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The clustered regularly interspaced short palindromic repeats (CRISPR)-associated endonuclease 9 (CRISPR/Cas9) system has
emerged as a promising technology for specific genome editing in many species. Here we constructed one vector targeting eight
agronomic genes in rice using the CRISPR/Cas9 multiplex genome editing system. By subsequent genetic transformation and
DNA sequencing, we found that the eight target genes have high mutation efficiencies in the T0 generation. Both heterozygous and
homozygous mutations of all editing genes were obtained in T0 plants. In addition, homozygous sextuple, septuple, and octuple
mutants were identified. As the abundant genotypes in T0 transgenic plants, various phenotypes related to the editing genes were
observed. The findings demonstrate the potential of the CRISPR/Cas9 system for rapid introduction of genetic diversity during
crop breeding.
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INTRODUCTION
Mutants are crucial for studying gene function and crop
breeding. The traditional artificial mutations are usually
created by ethyl methanesulfonate mutagenesis, irradiation
mutagenesis, and transfer DNA insertion. However, these
methods cause random mutagenesis in the genome, thereby
necessitating laborious and time-consuming identification of
mutated genes for further study.
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Over the past decade, new technologies collectively re-
ferred to as genome editing have emerged (Li et al., 2011;
Wood et al., 2011; Shan et al., 2013), which include the
zinc finger nuclease technology, transcription activator-like
effector nuclease technique, and type II clustered regularly
interspaced short palindromic repeat (CRISPR)-associated
endonuclease 9 (CRISPR/Cas9) systems. Of these, the
CRISPR/Cas9 system, which is developed from the micro-
bial adaptive immune system, is the most widely used. This
system has two crucial components: a Cas9 protein and a
single-stranded guide RNA (sgRNA), which is designed
by fusing a CRISPR RNA (crRNA) and a trans-activat-
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ing crRNA. The sgRNA is used to recognize alternative
DNA sequences with a short protospacer adjacent motif
based on base pairing and then guiding the Cas9 nucle-
ase to cleave the DNA sequences of interest. The DNA
double-strand breaks due to the cleavage caused by Cas9
nuclease can induce various mutations via the error-prone
non-homologous end-joining pathway or the homology-di-
rected repair pathway. Mutations, such as base insertions,
deletions, and substitutions may induce frame shift, resulting
in loss-of-function mutants.
The generation of multiple gene mutations is required for

investigating the relationship among several related genes
and the function of gene families (Ma et al., 2015b; Li et al.,
2016; Shen et al., 2016; Zhang et al., 2016). To date, vari-
ous multiplex CRISPR/Cas9 systems have been developed in
many organisms (Generoso et al., 2016; Liu et al., 2016; Ma
and Liu, 2016; Ma et al., 2016; Qi et al., 2016; Sakuma et al.,
2016; Wang et al., 2016). These systems use different strate-
gies to integrate multiple sgRNA and Cas9 expression cas-
settes into a single binary vector. The most popular strategy
used for assembling the vector relies on the Golden Gate lig-
ation or Gibson assembly methods (Patron, 2014; Xing et al.,
2014; Casini et al., 2015; Ma et al., 2015b). Previously, we
developed a simple system for multiplex genome editing us-
ing the classical isocaudamer technique (Wang et al., 2015a).
This simple system can theoretically be used for simultane-
ous editing of an unlimited number of genes.
With the availability of rice genome sequence, many

agronomic genes have been identified in rice. In the present
study, we aimed to modify eight agronomic genes using the
CRISPR/Cas9 multiplex genome editing system in rice. Our
results show that eight agronomic genes can be simultane-
ously modified in one generation by a single transformation
in rice. In addition, mutants with various gene combinations
were simultaneously obtained. As generating population
diversity for selection is one of the main pursuits during crop
breeding, the results provide a strategy trial for rapid gener-
ation of various genetic materials using the CRISPR/Cas9
system.

