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Dear Editor,

Genome editing of model organisms is essential for 
gene function analysis and is thus critical for human 
health and agricultural production. The current technolo-
gies used for genome editing include ZFN (zinc-finger 
nuclease), meganucleases, TALEN (Transcription activa-
tor-like effector nucleases), etc. [1]. These technologies 
can generate double stranded breaks (DSBs) to either 
disrupt gene function through generation of premature 
stop codons by non-homologous end joining (NHEJ) 
pathway, or to facilitate gene targeting through homolo-
gous recombination (HR) with an incoming template. 
Recently, a new technology for genome editing, CRISPR 
(Clustered Regularly Interspaced Short Palindromic Re-
peats)/Cas (CRISPR-associated) systems, has been de-
veloped [2]. CRISPR/Cas systems are adaptive defense 
systems in prokaryotic organisms to fight against alien 
nucleic acids [3]. The spacer sequences acquired from 
foreign DNA are positioned between host repeats, and 
transcribed together as CRISPR RNA (crRNA). In the 
type II CRISPR system, a single nuclease Cas9, guided 
by a dual-crRNA:tracrRNA, is sufficient to cleave cog-
nate DNA homologous to the spacer [2]. Efficient cleav-
age also requires the presence of protospacer adjacent 
motif (PAM) 5′-NGG-3′ following the spacer sequence. 
The dual-crRNA:tracrRNA has been further streamlined 
to a single RNA chimera, called sgRNA (single guide 
RNA) [2]. Compared with protein-guided technologies, 
CRISPR/Cas system is much easier to implement, as 
only short guide RNAs need to be customized to target 
the genes of interest. Up to now, the CRISPR/Cas sys-
tem has been successfully applied to efficient genome 
editing in many eukaryotic organisms including human 
[1], mice [4], zebra fish [5], fly [6], worm [7], and yeast 
[8]. However, the application of CRISPR/Cas system in 
plants has not been reported. Rice (Oryza sativa L.) is 
a major staple crop in the grass family (Poaceae), feed-
ing half of the world’s population. Rice is also used as a 
model monocot plant for biological studies because it has 
a relatively small genome compared to other cereal crops 
and is easy to be manipulated genetically. We demon-
strate in this study that the CRISPR/Cas technology can 

achieve efficient targeted mutagenesis in transgenic rice. 
Our work paves the way for large-scale genome editing 
in rice, which is important for quality improvement and 
yield increase of rice. 

To accommodate the CRISPR/Cas system to Agro-
bacterium-mediated plant transformation, we designed 
GatewayTM binary T-DNA vectors for co-expression 
of CAS9 and guide RNA (either sgRNA or dual-
crRNA:tracrRNA, see Figure 1A). Gene-specific spacer 
sequence was cloned into entry vectors for expression of 
guide RNA (Supplementary information, Figure S1 and 
Data S1), which was then cloned into destination vec-
tors containing the CAS9 expression cassette. To recon-
stitute Cas9 ribonucleoprotein complex in the nucleus, 
Cas9 was attached with a nuclear localization signal, and 
guide RNAs were driven by pol III type promoter of U3 
snRNA. CAS9 coding sequence was codon-optimized for 
expression in rice (Supplementary information, Figure 
S2), and was driven by the maize Ubiquitin (Ubi) pro-
moter. To facilitate Cas9 binding and R-loop formation, 
we chose the sgRNA with the secondary structure con-
taining a dangling spacer, an extended hairpin region and 
a long 3′ end (Figure 1B).

To test whether the CRISPR/Cas system can be ap-
plied in plant cells, we first investigated whether the sys-
tem can generate DSB in rice callus using the DGU.US as 
a reporter (Supplementary information, Figure S3). GUS 
activity can be restored through single strand annealing 
(SSA) upon DNA cleavage between the repeat regions 
in the DGU.US reporter [9] (Figure 1C). We designed 
both sgRNA and dual-crRNA:tracrRNA to target the re-
porter. The result showed that strong GUS staining spots 
were detected in rice calli after the CRISPR/Cas system 
and the reporter were co-transformed through particle 
bombardment, whereas no GUS signal was observed in 
those transformed with the reporter alone (Figure 1D). 
Both sgRNA and dual-crRNA:tracrRNA were effective 
in this assay, indicating that pre-crRNA can be properly 
processed in rice (plant) cells. 

