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In CRISPR/Cas9 (clustered regularly interspaced short palin-
dromic repeat/CRISPR-associated protein 9)-mediated
genome editing in plants, Streptococcus pyogenes Cas9
(SpCas9) protein and the required guide RNA (gRNA) are,
in most cases, expressed from a stably integrated transgene.
Generally, SpCas9 protein is expressed from an RNA poly-
merase (pol) II promoter, while gRNA is expressed from a pol
III promoter. However, pol III promoters have not been
much characterized other than in model plants, making it
difficult to select appropriate promoters for specific appli-
cations, while pol II transcripts have to be processed to gen-
erate functional gRNAs. Recently, successful processing of a
pol II transcript into functional gRNAs using ribozyme or
Csy4-RNA cleavage systems has been demonstrated. Here,
we show that functional gRNAs can be efficiently processed
using SpCas9 protein and plant endogenous RNA cleavage
systems without the need for a specific RNA processing
system. In our system, SpCas9 RNA and gRNA are both tran-
scribed as a single RNA using a single pol II promoter; trans-
lated SpCas9 protein can be bound to this RNA and, finally,
extra RNA sequences are trimmed by plant RNA processing
systems to form a functional SpCas9–gRNA complex. The
efficiency of targeted mutagenesis using our novel SpCas9–
gRNA fused system was comparable with that of the
SpCas9–gRNA system with ribozyme sequence, achieving
rates of up to 100% in rice. Our results could be useful in
developing stable SpCas9–gRNA expression systems and
in RNA virus vector-mediated genome editing systems in
plants.
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Abbreviations: CaMV, Cauliflower mosaic virus; CAPS,
cleaved amplified polymorphic sequence; Cas9, CRISPR-asso-
ciated protein 9; CRISPR, clustered regularly interspaced short
palindromic repeat; crRNA, CRISPR RNA; DL, DROOPING
LEAF; DMC1A, DISRUPTED MEIOTIC cDNA 1 A; GFP, green
fluorescent protein; gRNA, guide RNA; HPT, HYGROMYCIN,
PHOSPHOTRANSFERASE; PAM, protospacer adjacent motif;
PDS, PHYTOENE DESATURASE; pol, RNA polymerase; RGR,
ribozyme–gRNA–ribozyme; tracrRNA, trans-activating
CRISPR RNA; YSA, YOUNG SEEDLING ALBINO.

Introduction

Recent years have seen an explosion in the use of CRISPR (clus-
tered regularly interspaced short palindromic repeats)/Cas9
(CRISPR-associated protein 9) as a genome editing tool in vari-
ous organisms, including bacteria, yeast, animals and plants
(Jinek et al. 2012, Cho et al. 2013, Cong et al. 2013, DiCarlo
et al. 2013, Hwang et al. 2013, Jiang et al. 2013, Jinek et al.
2013, Bortesi and Fischer 2015, Ma et al. 2016). The CRISPR/
Cas9 system requires two elements: (i) a Cas9 protein contain-
ing a nuclease domain, expressed from an RNA polymerase II
(pol II) promoter that can drive tissue-specific or inducible gene
expression; and (ii) a guide RNA (gRNA) that provides sequence
specificity to the target DNA and is expressed from an RNA
polymerase III (pol III) promoter that usually drives the ubiqui-
tous expression of this small RNA in all tissues. However, the pol
III promoters of many organisms have not been characterized,
making it difficult to choose appropriate promoters for CRISPR/
Cas9-mediated targeted mutagenesis. Thus, pol III promoters
such as those of the U6 small nuclear RNA gene from
Arabidopsis thaliana or rice (AtU6-26 or OsU6-2, respectively)
are often chosen to express gRNAs because these promoters are
among the few known to be suitable for the transcription of
small RNAs (Li et al. 2013, Nekrasov et al. 2013, Shan et al. 2013,
Bortesi and Fischer 2015).