RESULTS

CRISPR/Cas9 multiplex-genome editing system for eight
gene targeting in rice

Previously, we performed CRSIPR/Cas9-mediated QTL edit-
ing and unexpectedly found that the same QTLs can have
highly varied, even opposing, yield performance in different
rice varieties (Shen et al., 2016). We therefore randomly se-
lected eight agronomic genes for the present study, namely
BADH2 (betaine aldehyde dehydrogenase 2), DEP1 (dense
and erect panicle 1),Gn1a (grain number),QTL (major quan-
titative trait loci), GS3 (for grain length and weight), GW2

(major QTL associated with rice grain width and weight),
Hd1 (heading date 1), EP3 (ERECT PANICLE), and LPA1
(loose plant architecture 1). Five of these eight genes (DEP1,
EP3,Gn1a,GS3, andGW2) are related to rice yield, one gene
(LPA1) regulates the plant architecture, and BADH2 and Hd1
have a relationship with rice fragrance and photoperiod, re-
spectively.
To improve plant panicles, we selected three panicle-re-

lated genes, namely DEP1, EP3, and Gn1a, for genome edit-
ing. Previous research revealed that mutations in DEP1 and
EP3 show improved panicle architecture (Huang et al., 2009;
Piao et al., 2009; Zhou et al., 2009; Yu et al., 2015), and mu-
tation of Gn1a led to an increased grain number per panicle
(Ashikari et al., 2005). We used the CRISPR/cas9 system
to target DEP1 (15–36 bp in the first exon in complemen-
tary DNA (cDNA)), EP3 (261–282 bp in the first exon in
cDNA), and Gn1a (322–343 bp in the first exon in cDNA)
(Figure 1A‒C, respectively). Besides the plant panicles, the
grain size is also an important component for grain yield. In
the present study, we examined two widely used QTLs, GS3
and GW2. GS3 mutants display longer grain length (Fan et
al., 2006; Mao et al., 2010), and the mutants of GW2 show
wider grain size and enhanced 1,000-grain weight (Song et
al., 2007); therefore, GS3 and GW2 were chosen for creat-
ing longer and wider seed size. We selected the targeting se-
quence starting from 97 to 118 bp from the ATG codon in the
genomic DNA for editing GS3 (Figure 1D) and the target se-
quence in the first exon (600–621 bp from the ATG codon
in the cDNA) for targeting GW2 (Figure 1E). Plant archi-
tecture is an important phenotypic parameter for developing
high yielding rice varieties. We selected the plant type-re-
lated gene LPA1; the loss-of-functionmutants of LPA1 exhibit
loose plant architecture (Wu et al., 2013). We targeted the se-
quence from 319 to 400 bp from the ATG codon in the second
exon (Figure 1F). To obtain the mutants with fragrance and
controlled growth period, we destroyed the other two genes,
BADH2 and Hd1 (Yano et al., 2000; Chen et al., 2008). The
target site of BADH2 contains the ATG codon in the genomic
DNA (Figure 1G) and that of Hd1 is located in the first exon
(251–272 bp from the ATG codon) (Figure 1H).
The technological process to construct the CRISPR/Cas9

vector for targeting eight genes simultaneously was
based on the conventional isocaudamer-based method
(Figure 2). Firstly, the eight target sequences were respec-
tively cloned to the intermediate vector called SK-gRNA.We
assembled four gRNAs into one intermediate vector (assem-
ble SK-gRNA-BADH2, SK-gRNA-LPA1, SK-gRNA-GS3
and SK-gRNA-Hd1 to SK-gRNA-BADH2-LPA1-GS3-Hd1;
assemble SK-gRNA-DEP1, SK-gRNA-Gn1a, SK-gRNA-
GW2, and SK-gRNA-EP3 to SK-gRNA-DEP1-Gn1a-GW2-
EP3). Subsequently, we assembled the two intermediate
vectors (SK-gRNA-BADH2-LPA1-GS3-Hd1 and SK-gRNA-
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Figure 1         Schematic diagram of the targeted sites in eight genes. A–H, The targeted sites are labeled in black uppercase letters. The initiation codons are
underlined twice. The protospacer adjacent motif (PAM) sequences are underlined once. The arrows show the regions around the editing sites.

Figure 2         Flow diagram of an octuple CRISPR/Cas9 system for multiplex gene editing in rice. The restriction sites used for cloning are labeled. BamH I+Bgl
II, Nhe I+Xba I, and Sal I+Xho I are isocaudamer pairs and are highlighted in blue, green, and yellow, respectively.

DEP1-Gn1a-GW2-EP3) into one intermediate vector with
eight target sites. Finally, the eight sgRNA modules were
digested with the  restriction enzymes for cloning into the
pC1300-Cas9 expression vector.

