05 Ho
A5 tggtgcTGGCGCCGATGACGCGGAT-G-CAGGgcgate +1
2407 A6 tggtgcTGGCGCCGATGACGCGG-T-GGCAGGgcgate Bi +1
0s. i
A7 tggtgcTGGCGCCGATGACGC ———————— AGGgcgatc -5
A8 tggtgcTGGCGCCGATGACGCGG-G-G-CAGGgcgatc i +1
0s2#09 Bi
A9 tggtgcTGGCGCCGATGACGC ~———-=-—-=-- AGGgcgatc -5
2413 A10 tggtgcTGGCGCCGATGACGCGG-TGG-CAGGgcgatce " +1
0s. (s
A0 tggtgcTGGCGCCGATGACGCGG-T-G-CAGGgcgatce 0
2416 All tggtgcTGGCGCCGATGACGCGGAG-G-CAGGggaatc 1 +4
0s. e
A0 tggtgcTGGCGCCGATGACGCGG-T-G-CAGGgcgate 0
241 Al2 tggtgcTGGCGCCGATGACGCGGAT-G-CAGGgcgatce Bi +1
0s. i
Al3 tggtgcTGGCGCCGATGACGCGG———— -~ AGGgcgatc 3
Exon-4 A0 ggcaaGTATCCTAAACCTAGGCG--CCTGGcagce o 0
o
(WT) A0 ggcaaGTATCCTAAACCTAGGCG--CCTGGcagce 0
Al ggcaaGTATCCTAAACCTAGG-————~— TGGcagc . -4
os4#01 Bi
A2 ggcaaGTATCCTAAA-—————————=—— TGGcagc -10
A3 ggcaaGTATCCTAAACCTAGGCG--GCTGGcagce +1
0s4#03 Ho
A3 ggcaaGTATCCTARACCTAGGCG--GCTGGecagce +1
Ad ggcaaGTATCCTAAACCTAGGC--—-~— TGGcagc -3
0s4#04 Ho
A4 ggcaaGTATCCTAAACCTAGGC--—-- TGGcagc -3
A5 ggcaaGTATCCTAAACCTAGGCGAGCCTGGeage ] +2
0s4#09 Bi
A6 ggcaaGTATCCTAAACCTAGGCG----TGGcagc -2
A7 ggcaaGTATCCTAAACCTAGGCGA--CTGGcagce . -1/41
os4#13 Bi
A8 ggcaaGTATCCTAAACCTAGG-————~— TGGcagc -4
A9 ggcaaGTATCCTA  ——————————=——— TGGcagc -12
os4#15 He
A0 ggcaaGTATCCTAAACCTAGGCG--CCTGGcagce 0

Each row stands for an individual Ty plant or the wild-type plant. Os2 (or Or4) indicates transgenic plants, in which Exon 2 (or Exon 4) of OsOPR7 gene was targeted.
The number after ‘#' stands for plant ID number. The letters in red colour show the nucleotide changes induced, and the dashes '~ indicate deletion of a nucleotide.
Ho, He and Bi represent homozygous alleles, heterozygous alleles and biallelic inducement, respectively. I/D changes mean insertional/deletional number of

nucleotides, where ‘+' or ‘—' means insertional/deletional changes, respectively.

Characterization of the agronomic traits of Os2#09 T,
plants

We propagated the T; Os2#09-3 plants by spraying MeJA and
obtained the T, population. Each T, Os2#09-3 half plant with
MeJA treatment yielded numerous seeds in contrast with the
plants without MeJA treatment, which did not yield any seeds.
We compared the MeJA-treated and untreated plants of two T,
plants (Os2#09-3-6 and Os2#09-3-11) with the wild-type control
in terms of agronomic traits, such as plant height, flag leaf length,
number panicles per plant, number of grains per panicle and rate
of seed set. As shown in Table 2, there were no significant
differences between T, plants and the wild type (ZH11) for plant
height, flag leaf length and number of panicles per plants.
However, significant difference in seed-setting percentage was
observed between the treated and untreated plants and between
the T, plants and wild-type control. The seed-setting percentage
was 0% for the untreated 0s2#09-3-6 and os2#09-3-11 plants

and 17.9% and 20.4% for the 0s2#09-3-6 and 0s2#09-3-11
plants, respectively, which were treated with MeJA.