Extra nucleotides added to the 50 and 30 end of a gRNA have
a negative effect on gRNA function (Hsu et al. 2013, Mali et al.
2013). Thus, the expression of multi-gRNAs from a single pol II
promoter requires RNA processing of primary transcripts to
form independent functional gRNAs. Among the processing
machineries used to generate functional gRNAs, there have
been several reports of successful CRISPR/Cas9-mediated tar-
geted mutagenesis using ribozyme, Csy4 and tRNA processing
systems (Raitskin and Patron 2015, Lowder et al. 2016, Schwartz
et al. 2016). Gao et al. reported CRISPR/Cas9-mediated targeted
mutagenesis using a ribozyme–gRNA–ribozyme (RGR) system
in yeast and Arabidopsis (Gao and Zhao 2014, Gao et al. 2015).
In the RGR system, the gRNA (driven by a pol II promoter) was
processed by site-specific self-cleavage of the ribozyme, creating
a functional gRNA. Using the RGR system, Yoshioka et al. (2015)
reported a mono-promoter-driven CRISPR/Cas9 system in
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mammalian cells (Yoshioka et al. 2015). Recently, a single tran-
script unit (STU) CRISPR/Cas9 system using the hammerhead
ribozyme was reported for CRISPR/Cas9 expression in plants
(Tang et al. 2016), while gRNAs transcribed by a pol II promoter
can be processed by the Csy4 endoribonuclease RNA cleavage
system in mammalian cells (Nissim et al. 2014). The Csy4 pro-
cessing system utilizes the CRISPR type III RNase, Csy4, to cleave
the 20 bp sequences that flank the gRNAs (Haurwitz et al. 2010,
Tsai et al. 2014). Recently, successful CRISPR/Cas9-mediated
targeted mutagenesis using the Csy4 processing system in
plants has been reported (Cermak et al. 2017). Furthermore,
Xie et al. (2015) reported the use of the polycistronic tRNA–
gRNA (PTG) gene system to produce multiplex gRNAs from a
single transcript in plants (Xie et al. 2015, Minkenberg et al.
2016). In this system, the endogeneous RNase P and RNase Z
cleave tRNA precursors to remove extra 50 and 30 sequences,
respectively (Schiffer et al. 2002, Barbezier et al. 2009, Canino
et al. 2009, Phizicky and Hopper 2010, Gutmann et al. 2012).
Recently, Cermak et al. (2017) reported that Csy4 and tRNA
processing systems using the Cestrum yellow leaf curling virus
(CmYLCV) promoter as a pol II promoter are almost twice as
effective in inducing mutations as gRNAs expressed from indi-
vidual pol III promoters in plants (Cermak et al. 2017). Thus,
using pol II promoters to express gRNAs can improve CRISPR/
Cas9-meditaed targeted mutagenesis efficiency compared with
using pol III promoters. However, in ribozyme, Csy4 and tRNA
processing devices, specific sequences are required for process-
ing individual functional gRNAs (i.e. ribozyme cleavage sites are
15 or 43 bp, Csy4 recognition sites are 20 bp and tRNA recog-
nition sites are 77 bp).

To simplify and miniaturize the Cas9–gRNA expression
construct, in the present study we designed a SpCas9
(Streptococcus pyogenes Cas9)–gRNA expression construct in
which both SpCas9 and gRNAs were driven by a single pol II
promoter without ribozyme sequences, and evaluated muta-
tion efficiency in rice and Arabidopsis using this system.

Results

Targeted mutagenesis using SpCas9–gRNA vector
with or without ribozyme sequences

We designed two vectors expressing both the SpCas9 gene
(optimized for rice codon usage; Mikami et al. 2015) and a
gRNA under a single pol II promoter [the maize polyubiqui-
tin-1 gene promoter (ZmUbi); Takimoto et al. 1994], to create
two vectors, in which the gRNA is connected to the 30 end of
the SpCas9 gene with [SpCas9–ribozyme (rz)–gRNA] or with-
out (SpCas9–gRNA) the hammerhead ribozyme sequence
(Fig. 1A). These constructs were introduced separately into
rice calli via Agrobacterium-mediated transformation, and mu-
tation frequency was assessed using the target gene DROOPING
LEAF (DL) (Yamaguchi et al. 2004). CAPS (cleaved amplified
polymorphic sequence) analysis revealed induced mutations
at the gDL-1 locus (PCR products remain undigested by a re-
striction enzyme with a recognition site at the target locus;
Fig. 1B). Using construct SpCas9–rz–gRNA, mutations at the

gDL-1 locus were detected in most calli (11/12 lines; Fig. 1B,
upper panel). To estimate the mutation frequency in independ-
ent transgenic calli, PCR products derived from independent
calli were cloned into plasmids and sequenced. This analysis
revealed that mutation at the gDL-1 locus was achieved with
high efficiency (up to 100% in callus line number #4; Fig. 1B,
upper panel). Similar results were obtained in calli transformed
with the SpCas9–gRNA construct; mutation frequencies in calli
lines #1 and #9 were 85% and 87.5%, respectively (Fig. 1B, lower
panel). We examined the patterns of mutation induced by
these constructs at the gDL-1 locus (Fig. 1C; Supplementary
Fig. S1A). Regardless of the presence or absence of the ham-
merhead ribozyme sequence, small deletions or small insertions
around the protospacer adjacent motif (PAM) sequence were
often induced by both vectors (Fig. 1C; Supplementary Fig.
S1A). Targeted mutagenesis using both constructs was also
observed with high efficiently in other target genes, for example
the YOUNG SEEDLING ALBINO (YSA) and PHYTOENE
DESATURASE (PDS) genes, and other target sequences in the
DL gene (Supplementary Fig. S1B). Furthermore, targeted mu-
tagenesis using SpCas9–rz–gRNA or SpCas9–gRNA vectors har-
boring the SpCas9 gene optimized for Arabidopsis codon usage
(Fauser et al. 2014) was also successful in Arabidopsis
(Supplementary Fig. S2). Because the targeted mutation effi-
ciency of the SpCas9–gRNA vector was comparable with that
of the SpCas9–rz–gRNA vector in plants, we concluded that
the ribozyme sequence is not necessary for generating func-
tional gRNAs.