To further test whether the CRISPR/Cas technology 
can be used to specifically disrupt an endogenous gene in 
rice, we designed sgRNAs and dual-crRNA:tracrRNAs 
targeting either the second exon of the CHLOROPHYLL 
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A OXYGENASE 1 (CAO1) gene or the third exon of 
the LAZY1 gene, and transformed them into Kitaake, 
a japonica rice variety with short life cycle [10]. The 
seedlings of the loss-of-function mutant cao1 show a 
pale green leaf phenotype due to defective synthesis 
of Chlorophyll b (Chl b), which is easily observed at 
an early developmental stage, whereas the la1 mutant, 
loss-of-function mutant of LAZY1 gene, exhibited a pro-
nounced tiller-spreading phenotype that can be observed 
after tillering stage [11]. We obtained 30 independent 
transgenic lines for sgRNA construct and 45 lines for 
dual-crRNA:tracrRNA construct for the CAO1 gene. We 
found that some transgenic plants displayed pale green 
leaf blades (Figure 1E), and we conducted genotyping 
analysis on these lines using gene-specific primers. The 
result showed that either loss of peak/gain of peak or 
overlapping peak around the target site was observed in 
the sequencing chromatograms (Figure 1F and Supple-
mentary information, Figure S4), which confirmed mu-
tations in the CAO1 gene. The occurrence of indels at 
3-4-bp upstream of PAM is consistent with the location 
of Cas9 cleavage site. We randomly selected transgenic 
lines with biallelic mutation, and measured the contents 
of Chl a and Chl b [12]. The result showed that Chl b 
content was reduced to a marginal level, consistent with 
the cao1 phenotype (Figure 1G). We obtained only 12 
independent transgenic lines for sgRNA construct for 
LAZY1 gene. Sequencing analysis showed that 11 out of 
12 lines bear mutations in the specific region of LAZY1 
gene, confirming the disruption of LAZY1 gene (Figure 
1H and Supplementary information, Figure S5). Appear-
ance of tiller-spreading phenotypes in 6 homogenous mu-
tation lines further supported the conclusion (Figure 1I). 
Notably, in the case of sgRNA, about 83.3% and 91.6% 
of the independent lines of the T1 transgenic rice beared 
mutations in CAO1 and LAZY1, respectively, among 

which 4 lines (13.3%) for CAO1 and 6 lines (50%) for 
LAZY1 beared biallelic mutations (Supplementary infor-
mation, Table S1). These results indicate that transgenic 
rice with mutated gene of interest can be easily generated 
in the T1 generation by using CRISPR/Cas technology, 
and that the high efficiency of targeted mutagenesis can 
be achieved in different genes. This high efficiency is 
possibly due to the unique feature of the CRISPR/Cas 
system, i.e., different from ZFN or TALEN, Cas9-medi-
ated cleavage tolerates DNA methylation [13]. This gives 
the CRISPR/Cas technology leverage for genome editing 
in plants with high GC content in the genome such as 
rice. It seems that sgRNA constructs generate targeted 
mutagenesis more efficiently than dual-crRNA:tracrRNA 
constructs (Supplementary information, Table S1), the 
mechanism of which needs to be investigated in the 
future. To facilitate selection of spacers to target other 
rice genes, we also used criteria reported recently, which 
exclude potential mismatches of the first 8 nucleotides 
of the 20-nt spacer region and leaky activity on 5′-NAG-
3′ PAM [8], and designed more than 3.6 million spacers 
(Supplementary information, Data S2).  

We showed that transgenic rice with mutations in spe-
cific genes could be generated through the CRISPR/Cas 
technology in a straightforward manner. Our strategy for 
vector construction is modular, efficient, and expandable 
for multiplex gene editing. Because dual expression of 
pre-crRNA:tracrRNA can be correctly processed in the 
plant cells although the mutagenesis efficiency is rela-
tively low in the two genes that we tested (Figure 1 and 
Supplementary information, Table S1), the entry vectors 
that we designed has the potential to host two sgRNAs 
or multiple spacers, in an array of crRNA. The facile ge-
nome editing at specific sites in rice will speed up func-
tional characterization of rice genes, especially for those 
genes with family members, and will greatly promote 