Editing efficiency of single target in rice protoplast

To determine whether the vectors have a function in editing

multiple genes using the CRISPR/Cas9 system, we co-trans-
formed the sgRNAs and Cas9 protein using the transient ex-
pression system in rice protoplast and found through the poly-
merase chain reaction (PCR)/restriction endonuclease (RE)
assay that all eight targeting sites were modified in rice pro-
toplast (Figure 3). By comparing the mutation efficiency at
the  BADH2  target  site  in  three  independent  vectors  (SK-
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Figure 3         PCR/RE assay of mutations at eight loci in rice protoplast. BADH2,DEP1,Gn1a,GW2,Hd1, EP3, LPA1, andGS3 products were digested withMscI,
NarI, MscI, T7E1, T7E1, HinfI, T7EI, and T7EI, respectively. Lane M, DNA marker. Lane 1, results of PCR/RE assay co-transformed in the single sgRNA
(SK-gRNA-BADH2 SK-gRNA-DEP1 SK-gRNA-Gn1a SK-gRNA-GW2 SK-gRNA-Hd1 SK-gRNA-EP3 SK-gRNA-LPA1, and SK-gRNA-GS3, respectively)
and Cas9 protein using the transient expression system in rice protoplast. Lane 2, results of PCR/RE assay co-transformed in the four sgRNAs (SK-gRNA-
DEP1-Gn1a-GW2-EP3 and SK-gRNA-BADH2-LPA1-GS3-Hd1, respectively) and Cas9 protein using the transient expression system in rice protoplast. Lane 3,
results of PCR/RE assay co-transformed in the eight sgRNAs (SK-gRNA-DEP1-Gn1a-GW2-EP3-BADH2-LPA-GS3-Hd1) and Cas9 protein using the transient
expression system in rice protoplast. Lane 4, results of PCR/RE assay co-transformed in the control sgRNA (SK-gRNA) and Cas9 protein by using the transient
expression system in rice protoplast.

gRNA-BADH2, SK-gRNA-BADH2-LPA1-GS3-Hd1, and SK- 
gRNA-DEP1-Gn1a-GW2-EP3-BADH2-LPA1-GS3-Hd1), we  
found that the BADH2 mutation efficiency is almost the
same in single gene knockout and multiplex genes knockout
by the transient expression system, and similar results
were obtained for the other seven genes (Figure 3),
indicating that the cascade of sgRNAs might not affect the
mutation rate of CRISPR/Cas9.

Characterization    of    targeted    editing    in    T0 rice
plants

The binary vector targeting eight genes was used for genetic
transformation. A total of 36 positive transgenic plants were
obtained in the T0 generation. To analyze themutations of tar-
geting sites, we sequenced eight target regions in all positive
transgenic plants. The mutagenesis efficiencies of the eight
targeting sites were 50%, 100%, 67%, 81%, 83%, 97%, 67%,
and 78% for EP3, GS3, GW2, BADH2, DEP1, Gn1a, LPA1,
and Hd1, respectively (Figure 4A). Moreover, we analyzed

the genotype in each target site and found that, besides GS3,
all the remaining seven genes have three genotypes, namely
homozygous mutation (including biallelic mutations), het-
erozygous mutation, and the wild type (WT) (Figure 4B). We
also found that the homozygous mutation efficiencies of four
genes (BADH2, Gn1a, GS3, and GW2) were >55%. More-
over, the heterozygous mutation efficiencies of eight genes
were <35% (Figure 4B). The varied mutation frequency and
mutation types at eight target loci led to differed genotypes
among transgenic plants.
In many cases, the generation of mutants containing dif-

ferent gene combinations is also required for genetic studies
or crop breeding. To analyze the diversity of multiple geno-
types in T0 plants, we statistically analyzed the combination
patterns of eight mutant genes. Of the 36 transgenic plants,
a total of 25 different genotypes were found, including dou-
ble mutations, quintuple mutations, sextuple mutations, sep-
tuple mutations, and octuple mutations (Table 1). Among
these mutants, we detected four homozygous mutants (one
homozygous sextuple mutant, one homozygous septuple mu-
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Figure 4         Characterization of targeted editing in T0 rice plants. A, Editing efficiencies of eight agronomic genes in T0 plants. B, Editing efficiencies of wild
type (WT), homozygous mutations, and heterozygous mutations in each gene. C, Numbers of plants with different mutation genes. D, Editing efficiencies of
off-target genes in T0 plants.