Discussion

Hybrid production requires plants from which no viable pollen is
produced. This intentional elimination of male gametophytes can
be attained using different methods. A simple way is the
emasculation of anthers by hand. A plant with flowers whose
anthers had been removed can only serve as a female parent and
breeds hybrid seeds after the introduction of pollens from other
plants. Emasculation by hand can merely be used in producing
hybrids in breeding programmes, and producing hybrid seeds in
large quantities through this method is expensive. Thus, this
method is commercially impractical. For the economic production
of hybrid seeds, a line that cannot produce its own viable pollen
grains must be created, and thus, seed formation on such line
relies on pollen grains from another genotype.

© 2020 The Authors. Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd., 19, 365-374



Flowers at initial
opening phase

ZH1

Os2#3

Figure 2 Comparison of floral morphology
between ZH11 (control), the TO osopr7 plant
(Os2#3) without the MeJA treatment, and
the T° osopr7 plant (Os2#3 and Os2#9) with
the MeJA treatment. The TO transgenic
plantsweredividedintotwo parts(FigureS1),
which were used for the observation of
anther sterility and the MeJA restoration,
respectively. The pictures were taken in a
same day when the flowers began to openin
the morning (the left column), at full opening
stage (the two columns in the middle) and at
end of the day (the right column). The yellow
circles focus on the anthers of the flowers,
and the red circles show the pistils with or
without pollen grains falling from dehiscence
orindehiscenceanthers. Scalebars = 1 mm.
[Colour figure can be viewed at wileyonline
library.com]
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+MeJA

Os2#9
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Various types of male-sterile lines have been generated, such as
cytoplasmic, cytoplasmic-genic (CMS-genic) and genic male-
sterile (GMS) lines. To date, the CMS-genic type is dominant in
commercial rice hybrid seed production (Bai et al., 2018; Chang
et al., 2016; Chen and Liu, 2014; Fan and Zhang, 2018; Kim and
Zhang, 2018). In typical three-line systems based on CMS-genic
lines, the male sterility of offspring is maternally inherited. The
CMS-genic lines are maintained by crossing it to a sister line,
known as the maintainer line, which is genetically identical to
CMS-genic lines but has a normal cytoplasm. Thus, maintainer
lines are male fertile. The fertility of CMS-genic lines can be
restored by using restorer lines carrying fertile nuclear genes. A
three-line system is rather complicated and requires sophisticated
paddy field arrangements.

In this study, we created a male-sterile line in rice by knocking
out OsOPR7, an orthologous gene of Arabidopsis OPR3 that plays
an essential role in the JA biosynthesis pathway (Ishiguro et al.,
2001; Tani et al., 2008). The osopr7 plants failed to release pollen
grains from mature anthers (Figures 2 and 3g), and a consider-
able number of the pollen grains were inviable (Figure 3d). The
spraying of 500 um MeJA solution to the osopr7 plants before
anthesis restored their fertility (Figure 2, Figure 3a, b, e and h).
We proposed a two-line system for rice hybrid production based
on the osopr7 male-sterile line (Figure 5a-d). In comparison with
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Vision inside a
flower after removal
of a palea

Closed flowers
at end of a day

Flowers at full
opening phase

other male-sterile lines, the osopr7 plants have more stable and
thorough male sterility because male sterility on these plants does
not depend on environmental conditions, such as light and
temperature. By contrast, male sterility in some CMS-genic lines
(Huang et al., 2015; Tang et al., 2014) or genic male-sterile lines
(Chen et al., 2014; Huang et al., 2014; Yuan, 2014) does so.
Finding a restorer for this two-line system is easy because nearly
all rice fertile genotypes can serve as restorers. However,
determining a genotype that can serve as a restorer for some
CMS-genic or genic male-sterile lines requires tremendous effort.

Spraying MeJA to rice unlikely causes environmental pollution,
and neither the MeJA nor its precursor, linolenic acid, is toxic to
humans. Some of MeJA derivatives are commonly used as food
additives. Additionally, this two-line system is affordable; that is, 1
L of 500 um MeJA solution approximately costs USD 1.5-2.0. Five
litres of MeJA solution can be used in spraying rice sparks in a
324-square-metre field, producing approximately 33 kg of the
seeds of the osopr7 male-sterile line for the hybrid production
sown in 1 ha paddy field. However, spraying MeJA solution to
rice sparks requires additional manpower. In developing countries
where manpower is not expensive, the economic value of hybrid
seeds produced requires manpower input. In developed coun-
tries, where manpower is expensive, using drones can be an
alternative to manual spraying.

