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Abstract The CRISPR/Cas9 genome-editing system has emerged as a popular powerful tool for biological
research. However, the process of selecting efficiently edited Cas9-free plants is usually laborious and
time consuming. Here, we demonstrated P2A to be the most efficient self-cleaving peptide for fusing
Cas9 and GFP in Arabidopsis and then used Cas9-P2A-GFP to develop a novel CRISPR/Cas9 system.
Additionally, a pair of isocaudomer restriction enzymes were selected to conveniently assemble mul-
tiple sgRNAs. In this system, the GFP fluorescence intensity in T1 transgenic plants indicates the
expression level of the Cas9 protein, which correlates well with the editing efficiency. Furthermore,
Cas9-free plants can be easily selected by examining GFP fluorescence in T2 transgenic plants. The
efficient knockout of BRI1, BZR1 and BES1 demonstrated the robustness of our new system. Thus, we
designed a novel CRISPR/Cas9 system that can generate Cas9-free multiplex mutants efficiently in
Arabidopsis and possibly in other plant species.
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INTRODUCTION

Clustered regularly interspaced short palindromic
repeat (CRISPR)/CRISPR-associated (Cas) genome-edit-
ing systems, derived from the prokaryotic type II
adaptive immune system, have been widely used to
exploit genetic variation in a variety of organisms, and
many CRISPR systems have been generated for gene
editing in plants (Horvath and Barrangou 2010; Mao
et al. 2019). The conventional CRISPR/Cas9 system
includes two components, a single-guide RNA (sgRNA)
for recognizing and matching the target DNA and a Cas9
endonuclease for cleaving the target DNA, which can be
driven by different promoters. In the model plant

Arabidopsis, constitutive promoters such as the Cauli-
flower mosaic virus (CaMV) 35S or maize ubiquitin
promoter have been extensively used to drive Cas9 for
gene editing in several plant species (Feng et al. 2013; Li
et al. 2013; Mao et al. 2013; Ma et al. 2015). Further-
more, egg cell-specific promoters have been used to
control Cas9 to generate homozygous mutants in a
single generation (Wang et al. 2015b). The promoter of
the YAO gene, which is highly expressed in active
dividing cells, has been used to drive Cas9 to improve
editing efficiency (Yan et al. 2015). Germline-specific
promoters have been used to overcome the defects of
growth or fertility in T1 plants caused by noninherita-
ble somatic mutations (Mao et al. 2016).

Recently, the selection of Cas9-free plants has
received increasing attention. If Cas9 and sgRNA exist in
edited plants, it is difficult to distinguish whether a
mutation is inherited from the last generation or newly
produced in the current generation. This is important,
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because the new mutations produced in the current
generation may be not heritable as somatic mutations.
In addition, the constitutive existence of Cas9 and
sgRNA might increase the risk of off-target effects.
Moreover, obtaining Cas9-free edited plants makes
complementation experiments possible, as the comple-
mented wild-type gene would otherwise be mutated as
well. In agriculture, edited plants exhibiting CRISPR/
Cas9 expression cassettes are regarded as transgenic
plants, and it is usually more difficult to obtain approval
for their commercial applications. Thus, it is critical to
identify Cas9-free genome editing mutants. Conven-
tional methods for identifying Cas9-free plants depend
on genotyping, which is time consuming and laborious.
A Cas9-free system based on mCherry fluorescence that
is specifically expressed in Arabidopsis seeds under the
control of the At2S3 promoter has been reported, and
transgene-free seeds in the T2 generation can be
selected via visual isolation (Gao et al. 2016; Yu and
Zhao 2019). This system can make the selection of Cas9-
free plants convenient.

To generate multiple mutations simultaneously, sev-
eral systems for multiplex genome editing have been
developed. One method is to use different Pol III pro-
moters to drive sgRNAs, which are assembled via the
use of multiple restriction enzymes (Zhang et al. 2016).
In addition, isocaudomer enzymes have been widely
used to assemble multiple sgRNA cassettes. Spe I/Nhe I,
BamH I/Bgl II, Xba I/Nhe I, and Xho I/Sal I are fre-
quently used isocaudomer enzyme pairs (Wang et al.
2015a; Yan et al. 2015). Moreover, the method-based
Golden Gate ligation, or Gibson Assembly, technique has
been used to produce tandem sgRNA cassettes (Ma et al.
2015).