Targeted mutagenesis using a gRNA driven by the
2� 35S promoter

As a control experiment of gRNA expression from a pol II pro-
moter, we designed the vector SpCas9/2� 35SgRNA (Fig. 2A).
In this vector, the SpCas9 gene was driven by the ZmUbi pro-
moter and the gRNA was under the control of the 2� 35S
promoter. The gRNA generated from calli transformed with
the SpCas9/2� 35SgRNA construct might have a 50-cap struc-
ture and 30-poly(A) tail sequence (Fig. 2A). We confirmed that
mutations were induced in SpCas9/2� 35SgRNA vector-trans-
formed calli, and that targeted mutagenesis at the gDL-1 locus
was observed with high efficiency (up to 100% in line #6;
Fig. 2B, upper left). The same result was obtained in another
target gene, DISRUPTED MEIOTIC cDNA 1 A (DMC1A; Sakane
et al. 2008; Fig. 2B, lower left). The efficiency of targeted mu-
tagenesis using SpCas9/2� 35SgRNA vector was comparable
with that using the vector SpCas9/OsU6gRNA (Fig. 2B).

gRNA transcripts in SpCas9–gRNA
vector-transformed rice calli

To investigate transcripts of SpCas9–rz–gRNA- and SpCas9–
gRNA-transformed calli, Northern blot analysis of gRNA was
conducted using total RNA extracted from transgenic calli. A
schematic representation of the expected gRNA structures is
shown in Fig. 3A. The expected sizes of the gRNA using SpCas9/
OsU6gRNA and SpCas9/2� 35SgRNA vectors are 104 nucleo-
tides (nt) and 259 nt without the 30-poly(A) tail sequence,
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respectively (detailed sequences are shown in Supplementary
Fig. S3A). The expected size of full-length RNA of SpCas9–rz–
gRNA is 4,497 nt without the 30-poly(A) tail sequence, and the
gRNA processed by ribozyme from full-length RNA is 332 nt
(Fig. 3A; Supplementary Fig. S3B). In Northern blot analysis
using a probe on the scaffold sequence of the gRNA, the ex-
pected bands appeared in OsU6gRNA-transformed calli
(Fig. 3B, band a). On the other hand, the size of the band
detected in 2� 35SgRNA (band b) was larger than the expected
259 nt, and close to the 310 nt band of marker-1 (Figs. 3B, 4D).

Since a 30-poly(A) tail sequence could have been added to
2� 35SgRNA, band b seems to be the full-length transcribed
RNA of 2� 35SgRNA with a 30-poly(A) tail.

In calli transformed with the SpCas9–rz–gRNA vector, two
bands were detected (Fig. 3B, bands c and d). Band c was ap-
proximately 400 nt, corresponding to the expected size of the
gRNA processed by ribozyme from the full-length RNA of the
SpCas9–rz–gRNA construct (Fig. 3A), whereas band d of ap-
proximately 100 nt was unexpected (Fig. 3B; Supplementary
Fig. S4). Because mutations were detected in SpCas9–rz–

A

B

C

Fig. 1 Targeted mutagenesis using SpCas9–rz–gRNA or SpCas9–gRNA systems in rice calli. (A) Schematic representation of SpCas9–rz–gRNA
and SpCas9–gRNA vectors. (B) CAPS analysis of the DL gene in SpCas9–rz–gRNA vector-transformed calli and SpCas9–gRNA vector-trans-
formed calli. The mutation frequency of calli (shown in red) was calculated from the ratio of sequenced clones with mutation. –, non-digested
PCR products; +, Pst I-digested PCR products. A blue arrowhead indicates the position of undigested PCR products. An undigested band
indicates mutations in the target loci. (C) Mutation variations in the target site in SpCas9–gRNA vector-transformed callus line #9. The wild-type
sequence is shown at the top, with the PAM sequence in green and the 20 nt target sequence in red. The blue arrowhead indicates the expected
cleavage site. Dashes, deleted bases. The net changes in length are shown to the right of each sequence (+, insertion; –, deletion). The number of
clones representing each mutant allele is shown in parentheses.
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gRNA vector-transformed calli (Fig. 1B, upper panel), the
gRNAs detected as bands c and/or d must have been functional.
Futhermore, two bands were also detected in SpCas9–gRNA
vector-transformed calli at the same position (Fig. 3B), despite
the fact that this vector does not contain the ribozyme se-
quence. This result indicates that there is a gRNA processing
mechanism for generating a functional gRNA in rice, even when
the ribozyme sequence is absent. The gRNA expression level
differed depending on the promoters used [the 2� 35S pro-
moter, the ZmUbi promoter (Takimoto et al. 1994), the ubi-
quitin 4-2 promoter from Petroselinum crispum (Fauser et al.
2012) (PcUbi) and the synthetic promoter (Ishige et al. 1999)
(G10-90)], but gRNA band patterns were always the same (Fig.
3B). Both the mutation frequency (Fig. 1B; Supplementary Fig.
S5) and the gRNA transcript level (Fig. 3B) were highest when
the ZmUbi promoter was used to drive the SpCas9 and gRNA
unit. The efficiency of targeted mutagenesis seems to be linearly
correlated with the expression level of SpCas9 and gRNA under
the single pol II promoter.