© 2020 The Authors. Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd., 19, 365-374
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Figure 3 Comparison among between the wild type (ZH11), osopr7 plant without MeJA treatment, and osopr7 plant with MeJA treatment in terms of
matured plant appearance, panicles, pollen grains and floral morphology. (a) Matured plant appearance. From left to right: ZH11, the Os2#9 (T) half plant
with MeJA treatment, and To Os2#9 half plant with MelJA treatment. (b) Panicles. From left to right: ZH11, To Os2#9 half plant with MeJA treatment (20%
fertile), and To Os2#9 half plant without MeJA treatment (completely sterile). (c)—(e) Pollen grains inside an anther. From left to right: pollen grains from the
ZH11 plant, Ty Os2#9-3 plant, and T;Os#9-3 plant treated with MelJA. (f)~(h) Flowers after the removal of paleae. From left to right: pollen grains from a
ZH11 plant, Ty Os2#9-3 plant without MeJA treatment, and T; Os2#9-3 plant with MeJA treatment. Scale bars: 10 cm, 5 cm, 1 mm and 0.1 mm for a, b,
c-e, and f-h, respectively. [Colour figure can be viewed at wileyonlinelibrary.com]
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Figure 4 Comparison between WT (ZH11) and T, osopr7 plants in terms
of OsOPR7 expression in anthers. OsACTINT was used as internal control.
The average value of OsOPR7 expression was based on the data of eight
T1 osopr7 plants in the family Os02#-9.

The biological function of OsOPR7 was previously reported
(Tani et al., 2008). The focus of the study was on the wounding
and drought-stress responses of the gene. Our effort was to
invent a two-line system for rice hybrid production, which means
a significant value in countries depending on rice as staple food.
As verified in our study, the malfunction of JA biosynthesis
resulted in anther indehiscence in rice. This finding is in
accordance with the studies on Arabidopsis (Ishiguro et al.,
2001). Moreover, we demonstrated that the loss of function of
OsOPR7 enabled inviable pollen grains to be detected through Ki-
12 solution staining (Figure 3). However, the application of MeJA
can have some side effects. For example, a previous study on
Brassica napus showed that the application of 100 um MelA
solution resulted in numerous early-open flowers and a variety of
floral organ abnormalities, which were likely due to the combined
actions of floral identity genes, such as BnAP1, BnAP2, BnAP3,
BnAGT and BnPI3, as reflected by transcriptional changes in these
genes (Pak et al., 2009; Pak et al., 2017). However, this kind of
side effect can be controlled by selecting an accurate spraying
time and MeJA concentration and dosage. The spray time and
concentration that we recommended in the paper (Materials and
Methods) did not result in early flowering and significant floral
organ abnormality in rice. The negative effects of MeJA spraying
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Table 2 Characterization of some yield-related agronomic traits of some T2 0s2#09 plants

Plant ID Plant height (cm) Flag leaf length (cm) Effective panicles per plant Grain number per panicle Seed-setting rate (%)
ZH11 (CK) 83.22 + 0.55 32.37 + 0.52 8.08 +£ 0.71 108.72 + 3.05 92.19 £ 0.57
0s2#09-3-62 84.25 + 0.47 33.48 + 0.64 8.23 £ 045 119.72 £ 6.11 0?

0s2#09-3-6° 84.17 £ 0.42 32.46 + 0.34 8.21 +£ 0.56 109.52 + 4.15 17.9P%"
0s2#09-3-112 87.92 +£ 0.71* 34.48 + 0.45 7.84 £ 0.61 128.72 + 3.05 0?

0s2#09-3-11° 86.62 + 0.56* 34.19 + 0.57 791 +£0.74 118.72 + 3.05 20.45%

The superscript a or b indicates the plant with or without MeJA treatment. “*" and "**' stand for significant difference between the treatments a and b at statistic levels

P < 0.05 and P < 0.01, respectively.

PHGMS

PHGMS with seeds

F1 hybrid
seeds

Figure 5 Two-line system with phytohormone genic male-sterile (PHGMS) line for hybrid seed production in rice. (a) PHGMS plant that can be restored by
spraying MeJA. (b) Male-sterile plant treated with MeJA restores fertility and sets seeds. (c) osopr7 PHGMS line used as a male-sterile line in a cross for Fq
hybrid seed production. (d) Wild-type line that serves as pollinator for Fy hybrid seed production. [Colour figure can be viewed at wileyonlinelibrary.com]

on the germination of the harvested seeds and stress responses
were not observed.