Table 1        Combination patterns of eight agronomic genesa)

Type of gene mutation Genotype No. of plants Sum
Double mutations AABBccDdEEFFGGHH 3 3

AabbccddEEffGGHH 2
aaBbCcddEEffGGHH 1
aaBBccddEEFFGgHh 2
AABbccddEEffGgHH 1
AABbccddEEffGGHh 1

Quintuple mutations

AABBCcDdeeffGGHh 1

8

aabbCcddeeffGGHH 1
aaBbCcddeeffGGHH 2
aabbccddeeFfGGHH 1
aabbccddeeffGGHH 1

Sextuple mutations

AaBbCCddEeFfGgHH 1

6

aabbccddEEffGgHh 1
aaBbccddEEFfGgHh 1
aabbccddeeFFGghh 2
aaBbccddEeFFGgHh 1
aabbccddeeFfGGhh 1
aabbccddeeffGGhh 1
aaBbccddeeFfGGhh 2

Septuple mutations

aabbccddeeffGGHh 1

10

AaBbccddEeFfGgHh 1
aabbccddeeFfGghh 4
aaBbccddEeFfGgHh 1
Aabbccddeeffgghh 2

Octuple mutations

AabbccddeeFfGgHh 1

9

a) The letters (a–h), represent BADH2, DEP1, Gn1a, GS3, GW2, Hd1, EP3, LPA1, respectively.
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tant, and two homozygous octuple mutants), and all the mu-
tated genes contained homozygous mutations (Figure 4C).
Therefore, one genetic transformation event resulted in many
gene mutation combinations in T0 generation plants.

Off-target events occurred at low frequency

Previous studies of many organisms revealed that off-target
mutations usually occur during CRISPR/Cas9-mediated
genome editing (Doench et al., 2016; Hu et al., 2016; Ma
et al., 2016); therefore, we analyzed the eight target sites
by National Center for Biotechnology Information (NCBI)
basic local alignment search tool (BLAST). We sequenced
all three potential off-target sites (BADH2, DEP1, and EP3),
and found that the rates of mutation were 0%, 11.1%, and
5.6%, respectively, which were much lower than those of
the normal eight target sites (Figure 4D and Table S1 in
Supporting Information).

Identification and phenotypic analysis of various mutants
generated by targeting multiplex genes

Using the CRISPR/Cas9 system, we obtained various com-
binations of gene knockout mutants. To investigate whether
the simultaneous multiplex gene mutants have the expected
functions, we examined these homozygous mutations com-
bined with the genetic phenotypes in the T0 generation.
Previous studies showed that plants with the natural vari-

ation in the fifth exon induced the premature stop in DEP1,
resulting in erect panicles with a shorter panicle length and in-
creased grain number per panicle (Huang et al., 2009; Zhou
et al., 2009). The loss of function mutants of EP3 exhib-
ited an increased number of inflorescence branches and in-
creased grain number per panicle (Piao et al., 2009; Yu et
al., 2015). The mutation of Gn1a resulted in enhanced grain
yield by increasing the grain number per panicle (Ashikari
et al., 2005). By sequencing the mutated regions of all 36
positive transgenic plants, we identified various mutations,
including insertions, deletions, and substitutions (Figure S1
in Supporting Information). We observed the panicles of mu-
tants with frame shift mutations, with the results showing that
the panicle length of the DEP1 and Gn1a co-mutation mu-
tant (mutant-1) showed an erect panicle and marginally de-
creased grain number, whereas the mutant-2 with modified
Gn1a showed an increased grain number (Figure 5).
Grain size-related gene GS3, which is a major QTL for

grain length and grain weight, was edited in the present study.
Mutants with the edited organ size regulation domain of GS3
showed the longer grain length during previous studies (Fan
et al., 2006; Mao et al., 2010). Compared with the WT, the
GS3 mutants had a significant increase in grain length (>8
mm) and enhanced grain weight (Figure 6A, C and E). The
grain size is also influenced by an additional major QTL,
GW2, which controls rice grain width and  weight  by  nega-

Figure 5         Comparison of panicle traits among Nipponbare (NIP), Mutant 1,
and Mutant 2. A, The morphology of the panicles of the NIP, Mutant 1, and
Mutant 2. Scale bar, 1 cm. B, Comparison of panicle length among NIP, Mu-
tant 1, andMutant 2. C, Comparison of grain number per panicle among NIP,
Mutant 1, and Mutant 2. Values in B and C are means±standard deviations
(SD), n=5. The genotype of mutant-1 and mutant-2 are aabbccddeeffgghh
and AABBccDdEEFFGGHH. The letters (a–h), represent BADH2, DEP1,
Gn1a, GS3, GW2, Hd1, EP3, LPA1, respectively.