SpCas9 protein is involved in processing of
functional gRNAs in plants

In the CRISPR/Cas9 system of bacteria and archaea, Cas9 protein,
trans-activating CRISPR RNA (tracrRNA) and endoribonuclease
III (RNase III) are involved in the first pre-mRNA processing event
(Deltcheva et al. 2011, Chylinski et al. 2013). The duplex RNAs of

the CRISPR precursor transcript (pre-crRNA) and tracrRNA are
stabilized by the Cas9 protein, and are recognized and cleaved by
RNase III (Deltcheva et al. 2011, Charpentier et al. 2015). Because
it is not random degradation but rather cleavage at a specific site
that seems to occur in the primary transcript of the SpCas9–
gRNA, we expected that a similar primary transcript processing
system was at work in transgenic rice calli. To investigate whether
a SpCas9-dependent gRNA processing (editing) mechanism
exists in rice, we designed two vectors, SpCas9/HYGROMYCIN
PHOSPHO TRANSFERASE (HPT)–rz–gRNA and GFP/HPT–rz–
gRNA (Fig. 4A). The 2� 35S::HPT–rz–gRNA::35S:Nos cassette
is common to both vectors, but the GFP/HPT–rz–gRNA
vector has a green fluorescent protein (GFP) expression cassette
instead of the SpCas9 expression cassette. Targeted mutations
were efficiently induced in calli transformed with the SpCas9/
HPT–rz–gRNA vector (mutation frequency 93.7% in line #2), but
not in calli transformed with the GFP/HPT–rz–gRNA vector (Fig.
4B). In both vectors, the expected size of full-length RNA of the
HPT–rz–gRNA is 1,413 nt without including the 30-poly(A) tail
sequence, and the gRNA processed by ribozyme is 258 nt (Fig.
4C; Supplementary Fig. S3C). Three major bands of gRNA were
detected in the SpCas9/HPT–rz–gRNA vector-transformed calli
(Fig. 4D, bands e, f and g). Bands e and f corresponded to the
expected sizes of full-length RNA of HPT–rz–gRNA and the
gRNA processed by ribozyme, respectively (Fig. 4D). Band g
was unknown and the size of band g was similar to that of

A

B

Fig. 2 Targeted mutagenesis using the SpCas9/2� 35SgRNA vector in rice calli. (A) Schematic representation of the constructs used in this
study. (B) CAPS analysis of DL and DMC1A genes in SpCas9/2� 35SgRNA and SpCas9/OsU6gRNA vector-transformed calli. The mutation
frequency of calli (shown in red) was calculated from the ratio of sequenced clones with mutation. –, non-digested PCR products; +, Pst
I-digested PCR products. A blue arrowhead indicates the position of undigested PCR products. An undigested band indicates mutations in the
target loci.
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band d detected in both SpCas9–rz–gRNA and SpCas9–gRNA
vector-transformed calli (Fig. 3B, band d; Fig. 4D, band g). On the
other hand, a single band similar to band e was detected in GFP/
HPT–gRNA vector-transformed calli (Fig. 4D). Despite the pres-
ence of ribozyme sequence in the GFP/HPT–gRNA vector-trans-
formed calli, band f was not detected. These results indicate that,
in plants, the contribution of SpCas9 in gRNA processing is
greater than that of the ribozyme sequence.

RNases promote the generation of functional
gRNAs in vitro

In the CRISPR/Cas9 system of bacteria and archaea, endogen-
ous RNase III is recruited to cleave tracrRNA and pre-crRNA
upon base pairing (Deltcheva et al. 2011, Chylinski et al. 2013).
Because Cas9 protein had no RNase III-like motifs (Nicholson
1999, Drider and Condon 2004, Condon 2007), we hypothesized
that plant endogenous RNases are recruited to process func-
tional gRNAs from the primary transcript containing the gRNA
sequence. First, to demonstrate that non-processed gRNA has

no gRNA activity, we prepared five in vitro transcribed gRNAs,
OsU6gRNA_T7, 2� 35SgRNA_T7, SpCas9:fra-rz–gRNA,
SpCas9:fra–gRNA and HPT–rz–gRNA_T7 (Supplementary Fig.
S6, Nos. 1–5). We found that the hammerhead ribozyme se-
quence we used was functional for the cleavage of RNA, and
bands expected by self-processing of ribozyme were detected
in vitro (Supplementary Fig. S7A, bands h and i; lane Nos. 3 and
5). Regardless of the presence or absence of the SpCas9 protein,
a band similar in size to band i was not detected in the RNA of
the SpCas9:fra–gRNA (Supplementary Fig. S7A, lane No. 4), and
the small bands (�103 nt) detected in transgenic calli of vectors
SpCas9–gRNA, SpCas9–rz–gRNA and SpCas9/HPT–rz–gRNA
(Fig. 3B, band d; Fig. 4D, band g) were not detected in
in vitro transcribed RNAs of Cas9:fra–rz–gRNA and Cas9:fra–
gRNA (Supplementary Fig. S7A). Moreover, in the presence of
SpCas9 protein, RNAs of OsU6gRNA_T7, 2� 35SgRNA_T7,
SpCas9:fra–rz–gRNA and HPT–rz–gRN_T7 were able to cleave
the linear target DNA efficiently, whereas DNA cleavage was
barely induced by the RNA of SpCas9:fra–gRNA and SpCas9