For all the currently available CRISPR/Cas9 systems
in plants, it is laborious to genotype many transgenic
plants to select the lines with target mutations. The
available Cas9-free system in Arabidopsis described
above also presents this disadvantage (Gao et al. 2016;
Yu and Zhao 2019); in this system, Cas9 and mCherry
are separated in two expression cassettes driven by
different promoters, and the fluorescence intensity is,
therefore, not correlated with the expression level of
Cas9 and cannot be used to predict the efficiency of
gene editing. To improve the previous Cas9-free system
in Arabidopsis, we referred to the design applied in
mammalian cells (Platt et al. 2014) and used the self-
cleaving P2A peptide to fuse Cas9 and GFP. Thus, the
GFP fluorescence intensity can be used to predict the
expression level of Cas9 and editing efficiency, while the
activity of Cas9 is not affected, since the GFP protein can
be cleaved out automatically. By combining Cas9-P2A-
GFP with multiple sgRNA assembly using a pair of

isocaudomer restriction enzymes, we developed a novel
CRISPR system for efficiently generating Cas9-free
multiplex mutants. This system was demonstrated in
Arabidopsis and could also be used in other plant
species.

RESULTS

The P2A peptide shows the highest cleavage
efficiency in Arabidopsis protoplasts

To generate a CRISPR system in plants that in which the
abundance of functional Cas9 is reported visually, sim-
ilar to the strategy in mammalian cells (Platt et al.
2014), we searched for self-cleaving peptides suit-
able for plants. The 2A peptides, which are belong to the
picornaviruses, have been demonstrated to exhibit self-
cleavage properties in various animal cells and tissues
(Kim et al. 2011). To test whether 2A peptides also
function in the plant system, five different 2A peptides
derived from the foot-and-mouth disease virus (F2A-1,
F2A-2), equine rhinitis A virus (E2A), Thosea asigna
virus (T2A) or porcine teschovirus-1 (P2A), were used
to link Cas9 and GFP (Kim et al. 2011; Buren et al. 2012;
Supplemental Table 1). Two nuclear localization signal
(NLS) peptides were fused with Cas9 at its C- and
N-termini. The cleavage efficiency of these 2A peptides
was evaluated in protoplasts through confocal micro-
scopy and western blotting analyses. In contrast to the
nuclear localization of Cas9-CP-GFP, some of the GFP
fluorescence in Cas9-2A-GFP-transformed protoplasts
was obviously localized in the cytoplasm, indicating that
the GFP protein was cleaved from Cas9 (Fig. 1A). P2A
displayed the highest cleavage efficiency among all
these 2A peptides (Fig. 1B, C). Due to the equal
expression of Cas9 and GFP followed by highly efficient
self-cleavage by P2A, the intensity of GFP fluorescence
reflects the abundance of Cas9 well, and the GFP protein
does not interrupt the function of Cas9. Thus, P2A was
selected for the fusion of Cas9 and GFP in our novel
CRISPR/Cas9 system in Arabidopsis.

A construct for multiplex genome editing
and Cas9-free mutant selection

In functional genomics studies, multiple genes often
need to be edited simultaneously. To conveniently per-
form multiplex gene editing, a method based on iso-
caudomer restriction enzymes was used (Fig. 1D; Yan
et al. 2015; Wang et al. 2015a). The primers of the
sgRNAs were annealed and inserted between AtU6-26
and the scaffold using Bbs I (Supplemental Figs. 1 and
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2). Spe I and Nhe I are a pair of isocaudomers, and
multiple sgRNA cassettes can be assembled continu-
ously via digestion using Spe I/Sal I and Nhe I/Sal I
followed by ligation (Fig. 1D). Furthermore, the tandem
sgRNA cassettes can be digested and inserted into the
binary vector containing Cas9-P2A-GFP driven by
the double Cauliflower mosaic virus (CaMV) 35S or
Arabidopsis ubiquitin 10 gene promoter (UBQ10 Pro)
using Kpn I and Sal I (Fig. 1E; Supplemental Figs. 1 and
2). Using this construct, the protein level of Cas9 can be
detected easily by checking the fluorescence intensity in
transgenic plants, and multiple genes can be edited
simultaneously. The general principle is the selection of
T1 plants with high GFP fluorescence and T2 plants
without fluorescence to obtain Cas9-free multiplex
mutants.