This two-line system has several disadvantages. The seed-
setting percentage of osopr7 male-sterile line, which was
approximately 20% after the treatment of exogenous MelA,
was not ideal for maintaining sufficient male-sterile progeny.
Therefore, the system should be further improved by optimizing
time slot, spraying frequency, and MeJA concentration before the
osopr7 line can be widely used in rice hybrid production.

We performed two parallel experiments to silence OsOPR7.
One experiment was designed to edit Exon 2, and the other
experiment was designed to target Exon 4 of the gene. The

induced mutagenesis at Exon 2 resulted in 13 allelic variations in
addition to the wild-type allele. By contrast, the targeted
inducement at Exon 4 caused only nine allelic variations apart
from the wild-type allele (Table 1). Therefore, editing Exon 2 is
more effective than editing Exon-4. In contrast with chemical
mutagenesis using ethylmethane sulphonate (EMS), which fre-
quently causes point mutation from guanine to adenine, CRISPR/
Cas9-mediated mutagenesis led to insertional-deletional changes
of up to 12 nucleotide fragments causing the frame shift of the
coding region. The deletion or insertion at the upper region of a
gene might have a greater chance to result in a truncated protein
than those at the lower region of a gene. Compared with the
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CRISPR-Cas technology, EMS-mediated technology leads to a
high number of background mutations. This feature is an obvious
shortcoming. Numerous backcrossing are required in the devel-
opment of an EMS-mutant line with a desired trait and reduced
background mutation load. CRISPR-Cas9 mutagenesis is clearly
superior in this matter because a desired mutation can be
incorporated into a genome without a background mutation load
(Karunarathna et al.,, 2020). The application of CRISPR-Cas9-
induced mutations in plant breeding is not hampered in countries
with less restrictive legislation, such as China, North America and
Australia, where CRISPR-Cas9-mediated plants have not been
classified as genetically modified organisms. In this context, we
hope that osopr7 male-sterile lines will be widely used in hybrid
seed production in the near future.

Experimental procedures

Plant growth and vector construction for targeted gene
mutation

Seeds of Oryza sativa L. cv. Zhonghual1 (ZH11) was sown in
soil and kept in a greenhouse under light for 16 h at 28 °C
and in darkness for 8 h at 23 °C. The ZH11 rice was cultured
in suspension according to our previous description (Guo et al.,
2016). The structure of the OsOPR7 gene and the targeted
sites for mutagenesis are illustrated in Figure 6a. The vector
used for rice transformation was VK005-01. The components
between the right border and left board of VK005-01 are
shown in Figure 6b (Viewsolid Biotech Company Ltd., Beijing,

China; https://geneeditorlab.com/). The mpCas9 gene driven by
the Ubi promoter and a single-guide RNA (SgRNA) driven by
the rU6 promoter targeting Exon 2 and Exon 4 of OsOPR7
gene (GenBank Accession no AP004707.4, http://rice.plantbiol-
ogy.msu.edu/) were connected to each other (Figure 6¢).
Primers for amplifying DNA fragments from the target
sequences in Exon 2 and Exon 4 for the confirmation of the
correct mutagenesis of OsOPR7 in rice were designed and
synthesized (Sangon Biotech, Shanghai, China; http://www.sa
ngon.com/; Table S1). Competent cells (50 pl; strain DH5a,
E. coli) were transformed by heat shock after 5-10 uL of the
vector solution was added. E. coli clones containing the
designed molecular construct were selected in an LB culture
with kanamycin and verified through PCR and nucleotide
sequencing. The primer 5-GATGAAGTGGACGGAAGGAAG-
GAG-3 was used according to the protocols for the VK005-
01 vector.