A

B

Fig. 3 Northern blot analysis of gRNA expressed in rice calli. (A) Expected structure and size (nt) of gRNAs expressed in rice. (B) Northern blot
analysis of total RNA using a probe corresponding to the scaffold sequence of the gRNA. Callus line numbers (e.g. #1) are shown under each
promoter name.
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A

C

D

B

Fig. 4 Analysis of gRNA processing in rice calli with/without SpCas9 expression. (A) Schematic representation of the constructs used in this
study. (B) CAPS analysis of the DL gene in SpCas9/HPT–rz–gRNA and GFP/HPT–rz–gRNA vector-transformed calli. The mutation frequency of
calli (shown in red) was calculated from the ratio of sequenced clones with mutation. –, non-digested PCR products; +, Pst I-digested PCR
products. A blue arrowhead indicates the position of undigested PCR products. An undigested band indicates mutations in the target loci. (C)
Expected structure and size (nt) of gRNA expression using the GFP/HPT–rz–gRNA vector in rice. (D) Northern blot analysis of gRNA in the
presence or absence of SpCas9 expression. Callus line numbers (e.g. #1) are shown beneath each vector name.
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protein in vitro (Supplementary Fig. S7B). These results show
that the presence of the SpCas9 protein alone is not enough to
process the primary transcript, and that ribozyme sequences
are necessary to generate functional gRNAs in vitro.

Next, to ensure that both SpCas9 protein and RNase are
required to produce functional gRNAs from primary tran-
scribed RNA, we conducted an in vitro DNA cleavage assay
using SpCas9:fra–gRNA (Supplementary Fig. S7B) and different
combinations of SpCas9 protein and RNases (Fig. 5). RNase III
and RNase T1 were used as endoribonucleases; when RNase III
or RNase T1 were added together with SpCas9 protein, DNA
can be cleaved (Fig. 5). However, the DNA cleavage efficiency in
SpCas9:fra–gRNA was lower than that with OsU6gRNA_T7,
2� 35SgRNA_T7 or SpCas9:fra–rz–gRNA (Fig. 5). When the
target sequence was changed, similar results were obtained
(Supplementary Fig. S8). These results indicate that functional
gRNAs are generated from the RNA of SpCas9:fra–gRNA by the
combined action of SpCas9 protein and RNases such as RNase
III and RNase T1.

Multiplex targeted mutagenesis using
SpCas9–gRNAs vectors

We demonstrated above that no special processing device is
needed to generate functional gRNAs for the SpCas9–gRNA
system driven by a single pol II promoter in plants. To investi-
gate whether the SpCas9–gRNA system can be applied to
multiplex targeted mutagenesis, where targeted mutagenesis
occurs independently at multiple sites of the genome, we de-
signed eight multi-gRNA vectors with or without different
positions of hammerhead ribozyme sequence (Fig. 6A;
Supplementary Fig. S9A). In all eight vectors, mutations at
both gDL-1 and gDL-2 sites were induced in almost all trans-
genic calli (Fig. 6B; Supplementary Fig. S9A). The mutation
frequency in callus line #3 expressing the rz–gDL-1–rz–gDL-2
vector was 75% and 81.2% at gDL-1 and gDL-2 sites, respectively

(Fig. 6B). The mutation frequencies of callus line #1 expressing
the gDL-1–gDL-2 vector were 68.7% and 93.7% at gDL-1 and
gDL-2 sites, respectively (Fig. 6B). These results indicate that
the efficiency of multiplex targeted mutagenesis of SpCas9–
gRNAs vectors is comparable with that of SpCas9–rz–gRNA
vectors with ribozyme sequence, and that mutation efficiency
is not affected by the position of gRNAs. Because target sites
gDL-1 and gDL-2 are both located in the same gene, any
1,145 bp deletions between the two target sites can be detected
by PCR using primers F1 and R1 (Supplementary Fig. S9B). Using
both vectors, several transgenic lines showed small PCR prod-
ucts, meaning that deletion between the two target sites had
occurred (Supplementary Fig. S9C). Callus line #2 expressing the
gDL-1–gDL-2 vector-transformed calli contained identical
gRNA-mediated deletions and junction sequences at the two
target sites (Supplementary Fig. S9D). We examined the geno-
type and phenotype of regenerated plants from transformed
calli expressing rz–gDL-1–rz–gDL-2, rz–gDL-2–rz–gDL-1, gDL-
1–gDL-2 or gDL-2–gDL-1 vectors. For all four vectors, almost all
regenerated plants showed the drooping leaves pheno-
type, and several mutated plants harbored a deletion of
approximately 1,145 bp between the gDL-1 and gDL-2 loci
(Supplementary Table S1). These results suggest that the
SpCas9–gRNA system can be applied to multiplex targeted
mutagenesis.