tively regulating cell division. A previous study showed that
the loss-of-function mutants have increased grain width, in-
creased grain weight, and enhanced yield (Song et al., 2007).
We found that mutation of the GW2 gene had wider seed size
and increased 1,000-grain weight (Figure 6B, D and E), sim-
ilar to the natural mutants.
We examined the rice gene LPA1, which determines plant

architecture by regulating tiller and leaf angle (Wu et al.,
2013). We found that plants with modified LPA1 in our
study exhibited exaggerated tiller angles and lamina angles
(Figure 7), which is similar to the loose plant architecture
phenotype observed in a previous study.
In addition to these genes related to rice yield, we also

examined two other genes, BADH2 and Hd1. The grains
of mutants with destroyed BADH2 have a characteristic
fragrance (Chen et al., 2008). In addition, the modified QTL
gene Hd1 (response to photoperiod) should have delayed
heading date under short-day conditions in previous studies
(Yano et al., 2000). We detected the mutants by smelling
the treated leaves, which is a very easy method reported
previously (Sood and Sidiq, 1978). The detected leaves with
fragrance were from the loss-of-function mutants, broadly
in line with what we expected. Because the mutated plants
were not handled with a different photoperiod, the heading
date of mutants showed no difference from the WT.

DISCUSSION

The CRISPR/Cas9 system has been widely used in genome
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Figure 6         Comparison of seed size among Nipponbare (NIP), Mutant 3, and Mutant 4. Aand B, Grain shape of the NIP, Mutant 3, and Mutant 4. Scale bar, 1
cm. C, Comparison of grain length among NIP, Mutant 3, and Mutant 4. D, Domparison of grain width among NIP, Mutant 3, and Mutant 4. E, Comparison of
1,000-grain weight among NIP, Mutant 3, and Mutant 4. Values in C, D, and F are means±standard deviation (s.d.), n=20,and three replicates. The genotype
of mutant-3 and mutant-4 are aabbccddeeffgghh and aaBBccddEEFFGgHh. The letters (a–h), represent BADH2, DEP1, Gn1a, GS3, GW2, Hd1, EP3, LPA1,
respectively.

editing in many species due to its simplicity and high effi-
ciency (Ma et al., 2015b; Generoso et al., 2016; Ma et al.,
2016; Qi et al., 2016; Sakuma et al., 2016). In the present
study, we showed that the CRISPR/Cas9 system can be suc-
cessfully used to edit simultaneously eight agronomic genes
by a single genetic transformation. Previous studies have re-
ported that the repeat sequence could induce recombination
of genes, which would result in gene silence (Fukuma et al.,
2016; Mitsuda and Shimizu, 2016). In our research, the eight
SK-gRNAs had the same promoter and structure sequences.
However, we observed high mutation efficiencies at all eight
genes in the T0 generation. In addition, we detectedmutations
in eight genes in the transient expression system. Both re-
sults indicate that recombination between sgRNAs, if present,
might not be sufficiently high to affect the implication of the
CRISPR/Cas9 system.
Mutants are important for studying genes related to crop

breeding. To date, a number of agronomic genes have
been reported in different rice varieties and some have been
widely used in rice breeding (Cho et al., 1994; Monna et
al., 2002; Spielmeyer et al., 2002; Ashikari et al., 2005; Fan
et al., 2006; Song et al., 2007; Miura et al., 2010; Jiang et
al., 2013; Wang et al., 2015b; Si et al., 2016). However,
the consolidation of several optimal genes from different
rice varieties into one improved variety could pose a chal-
lenge. In the present study, the three panicle-related genes
(DEP1, EP3, and Gn1a), two grain size related genes (GS3
and GW2), one plant architecture-related gene (LPA1), one
fragrance gene (BADH2), and a photoperiod-related gene
(Hd1) were co-edited in the Nipponbare background using
the CRISPR/Cas9 system. The three panicle-related genes
commonly function to increase grain number per panicle,
as previously reported, and the dep1 and the ep3 mutants

display an erect panicle and larger panicle, respectively.
We observed the phenotype of enhanced grain number in
gn1a mutants, as expected. The dep1 mutant in Nipponbare
background displayed an erect panicle; however, the grain
number was not increased and the setting percentage was
low, probably caused by severe mutation of the DEP1 gene
in our study. For the grain size-regulating genes (GS3,GW2),
we obtained mutants with larger grain size, in accordance
with the natural mutants of GS3 and GW2. We found that
the gs3 mutants had a longer grain length than that of the
GS3 and GW2 co-mutation mutant, and the width of the gs3
mutant was shorter than that of the GS3 and GW2 co-muta-
tion mutant (Figure 7). The results show that GW2 may have
negative functions in the regulation of GS3 function. For the
plant architecture gene LPA1, the mutant in our study showed
loose plant architecture similar to the phenotype reported
before (Wu et al., 2013).
In conclusion, by a single genetic transformation, not only