Selection of Cas9-free multiplex mutants based
on simple fluorescence detection

To use the Cas9-P2A-GFP module to generate multiplex
genome-edited Cas9-free plants, we designed a pipeline.
First, multiple sgRNA expression elements can be
assembled using isocaudomer restriction enzymes and
inserted into a binary vector containing Cas9-P2A-GFP
using Kpn I and Sal I (Supplemental Fig. 1). Second,
transformed seeds are grown on MS plates with
antibiotics, and then seedlings with high GFP expression
are selected by fluorescence stereoscopy or microscopy.
T1 transgenic seedlings with strong GFP fluorescence
are transferred to the soil to produce offspring. Third, in
the T2 transgenic plants, individuals without GFP
expression are selected and genotyped to obtain Cas9-
free multiplex gene-edited mutants (Fig. 2A).

Fig. 1 CRISPR/Cas9 system for efficiently generating Cas9-free multiplex mutants in Arabidopsis. A–C Cleavage efficiency of several 2A
peptides. A Expression of GFP and Cas9-Linker-GFP in Arabidopsis mesophyll protoplasts. Left to right: GFP channel, bright field, and
merged images. F2A-1, E2A, F2A-2, P2A and T2A are various 2A peptides, and CP is the abbreviation for control peptide. B Immunoblot
analysis of the cleavage efficiency of the indicated 2A peptides. Total proteins were extracted from the Arabidopsis mesophyll protoplasts
shown in panel A and analyzed by western blotting using a GFP antibody. C Quantitation of the cleavage efficiency from panel B using
ImageJ. Five independent experiments were performed, and the data are shown as the mean ± SEM. D Schematic diagram of the
construction of multiple sgRNA expression cassettes using isocaudomer restriction enzymes. The primers for the sgRNAs were annealed
and inserted into the Bbs I restriction enzyme site between AtU6-26 and the scaffold to generate sgRNA cassettes. Two sgRNA cassettes
were digested with Spe I/Sal I and Nhe I/Sal I for the sgRNA fragment and plasmid skeleton, respectively, and then ligated together.
Similarly, unlimited multiple tandem sgRNA cassettes could be ligated together. E The physical map of the CRISPR/Cas9 system for
efficiently generating Cas9-free multiplex mutants. Cas9-P2A-GFP was driven by the double CaMV 35S promoter or the UBQ10 promoter
and terminated with rbcS-E9 terminator. Multiple sgRNA cassettes were assembled and then inserted into the binary vector with Cas9-
P2A-GFP using Kpn I and Sal I. HygR hygromycin resistance gene, GmR gentamicin sulfate resistance gene, KanR kanamycin resistance
gene, SmR spectinomycin resistance gene. HygR and KanR belong to the binary vector of pCambia1300-Cas9-P2A-GFP, while GmR and
SmR belong to pJim19-Cas9-P2A-GFP
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To test the efficiency of our CRISPR/Cas9 system,
BZR1 and BES1 were chosen as targets for generating
Cas9-free mutants. Four sgRNAs were designed (two for
BZR1 and two for BES1) and inserted into the
p35S:Cas9-P2A-GFP (Hyg) binary vector. Wild-type (Col-
0) plants were subjected to transformation. Four seed-
lings with high GFP expression were selected from 62
T1 plants in the wild-type background, and the fluo-
rescence of two representative seedlings is shown
(Supplemental Fig. 3A; Fig. 2E). The four target sites
were not well edited in a representative seedling with-
out obvious GFP expression (Supplemental Fig. 3B) but
were efficiently edited in the plants with high GFP