Discussion

When gRNA is transcribed by a pol III promoter, the resulting
poly(T) sequence is used as a termination signal. In this scen-
ario, the four repeated thymines in the gRNA scaffold could
potentially disturb gRNA function and reduce the efficiency
of targeted mutagenesis in human cells (Dang et al. 2015).
However, any negative effect of thymine repeats can be avoided
by transcribing the gRNA from an RNA pol II promoter.

Fig. 5 SpCas9 protein- and RNase(s)-mediated target DNA cleavage in vitro. Cleavage efficiency of the linear target DNA of the gDL-1 locus in an
SpCas9 protein- and RNase III- or RNase T1-dependent manner. Yellow arrows indicate the position of cleaved PCR products. Cleavage efficiency
was determined by the formula, 100� {1 – sqrt[1 – (b + c)/(a + b + c)]}, where a is the integrated intensity of the PCR product digested only
with gRNA, and b and c are the integrated intensities of each cleavage product. +* indicates that the SpCas9 protein, RNase III or RNase T1 were
added 20 min after onset of the in vitro cleavage reaction.
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There are several successful CRISPR/Cas9 reports in which the
35S promoter is used for gRNA expression, for example in wheat
(Upadhyay et al. 2013) and sweet orange (Jia and Wang 2014),
but the efficiency of targeted mutagenesis was not very high,
presumably due to the low activity of unprocessed pol
II-expressed gRNAs (Upadhyay et al. 2013). However, we
demonstrated here that it is possible to achieve CRISPR/Cas9-
mediated mutations with high efficiency when expressing gRNA
under the 2� 35S promoter in rice (Fig. 2). Using pol II pro-
moters adds a 50-cap structure and a 30-poly(A) tail sequence to
the gRNA sequence, producing a longer gRNA than that driven
by a pol III promoter. In our study, the 2� 35SgRNA was 259 nt
without the 30-poly(A) tail sequence, and the gRNA was elon-
gated at the 30 end (Fig. 3). The 2� 35SgRNA (band b) with the
30-poly(A) tail sequence must have been functional because we

showed that mutations were detected with high efficiently in
SpCas9/2� 35SgRNA vector-transformed calli (Figs. 2, 3). Thus,
our dual pol II promoter system, avoiding the use of pol III
promoters, will be a powerful tool for CRISPR/Cas9-mediated
targeted mutagenesis in rice.

This study has demonstrated that SpCas9 protein and intrin-
sic RNase in plants can produce functional gRNA from a fused
SpCas9–gRNA primary transcript. We speculate that this RNA
processing mechanism resembles the maturation system of
active crRNAs in bacteria and archaea. In native CRISPR/Cas
systems, maturation of active crRNAs from the pre-crRNA is
critical for the activity of the RNA-guided immunity system
that protects bacteria and archaea against phages and plasmids
(Brouns et al. 2008, Carte et al. 2008). In the type II CRISPR/Cas9
system, a tracrRNA directs a first processing event of the

A

B

Fig. 6 Multiplex targeted mutagenesis using the SpCas9–gRNA system. (A) Schematic representation of the four multi-gRNA vectors used in this
study. Another four vectors are shown in Supplementary Fig. S9A. (B) CAPS analysis of the DL gene in each of the SpCas9–gRNA vector-
transformed calli. The mutation frequency of calli (shown in red) was calculated from the ratio of sequenced clones with mutation. –, non-
digested PCR products; +, Pst I-digested PCR products. A blue arrowhead indicates the position of undigested PCR products. An undigested band
indicates mutations in the target loci.
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pre-crRNA by housekeeping RNase III-mediated cleavage within
the CRISPR repeats in the presence of SpCas9 protein (Deltcheva
et al. 2011, Chylinski et al. 2013). Then, mature crRNAs are gen-
erated by the second processing system of the pre-crRNA, and an
exo- or endonuclease seems to be involved in the production of
mature crRNAs (Deltcheva et al. 2011, Chylinski et al. 2013,
Karvelis et al. 2013, Charpentier et al. 2015). Endogenous
RNase III is known to cleave double-stranded RNA to produce
different classes of mature RNAs, small nclear RNA (snRNA),
small nucleoar RNA (snoRNA), short interfering RNAs (siRNAs)
and microRNAs (miRNAs) in both animals and plants (MacRae
and Doudna 2007), and thus the notion that plant endogenous
RNases can effect gRNA processing is not surprising. To verify this
possibility, we conducted in vitro RNA cleavage assays and found
that SpCas9 protein and RNases were needed for processing of
functional gRNA (Fig. 5). Northern blot experiments with
SpCas9–rz–gRNA vector- and SpCas9–gRNA vector-trans-
formed calli detected the same two bands (Fig. 3B, bands c
and d). Because no signals around 258 nt were detected in
GFP/HPT–rz–gRNA-transformed calli (Fig. 4D), the self-process-
ing efficiency of the hammerhead ribozyme in rice calli seems
low. Thus, band c (�332 nt) detected in Fig. 2B probably repre-
sents a gRNA 50 end processed by endogenous plant RNases and
SpCas9 protein. Band d, almost the same size as OsU6gRNA
(band a), may be a 30 end processed by exo- or endonucleases,
similar to the second processing of pre-crRNA in the native
CRISPR/Cas system. These results suggest that SpCas9 protein
binds to pol II-transcribed RNA containing the gRNA sequence,
with functional gRNAs subsequently being generated by an en-
dogenous RNase(s)-dependent RNA processing system. Actually,
a long exposure image of Fig. 3B revealed an additional small
band that was almost the same size as the band detected in
OsU6gRNA (band a) in 2� 35SgRNA (band d; Supplementary
Fig. S4). We consider that this small RNA was the result of 30-
poly(A) tail sequence cleavage by SpCas9 protein and endogen-
ous RNase, as the same gRNA cleavage occurred in SpCas9–
gRNA and SpCas9–rz–gRNA. Future work will be needed to
reveal the structure and sequence of gRNAs generated by the
endogenous RNase(s)-dependent RNA processing system, per-
haps revealing sophisticated gRNA conformations specifically
required for plant genome editing.