Construction of phylogenetic tree and analysis of
orthologous OPR genes

The genomic and coding sequences of 24 OPRs were retrieved
from the National Center for Biotechnology Information (https://
www.ncbi.nlm.nih.gov/). A maximum-likelihood tree was con-
structed based on the alignment of 24 OPR coding sequences
with ClustalW program, and 1000 bootstrap replicates were
used. The structures of the OPR genes were depicted with Gene
Structure Display Server (GDSD 2.0, http://gsds.cbi.pku.edu.cn/,
Hu et al., 2015).
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Figure 6 Construction of vectors for 5 ’
induced mutagenesis in rice. (a) Structure
of OsOPR7 and targeted sites for
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Generation of transgenic plants and genotyping for the
desired mutants

The transformation of rice calli was carried out according to our
previous described method (Guo et al., 2016). Rice calli were
selected after they had been cultured on media containing
50 mg/L hygromycin for 4 weeks. Surviving calli were transferred
to another media for the regeneration of transgenic plants. After
2-3 months of cultivation, the resulting transgenic seedlings
were transferred to a paddy field during the rice growing season.
DNA was extracted from each transgenic rice plant through the
cetyltrimethyl ammonium bromide (CTAB) method (Rowland and
Nguyen, ). All the induced mutants were verified through PCR,
and gene-specific primer pairs (Table S1) were used. Then, the
mutants were confirmed by sequencing the PCR products after
they were cloned into pMD18T vectors (Takara, Dalian, China).
Target genes were detected for mutations by aligning the
sequenced fragments with the reference sequences of the
respective wild-type control (ZH11). Heterozygous (wild-type/
single mutation), biallelic (two distinct variants) and homozygous
(single mutation/single mutation) mutations were identified by
using primers (Table S1) for decoding the mutant allelic
sequences of target regions through the degenerate sequence
decoding method (Liu et al., 2015; Ma et al., 2015; Xie et al.,
2017).

Observation of anther dehiscence and pollen viability

The young osopr7 plants of the To, Ty and T, were divided into
two plants at the tilling stage. Half of the plants were grown for
the observation of anther sterility, and the other half were grown
for the observation of MeJA restoration (Figure S1).

The spikelet opening, filament elongation, anther dehiscence
and pollen viability of each induced rice mutant were inves-
tigated. The spikelets were classified into (i) anther indehis-
cence type, in which anthers protrude from spikelets, but did
not dehisce or dehisce at a delayed time. Pollens were viable,
but the number of pollens was lower than normal. Filament
elongated normally, and (ii) anther dehiscence type, where
anthers dehisce normally and release viable pollen, and
filament elongated normally. Pollen viability was examined by
KI-I2 solution staining at room temperature (Xu et al., 2017).
Pollen grains were collected from dehiscing anthers and placed
on slides, and photographs were obtained using microscopy
(Nikon Eclipse 80i).

Restoration of fertility by exogenous MeJA

The anther indehiscence osopr7 mutants were treated with
exogenous MelJA for fertility restoration. The wild-type ZH11 and
osopr7 spikes were tagged prior to booting. Three osopr7
panicles were sprayed with 500 um MeJA solution or sterile
water as control. The plants were sprayed three times each day
from 8:00 to 10:00 in the morning. The experiment was carried
out for 15 days. The number of fertile and sterile spikelet was
determined for each tagged spike for the determination of sterile
spikelet percentage.

Characterization of agronomic traits of the induced
mutants

The ZH11 plants and Ty to T, rice transgenic plants were grown in
paddy fields under normal growth conditions in Pyongyang, DPR
of Korea. Plant height, flag leaf length and width, number of
productive panicles, panicle length, number of grains per panicle,
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seed-setting rate and thousand seed weight of the To, Ty and T,
plants were measured at the rice maturation stage.

RT-qPCR analysis

The RNA samples of the leaves of rice transgenic T, plants were
extracted using TRIzol reagent (Invitrogen, California). The
housekeeping gene OsACTIN 1 was used as internal control.
The target genes were reverse-transcribed using 1 mg of RNA
and a mixture of primers specific to the genes and SQRNA. Gene-
specific and target-specific primers (Table S1) were used in RT-
gPCR according to the manufacturer’s instruction (iCycler iQ
thermocycler manual; Bio-Rad, Shanghai, China). A SYBR Green
kit (Takara, Japan) was used. Comparative quantification of
transcripts was performed using the AACT method (Pak et al.,
2009).

Statistical analysis

Baseline and threshold cycles (CT value) were automatically
determined using the Bio-Rad iQ Software (version 3.0). The
relative amount of expressed RNA was calculated according to
the method of Pak et al. (2009). Data were classified using Win-
Excel and analysed using one-way analysis of variance (ANOVA),
which was performed on SPSS (version 8.0). Comparisons
between treatment means were made using Duncan’s multiple
range test at a level of P < 0.05.
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