expression (Supplemental Fig. 3C, D). Among the T2
progenies from these two representative T1 plants with
high GFP expression, the segregation ratio of GFP and
non-GFP plants was close to 3:1, indicating a single
transgenic insertion (Fig. 2B, F). The majority of the
Cas9-P2A-GFP protein in T2 plants with fluorescence
was self-cleaved (Supplemental Fig. 4A), indicating that
P2A functions well in Arabidopsis plants, which is con-
sistent with the results in Arabidopsis protoplasts
(Fig. 1A–C). The T2 plants were further genotyped
using Cas9-specific primers, which confirmed the per-
fect correlation between GFP fluorescence and Cas9
presence (Fig. 2C; Supplemental Fig. 4B). Sanger

Fig. 2 Procedure of selecting Cas9-free gene editing plants. A Workflow diagram of the transgene-free genome-editing system. The
construct with target sgRNA cassettes and Cas9-P2A-GFP was delivered into Arabidopsis through Agrobacterium-mediated transforma-
tion. Seeds from transformed plants were sown in MS plates with antibiotics (hygromycin or gentamicin sulfate). T1 transgenic plants
with high GFP expression were selected, whereas T2 transgenic plants without GFP expression (Cas9-free plants) were selected. The
target genes were genotyped in T1 plants and Cas9-free T2 plants. B Segregation of T2 transgenic plants with or without GFP
fluorescence. Four sgRNAs, two targeting BZR1 and two targeting BES1, were assembled using the method described in Fig. 1D and
cloned into the binary vector p35S:Cas9-P2A-GFP (Gent). The construct was delivered to the wild-type to edit BZR1 and BES1. 3-day-old
light-grown seedlings were photographed using confocal microscopy. The numbers in the lower right-hand corner of each panel are the
numbers of observed plants. C Agarose gel analysis of the Cas9-P2A-GFP cassette. Three T2 plants without GFP fluorescence and nine
plants with GFP fluorescence were randomly selected from the plants in panel B. PCR products were amplified using primers for Cas9
and analyzed in agarose gels to confirm the accuracy of selection based on fluorescence. D DNA sequences of the BZR1 and BES1 target
sites in a representative T2 transgenic plant without GFP expression (line #10–19). BZR1 locus 1 and BZR1 locus 2 are two genomic loci
containing BZR1 sgRNAs, whereas BES1 locus1 and BES1 locus 2 are two genomic loci containing BES1 sgRNAs. The PAM sequences are
indicated in red, and sgRNA sequences are underlined. Plus indicates insertion, while minus indicates deletion. E Statistical results of GFP
fluorescence in T1 transgenic Arabidopsis and mutations at four loci in the lines with GFP fluorescence. F Summary of the segregation of
T2 plants and the genotypes of Cas9-free T2 Arabidopsis
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sequencing showed that the four sgRNA loci were edited
efficiently in T2 Cas9-free plants (Fig. 2D, F). Excitingly,
8/40 (20%) T2 plants of line #10 harbored mutations
at all four loci, and 3/40 (7.5%) T2 plants were
homozygous at all four loci (Supplemental Table 2). The
sequencing results of a representative homozygous line
are shown in Fig. 2D. In another unpublished study, we
constructed 12 sgRNA expression cassettes together
using the method shown in Fig. 1D to target 8 SAUR
genes, and at least 10 of the sgRNAs functioned well,
further suggesting that this isocaudomer-based method
could be used to target multiple sites simultaneously.

Efficiency of Cas9-P2A-GFP driven by different
promoters

Due to the low efficiency of the 35S promoter in gen-
erating transgenic plants with obvious expression of
Cas9-P2A-GFP (Fig. 2E), the Arabidopsis ubiquitin 10
(UBQ10) gene promoter was included for comparison.
The Arabidopsis BRI1 gene was selected as a represen-
tative target, since the mutation of BRI1 resulted in an
obvious phenotype (Li and Chory 1997; Yan et al. 2015).
We first cloned the BRI1 sgRNA expression cassette into
the binary vector p35S: Cas9-P2A-GFP (Gent), harboring
Cas9-P2A-GFP driven by a double CaMV 35S promoter,
which was delivered into wild-type by Agrobacterium
transformation. Among 60 T1 transgenic plants, five
seedlings with strong GFP fluorescence all displayed
severe defects in growth and infertile phenotypes, three
of which are shown in Fig. 3A. In contrast, among the T1
plants without obvious GFP fluorescence, only three
showed semidwarf phenotypes (Fig. 3E). Through San-
ger sequencing, we further confirmed that all five lines
with high GFP expression showed editing of the target
locus leading to mosaic mutations (Fig. 3B, E).