Several recent reports describe successful CRISPR/Cas9-
mediated targeted mutagenesis using ribozyme, Csy4 and
tRNA processing systems as processing devices for generating
functional gRNAs (Raitskin and Patron 2015, Lowder et al.
2016, Schwartz et al. 2016, Cermak et al. 2017). In a single tran-
script unit system in which both SpCas9 and gRNA were ex-
pressed from a single pol II promoter, high levels of CRISPR/
Cas9-mediated targeted mutagenesis efficiency (up to 100%)
were achieved by the ribozyme and tRNA processing systems
in rice (Xie et al. 2015, Minkenberg et al. 2016, Tang et al. 2016).
However, in these latter studies the ribozyme requires 43 bp, and
Csy4 and tRNA require 20 and 77 bp, respectively, to separate
individual functional gRNAs from the transcript. In our ribo-
zyme-independent SpCas9–gRNA system, targeted mutagenesis
efficiencies using single and multi-gRNAs were also both close to
100% in rice (Figs. 1, 6; Supplementary Table S1).

One effective use of our ribozyme-independent gRNA ex-
pression system may be in RNA virus vector-mediated
genome editing. RNA virus-based replicons have been tested
as vectors for delivery of CRISPR components to produce a
high incidence of edited cells without the incorporation of re-
combinant DNA (Ali et al. 2015, Kaya et al. 2017). In general,
adjustment of replication of the RNA virus vector and retention
of the amount of functional gRNA are balanced by the activity of
ribozyme. However, ribozymes, especially the hammerhead ribo-
zyme, flanking the 50 end of the gRNA, have been shown to have
a negative effect on the replication of Tobacco mosaic virus-
derived vector (TRBO) (Cody et al. 2017). A system supplying
ribozyme-free gRNA could stabilize replication of an RNA virus
vector; indeed, a TRBO–gRNA expression vector without ribo-
zyme sequence supplied functional gRNA in Nicotiana
benthamiana. (Cody et al. 2017). Our present study provides
new insights into the current understanding of gRNA supply
in vivo, and our findings illustrate new features of smaller and
stable systems for expressing SpCas9 and gRNA in plants.

Materials and Methods

Construction of SpCas9–rz–gRNA and
SpCas9–gRNA vectors

The SpCas9–rz–gRNA and SpCas9–gRNA vectors used in this study were based

on our previously described SpCas9 cloning vectors (pZH_MMCas9; Mikami

et al. 2015). To add the hammerhead ribozyme sequence and gRNA next to the

SpCas9 sequence, we added Nco I and Spe I sites between SpCas9 and pea3A(T)

by PCR-based site-directed mutagenesis. The SpCas9–rz–gRNA and SpCas9–

gRNA vectors were constructed as follows: (i) the pUC19_gRNA [Nco I::gRNA

scaffold::polyT::Spe I] vector has two Bbs I sites between the Nco I site and the

gRNA scaffold sequence. This vector was linearized using Bbs I, and the 67 nt

(hammerhead ribozyme sequence::target sequence) or 24 nt (target sequence)

annealed oligonucleotides were ligated into the BbsI site (Supplementary Table

S2). (ii) Connected ribozyme–gRNA (rz–gRNA) or gRNA-coding sequences

were excised from the pUC19_gRNA vector using Nco I and SpeI digestion,

and inserted into the pZH_ZmUbi-SpCas9 vector using Nco I and Spe I to

complete the SpCas9–rz–gRNA and SpCas9–gRNA constructs. (iii) To create

SpCas9–rz–gRNA and SpCas9–gRNA vectors with 2� 35S, PcUbi and G10-90

promoters, the ZmUbi promoter located between AscI and XbaI was eliminated

and replaced by other promoters.

Construction of SpCas9/2� 35SgRNA vector

The SpCas9/2� 35SgRNA vector is based on previously described

SpCas9 cloning vectors (pZH_p-gRNA_MMCas9-Nuclease; Mikami et al.