did we generate plants containing mutations in eight agro-
nomic genes but also created mutants with various gene com-
binations in the T0 generation. Moreover, both homozygous
and heterozygous genotypes at eight genes were obtained.
Thus, a population with higher phenotype diversity will be
segregated out during the next generation. As generating pop-
ulation diversity for selection is one of the main pursuits dur-
ing breeding, the work provides a strategy for rapid introduc-
tion of genetic diversity during crop breeding.

MATERIALS AND METHODS

Plant materials and growth conditions

The background of transgenic plants is Nipponbare and all the
rice plants  were  grown  in  the  paddy  fields  of  the  China
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Figure 7         Phenotypes of plants with different gene combinations. A–F,
Nipponbare (NIP). The letters (a–h), up from the plants represent BADH2,
DEP1, Gn1a, GS3, GW2, Hd1, EP3, LPA1, respectively. Lowercase letters
represent the modifed genes, whereas the uppercase letters indicate the nor-
mal genes. Scale bar, 10 cm.

National Rice Research Institute in Hangzhou, China during
normal rice growing seasons.

Measurements of agronomic traits

Harvested rice was dried at 42°C for 2 days and stored at room
temperature before testing. A total of 20 randomly chosen full
filled seeds were used to measure grain length, grain width,
and grain weight in the laboratory.

Plasmid construction

The eight target sites were designed for knock out of eight
genes using the CRISPR/Cas9 system. The plasmid trans-
ferred into Agrobacterium was constructed by the isocau-
damer ligationmethod, as previously described. The sgRNAs
ofDEP1 (digested withKpn I/Xho I),Gn1a (digested with Sal
I/Xba I), GW2 (digested with Nhe I/BamH I), and EP3 (di-
gested with Kpn I/Bgl II) were assembled into one intermedi-
ate vector. Similar methods were used to assemble BADH2,
LPA1, GS3, and Hd1 into one intermediate vector. The two
intermediate sgRNAs were assembled into one vector with
eight sgRNAs, following which this intermediate vector (di-
gested with Kpn I/Bgl II) was assembled to the pC1300-Cas9
binary vector (digested with Kpn I/BamH I). The target se-
quences are provided in Table S2 in Supporting Information.

Agrobacterium-mediated rice transformation

The pC1300-Cas9 binary vector loading eight sgRNAs was
used for genetic transformation via the Agrobacterium-medi-
ated transformation (strain EHA105) method for generating
transgenic rice, according to previously-described methods
(Hiei et al., 1994).

Detection of mutations

Genomic DNA of transgenic plants was extracted from ap-
proximately 100 mg leaf tissue of rice via the cetyltrimethy-
lammonium bromide (CTAB) method. PCR was conducted
with KOD FX DNA polymerase (Toyobo, Japan) to amplify
the fragments surrounding the eight target sites. The DNA
fragments were sequenced by the Sanger method and ana-
lyzed by the degenerate sequence decoding method (Ma et
al., 2015a).

Transient expression of the CRISPR/Cas9 system in rice
protoplasts

Isolation of rice protoplasts was performed by the enzyme hy-
drolysis method (Shan et al., 2014). Transfection of the rice
protoplast was performed by the polyethylene glycol-PEG-
calcium method. A total of 20 μg total plasmids were used
for each reaction. The transfected rice protoplasts were incu-
bated in the dark at 28°C for 48 h.

PCR/RE assays

Genomic DNA of rice protoplasts was extracted by the CTAB
method. PCR amplification of DNA sequences around the
targeting sites was performed using KOD FX DNA Poly-
merase. PCR products were then digested by the appropriate
restriction enzymes to analyze the mutagenesis efficiency.

Fragrance determination

Fragrance determination of rice leaveswas conducted accord-
ing to previously described methods (Sood and Sidiq, 1978).
Approximately 0.5 g green leaves of rice tillering stage were
sliced into sections and placed into 2 mL Eppendorf tubes.
Each tube was incubated with 1.7% KOH solution at room
temperature for 10 min, following which at least three people
were asked to grade the fragrance by smelling.
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