Then, the BRI1 sgRNA expression cassette was
inserted into the binary vector pUBQ10:Cas9-P2A-GFP
(Gent) harboring Cas9-P2A-GFP driven by the Ara-
bidopsis ubiquitin 10 (UBQ10) gene promoter. Among 47
T1 transgenic seedlings, 10 plants exhibited strong GFP
fluorescence, and they all exhibited a severe dwarf
phenotype resembling that of bri1 mutants when grown
in soil (Fig. 3C, E). Sequencing data showed that 3 out of
the 10 seedlings were homozygous mutants (Fig. 3D, E).
Unexpectedly, 12 T1 seedlings without obvious GFP
fluorescence also showed severe dwarf phenotypes, and
two of them were homozygous mutants. A possible
explanation for this result is that the Cas9-P2A-GFP
protein was expressed in the early embryonic develop-
ment stage, but its expression was reduced when GFP
fluorescence was examined. The summarized results
clearly showed that UBQ10 is better than the 35S

promoter for driving Cas9-P2A-GFP to edit the genome
(Fig. 3E). Under both approaches, T1 transgenic plants
with strong GFP fluorescence exhibited a much higher
possibility of showing effective genome editing than
those without obvious fluorescence (Fig. 3E).

DISCUSSION

Coexpression of multiple proteins using 2A
peptides

Generally, 2A sequences encode short peptides of 18–22
amino acids that mediate translational skipping from
the glycyl-prolyl peptide bond near their 30 ends (Don-
nelly et al. 2001; de Felipe et al. 2010). 2A peptides have
been widely used in animal cells because of their high
self-cleavage efficiency and the stoichiometric expres-
sion of proteins flanking them. Although 2A peptides
have been successfully applied in several studies in
plants (Cermak et al. 2017; Wang et al. 2017), the
cleavage efficiency of various 2A peptides in plant cells
has been unclear. In this study, we constructed consti-
tutive expression vectors harboring Cas9-2A-GFP and
analyzed the cleavage efficiency of five 2A peptides in
Arabidopsis protoplasts (Fig. 1A–C). The P2A peptide
exhibited an approximately 95% self-cleavage efficiency
in protoplasts (Fig. 1A–C), which was similar to the
results in animal cells (Kim et al. 2011). During the
preparation of the manuscript, the 2A peptide was
reported to be used for fusing Cas9 and GFP in the
protoplasts of Nicotiana benthamiana. Fluorescence-ac-
tivated cell sorting (FACS)-mediated selection of GFP-
expressed protoplasts has been shown to facilitate Cas9-
mediated mutation enrichment (Petersen et al. 2019),
which is consistent with our study showing that Cas9-
P2A-GFP improves the selection of transgenic plants
with a high editing efficiency. In addition to the Cas9-
P2A-GFP construct used in this study, the P2A peptide
may be widely used to coexpress multiple proteins in
plants for various purposes.

UBQ10 is the best promoter for driving Cas9-
P2A-GFP

Promoters are one of the key elements in the CRISPR/
Cas9 system that can affect editing efficiency. Several
previous studies showed that the genome editing effi-
ciency of the 35S-controlled Cas9 system is low and that
many of the induced somatic mutations are non-inher-
itable (Feng et al. 2014; Yan et al. 2015). To overcome
the shortcomings of the 35S promoter, several egg cell-
specific and germline-specific promoters were used to
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drive Cas9 in an improved CRISPR/Cas9 system (Wang
et al. 2015b; Mao et al. 2016). Here, for the development
of a system that can select transgenic lines with high
Cas9 expression based on fluorescence, egg cell- or
germline-specific promoters could not be used, since
their fluorescence in gametes is difficult to detect. Thus,
the CaMV 35S and UBQ10 promoters were tested, and
our study clearly showed that the efficiency of the
UBQ10 promoter was much higher than that of 35S in
driving Cas9-P2A-GFP to edit the genome (Fig. 3). In