2016). The SpCas9/2� 35SgRNA vector was constructed as follows: (i) the

p2� 35SgRNA [2� 35S(P)::gRNA scaffold::polyT::35S(T)] vector has two Bsa I

sites between the 2� 35S promoter and the gRNA scaffold sequence. This

vector was digested by Bsa I, and 20 nt annealed oligonucleotides were ligated

into the cleaved site to insert the required target sequence (Supplementary

Table S2). (ii) gRNA expression cassettes were excised from the p2� 35SgRNA

vector using Asc I and Pac I digestion, and inserted into the pZH_p-

gRNA_MMCas9-Nuclease vector using Asc I and Pac I sites to complete the

SpCas9/2� 35SgRNA vector.

Transformation of rice with SpCas9–gRNA
expression constructs

Agrobacterium-mediated transformation of rice (Oryza sativa L. cv.

Nipponbare) using scutellum-derived calli was performed as described previ-

ously (Toki 1997, Toki et al. 2006). Rice calli cultured for 1 month were infected

by Agrobacterium carrying the CRISPR/Cas9 vectors. After 3 d of co-cultivation,
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infected calli were transferred to fresh callus induction medium (CIM) (Toki

1997) containing 50 mg l–1 hygromycin B (Wako Pure Chemicals) and 25 mg l–1

meropenem (Wako Pure Chemicals) to remove Agrobacterium. Transgenic calli

were selected on hygromycin-containing medium for 3 weeks. Proliferating calli

were then transferred to fresh CIM and cultured for 1 week. After a total of 4

weeks of selection, transgenic calli of the CRISPR/Cas9 vectors were used for

analysis of mutation frequency.

CRISPR/Cas9-mediated mutation analysis

Genomic DNA was extracted from calli or regenerated plants using an

Agencourt Chloropure Kit (Beckman Coulter), and target loci were amplified

using the primers listed in Supplementary Table S2. PCR products were sub-

jected to restriction enzyme digestion and CAPS analysis, and analyzed by

agarose gel electrophoresis.

Sequencing analysis

PCR products used for CAPS analysis were cloned into pCR-BluntII-TOPO

(Invitrogen) and subjected to sequence analysis using an ABI3130 sequencer

(Applied Biosystems).

Northern blot analysis of gRNA in rice calli

Total RNA was extracted from calli using the mirVana small RNA isolation kit

(Ambion). For each sample, 10 mg of total RNA was separated on a 10% urea–

polyacrylamide gel after denaturation for 2 min at 95�C. After electrophoresis

for 100 min at 200 V in 1� TBE buffer, samples were electroblotted onto a

positively charged nylon membrane (Roche) at 20 V for 90 min in 1� TBE

buffer. The transferred RNAs were pre-hybridized at 50�C for 2 h in hybridiza-

tion buffer [5� SSC, 50% formamide, 0.1% N-lauroylsarcosine, 7% SDS, 50 mM

sodium phosphate (pH 7.0), 2% blocking reagent (Roche)]. The pre-hybridized

membranes were incubated overnight in hybridization buffer supplemented

with Custom LNA mRNA Detection probe (/5DigN/AAGTTGATAACGGACTA

GCCT/3Dig_N/; EXIQON) at 10 nM. After several washes in SSC buffer (final

wash in 0.2� SSC), Northern blot hybridization signals of gRNA were detected

and analyzed using a ChemiDoc Touch Imaging System (Bio-Rad). Marker-1,

RNA Molecular Weight Marker I, DIG-labeled (Roche); Marker-2, DynaMarker,

DIG-Labeled Blue Color Marker for Small RNA (FunakoshI).

In vitro cleavage assay

OsU6gRNA_T7 was synthesized using a Guide-it sgRNA In vitro Transcription

Kit (TAKARA). Other in vitro transcribed gRNAs were synthesized using an

in vitro Transcription T7 Kit (TAKARA). Target DNA was amplified from plas-

mid DNA using the primers listed in Supplementary Table S2, and a short T7

priming sequence was added to the amplified target DNA. T7 transcription was

performed for 4 h, and the synthesized gRNAs were then purified using a

NucleoSpin RNA Clean-up Kit (TAKARA). Cleavage was performed in vitro

according to the Guide-it sgRNA Screening Kit (TAKARA). The cleavage reac-

tion used 500 ng of Guide-it Recombinant Cas9 Nuclease (TAKARA), 100 ng of

synthesized gRNA and 100 ng of linear target DNA. Also, 0.5 U of RNase III (New

England Biolabs) or 0.02 U of RNase T1 (Thermo Fisher Scientific) were added

and incubated for 60 min at 37�C. The reaction was stopped by incubating for

10 min at 70�C. For analysis of DNA cleavage efficiency and Northern blot, the

reaction solution was divided in half; to one half was added RNase A (QIAGEN)

and proteinase K (TAKARA), and to the other DNase I (QIAGEN) and

proteinase K (TAKARA).

Supplementary data

Supplementary data are available at PCP online.
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