Figure 1 Targeted mutagenesis in rice using CRISPR-Cas system. (A) Schematic diagram of the vectors used in this study. 
CAS9 is cloned into the destination vector. Guide RNAs are cloned into entry vectors. Modular design of vectors permits 
multiplex genome editing. (B) Schematic showing the folding of sgRNA and co-folding of crRNA and tracrRNA. Spacer 
sequences for targeting DGU.US or CAO1 are also shown. The long hairpin and long tail are used to maintain structural 
stability. (C) Schematic representation of the DGU.US system to detect the generation of DSB. DSB generated by Cas9 
between the direct repeats (U) can be repaired through SSA, thus restoring the GUS function. PAM is underlined. (D) GUS 
staining after co-transformation of DGU.US with (left) or without the CRISPR construct (right). Scale bar, 0.5 mm. (E) Leaf 
blade of wild type (WT) and transformants with cao1 phenotype. (F) Targeted mutagenesis of CAO1 gene. The position of 
target site is shown on the gene structure. The spacer sequence is shaded in gray, and the PAM is underlined. Sequencing 
results of mutant alleles are aligned to the reference genome sequence. The indels are shown in red letters or dashes. The 
sequence of the 92-bp insertion in CAO1 gene is 5′-TCG TTC CCT TTC ATC AAG TGG GTA AGG TAG GCG AAC CAC TTA 
AGC TTT GCC CCC CAC CTC CTT TGG GGA TCC CTA CTT ACC CGA GCT TCC GG-3′. (G) Chlorophyll analysis in WT 
and transgenic plants. (H) Targeted mutagenesis of LAZY1 gene. The position of target site is shown on the gene structure. 
The spacer sequence is shaded in gray, and the PAM is underlined. Sequencing results of mutant alleles are aligned to the 
reference genome sequence. The indels are shown in red letters or dashes. (I) Tiller angle comparison between WT and 
transgenic plant.
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the effort to improve rice quality and yield through agri-
cultural biotechnology. The compiled list of the specific 
spacers for each gene in rice genome will also help to 
accelerate the application of the CRISPR/Cas system in 
rice. Further work will be focused on whether the CRIS-
PR/Cas system can be applied successfully to other cere-
als with bigger and more complicated genomes such as 
maize and wheat. Meanwhile, further modification of the 
CRISPR/Cas system, e.g., removal of the components of 
the CRISPR/Cas system after the target genes are mutat-
ed, will promote the application of this new technology 
in agriculture.

Acknowledgments

This work was supported by the National Basic Research Pro-
gram of China (2011CB100101 and 2009CB941503) and National 
Transformation Science and Technology Program (2011ZX08009-
002 and 2011ZX08010-04).

Jin Miao1, *, Dongshu Guo1, *, Jinzhe Zhang1, *, 
Qingpei Huang1, *, Genji Qin1, *, Xin Zhang2, 
Jianmin Wan2, Hongya Gu1, Li-Jia Qu1, 3

1State Key Laboratory for Protein and Plant Gene Research, Peking-Tsin-
ghua Center for Life Sciences, College of Life Sciences, Peking University, 
Beijing 100871, China; 2National Key Facility for Crop Gene Resources 
and Genetic Improvement, Institute of Crop Science, Chinese Academy of 
Agricultural Sciences, Beijing 100081, China; 3The National Plant Gene 

Research Center (Beijing), Beijing 100101, China
*These five authors contributed equally to this work.
Correspondence: Li-Jia Qu 
Tel: +86-10-62753018; Fax: +86-10-62753339
Email: qulj@pku.edu.cn

References

1  Horvath P, Barrangou R. Cell Res 2013; 23:733-734.
2 Jinek M, Chylinski K, Fonfara I, et al. Science 2012; 337:816-821.
3 Barrangou R, Fremaux C, Deveau H, et al. Science 2007; 315:1709-

1712.
4 Shen B, Zhang J, Wu H, et al. Cell Res 2013; 23:720-723.
5 Chang N, Sun C, Gao L, et al. Cell Res 2013; 23:465-472.
6 Yu Z, Ren M, Wang Z, et al. Genetics 2013; 195:289-291. 
7 Friedland AE, Tzur YB, Esvelt KM, et al. Nat Methods 2013; 10:741-

743.
8 DiCarlo JE, Norville JE, Mali P, et al. Nucleic Acids Res 2013; 

41:4336-4343.
9 Orel N, Kyryk A, Puchta H. Plant J 2003; 35:604-612.
10 Ma X, Cheng Z, Qin R, et al. Plant J 2013; 73:190-200.
11 Li P, Wang Y, Qian Q, et al. Cell Res 2007; 17:402-410.
12 Xing S, Miao J, Li S, et al. Cell Res 2010; 20:688-700.
13 Hsu PD, Scott DA, Weinstein JA, et al. Nat Biotechnol 2013; 31:827-

832.

(Supplementary information is linked to the online version of 
the paper on the Cell Research website.)
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