addition, UBQ10 promoter-driven Cas9-P2A-GFP was
capable of generating homozygous lines in the T1 gen-
eration (Fig. 3C–E), which implies that the UBQ10 pro-
moter may function in the early stages of embryo
development. Overall, UBQ10 is more effective than the
35S promoter for driving Cas9-P2A-GFP to edit the
genome. For the targeting of BZR1 and BES1, Cas9-P2A-
GFP driven by the 35S promoter was successfully used
to generate T2 Cas9-free mutants with homozygous
mutations in all four sgRNA loci (Fig. 2). A higher

Fig. 3 Cas9-P2A-GFP edited the genome efficiently. A, C The fluorescence intensity of transgenic plants correlated with the phenotype
resulting from BRI1 editing. 4-day-old transgenic T1 plants were photographed using a Leica fluorescence stereoscope (A, left and middle;
C, upper). The seedlings were then grown in the soil, and their phenotypes were recorded after several weeks. White bar = 1 mm. Red
bar = 1 cm. Cas9-P2A-GFP was driven by the double CaMV 35S promoter (A) or the UBQ10 promoter (C). B, D Sanger sequencing results
of representative T1 transgenic lines in panels A and C. BRI1 sgRNA sequences are underlined, and protospacer-adjacent motif (PAM)
sequences are labeled in red. E Comparison of the editing efficiency of the 35S and UBQ10 promoters driving Cas9-P2A-GFP. The
homozygous genotypes were based on Sanger sequencing in the T1 generation and were not confirmed in the T2 generation, since the T1
dwarf plants were sterile
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efficiency could be expected if the UBQ10 promoter
were to be used. Thus, two binary vectors [pUB-
Q10:Cas9-P2A-GFP (Gent) and pUBQ10:Cas9-P2A-GFP
(Hyg)] and the sgRNA assembly vector pAtU6-26-M, can
be used to efficiently generate Cas9-free multiplex
mutants in Arabidopsis and possibly in other plant
species.

Main advantage of our novel CRISPR/Cas9
system

Generally, our study indicates that high expression of
Cas9 is important for efficient editing, especially for
multiple sgRNAs that may compete for the Cas9 protein,
and that our novel CRISPR/Cas9 system using Cas9-
P2A-GFP provides the advantage of the convenient
selection of plants with high Cas9 expression. Thus,
when using our novel CRISPR/Cas9 system, the selec-
tion and retention of several T1 lines with strong fluo-
rescence is sufficient to obtain Cas9-free T2 plants with
a high editing efficiency. In contrast, under previous
methods, multiple T1 transgenic plants need to be
genotyped for the selection of lines with a high editing
efficiency (Feng et al. 2013; Yan et al. 2015). Further-
more, the ratio of edited Cas9-free plants in the T2
generation could be very low if the T1 plants are not
selected (Gao et al. 2016). Thus, our novel CRISPR/Cas9
system dramatically reduces labor required for gener-
ating Cas9-free multiplex mutants.

MATERIALS AND METHODS

Plant materials and growth conditions

In this study, wild-type Arabidopsis thaliana Columbia-0
was used. Seeds were sterilized with 15% NaClO for
10 min and then washed 5 times with sterilized ddH2O.
Sterilized T1 seeds were grown in MS plates (4.4 g L-1

Murashige Skoog powder, 1% sucrose, 8 g L-1 Agar, pH
5.8) containing 50 mg L-1 hygromycin or 200 mg L-1

gentamicin sulfate. T2 seeds were sown on MS plates
without antibiotics. After stratification for 4–5 days at
4 �C, the seeds were germinated and grown under
continuous white light (80 lmol m-2 s-1) at 22 �C.
7-day-old seedlings were transferred to the soil and
grown under long-day conditions (60–80 lmol m-2 s-1

white light, 16 h light 22 �C/8 h dark 18 �C cycles).

Plasmid construction

To generate the constructs containing 2A peptides fus-
ing Cas9 and GFP for protoplast transformation, the

intermediate cloning vectors pJim19 (Gent) and pBS
were used. First, GFP was amplified from pJim19 (Bar)-
GFP (Sun et al. 2016) and cloned into pJim19 (Gent)
(modified from pZP222) with Spe I and Sac I to generate
the pJim19 (Gent)-GFP. rbcS-E9 terminator was cloned
from pHEE401E (Wang et al. 2015a) and inserted
between the Sac I and EcoR I sites of pJim19 (Gent)-GFP
to replace the Nos terminator, resulting in pJim19
(Gent)-GFP-rbcS-E9t. Five 2A peptides and a control
peptide (CP) with Kpn I and Spe I restriction enzyme
sites were synthesized, annealed and cloned into Kpn I
and Spe I-digested pJim19 (Gent)-GFP-rbcS-E9t to pro-
duce pJim19 (Gent)-Linker-GFP-rbcS-E9t. The linker
was CP, F2A-1, E2A, F2A-2, P2A, or T2A. Then, Cas9
without a stop codon was amplified from p35S-Cas9-SK
(Feng et al. 2013) and inserted into pBS to produce pBS-
Cas9 (without a stop codon). Fragments of the Linker-
GFP-rbcS-E9t construct were amplified from the
pJim19(Gent)-Linker-GFP-rbcS-E9t vector and cloned
into pBS-Cas9 (without a stop codon) to generate pBS-
Cas9-Linker-GFP-rbcS-E9t. Finally, p35S-Cas9-SK was
modified by deleting one Xho I site upstream of the
double CaMV 35S promoter and adding an Nhe I site
between Hind III and Sal I. Both the modified p35S-
Cas9-SK and pBS-Cas9-Linke-GFP-rbcS-E9t constructs
were digested using Xho I and EcoR I to generate the
final plasmid p35S-Cas9-Linker-GFP-rbcS-E9t. The lin-
ker sequences (CP/F2A-1/E2A/F2A-2/P2A/T2A) are
shown in Supplemental Table 1.

The binary vector pJim19 (Gent) was modified by
replacing the CaMV 35S promoter and Nos terminator
with the sequences of Hind III, Stu I, Spe I, Kpn I, and
EcoR I to generate the pJim19 (Gent)-M vector. The
UBQ10 NheI F and UBQ10 XhoI R primers were used to
clone the UBQ10 promoter from Arabidopsis genomic
DNA. The UBQ10 promoter and p35S:Cas9-P2A-GFP-
rbcS-E9t vector were digested with Nhe I and Xho I and
assembled into the pUBQ10-Cas9-P2A-GFP-rbcS-E9t
vector. UBQ10-Cas9-P2A-GFP-rbcS-E9t was cloned into
EcoR I- and Kpn I-digested pJim19 (Gent)-M to generate
the binary vector pJim19-UBQ10:Cas9-P2A-GFP-rbcS-
E9t, abbreviated as pUBQ10:Cas9-P2A-GFP (Gent).
Similarly, the 2 9 35S-Cas9-P2A-GFP-rbcS-E9t module
was digested from p35S-Cas9-P2A-GFP-rbcS-E9t and
cloned into pJim19 (Gent)-M to obtain the binary vector
pJim19-2 9 35S-Cas9-P2A-GFP-rbcS-E9t, abbreviated
as p35S:Cas9-P2A-GFP (Gent). In addition, the Cas9-
P2A-GFP cassette was inserted into pCAMBIA1300 with
hygromycin resistance to generate two other binary
vectors, pUBQ10:Cas9-P2A-GFP (Hyg) and p35S:Cas9-
P2A-GFP (Hyg).

To generate multiple sgRNA expression modules, the
pAtU6-26-SK vector (Feng et al. 2013) was modified by
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deleting a Spe I site downstream of the sgRNA scaffold
and adding a Nhe I site between Xho I and Sal I,
resulting in pAtU6-26-M (Supplemental Fig. 2A).
sgRNAs were inserted into the Bbs I site of pAtU6-26-M.
Multiple sgRNA expression cassettes were assembled
using Sal I and isocaudomer pair Spe I/Nhe I, as
described in Fig. 1D.

To generate the final genome-editing plasmids, mul-
tiple sgRNA expression modules assembled using iso-
caudomer restriction enzymes were digested using Kpn
I and Sal I and then inserted into binary vectors con-
taining Cas9-P2A-GFP as described above.

All the primers are listed in Supplemental Table S3.

Mesophyll protoplast isolation and transfection

3- to 4-week-old Arabidopsis were used for protoplast
isolation by following previously described procedures
(Yoo et al. 2007). Leaves were cut into 0.5–1 mm leaf
strips and immediately digested in 15 mL of enzyme
solution (1.87% cellulase R10, 0.32% macerozyme R10,
0.4 M mannitol, 20 mM MES, pH 5.7, 20 mM KCl,
10 mM CaCl2, 5 mM b-mercaptoethanol and 0.1% BSA)
for 3 h. The digested products were diluted with 15 mL
precooled W5 solution (154 mM NaCl, 125 mM CaCl2,
5 mM KCl and 2 mM MES, pH 5.7) and filtered through
a 70 lm nylon mesh. The protoplasts were pelleted by
centrifugation at 1400 rpm for 2 min and washed with
10 mL of W5 solution, then centrifuged again. Proto-
plasts were resuspended using 10 mL of precooling W5
buffer and incubated on ice for 30 min, after which the
supernatant was discarded. MMG buffer (0.4 M manni-
tol, 15 mM MgCl2 and 4 mM MES, pH 5.7) was added to
the protoplasts to obtain a protoplast concentration of
105–106 cells mL-1. A 2 mL round-bottom microcen-
trifuge tube was used to perform DNA transfection. A
200 lL aliquot of protoplasts was well mixed with
20 lg of plasmids and 220 lL of PEG solution (40%
PEG 4000, 0.2 M mannitol and 0.1 M CaCl2). After 5 min
of incubation at room temperature, the transformation
reaction was quenched by adding 1 mL of precooling
W5 buffer, and the transfected protoplasts were col-
lected by centrifugation at 1200 rpm for 2 min. Next,
the transfected protoplasts were resuspended using
100 lL of W5 solution and transferred to six-well cul-
ture plates that had been precoated with 1 mL of WI
solution (0.5 M mannitol, 20 mM KCl, 5% fetal calf
serum and 4 mM MES, pH 5.7). The plate was covered
with toilet paper and placed in the incubator for 16 h
before observation under a microscope or the extraction
of total proteins.

Protein extraction and western blotting

For the protoplast experiments, the cultured protoplasts
were collected by centrifugation at 1009g for 1 min.
Total proteins were extracted by adding 20 lL of
denaturing buffer (8 M urea, 100 mM NaH2PO4,
100 mM Tris–HCl, pH 8.0, 1 mM PMSF and 19 protease
inhibitor) and 5 lL of 59 SDS loading buffer (50%
glycerol, 10% SDS, 0.1% Bromo Phenol Blue, 10 mM
DTT, 5% b-mercaptoethanol and 250 mM Tris–HCl, pH
6.8). Well-mixed protoplast and buffer mixtures were
boiled at 100 �C for 10 min. For the plant analyses,
7-day-old light-grown seedlings were harvested and
ground into powder in liquid nitrogen. Denaturing
buffer was used to extract total proteins. After cen-
trifugation at 13,000 rpm for 10 min, the supernatant
containing the total proteins was mixed with 59 SDS
loading buffer and then boiled at 100 �C for 10 min.

The protein samples were separated on 8% SDS-
PAGE gels and transferred to a PVDF membrane. The
membranes were incubated with anti-GFP, anti-RPN6 or
anti-RPT5 antibodies after being blocked with 5% milk.
Then, the membranes were washed three times and
incubated with the corresponding secondary antibodies,
followed by another three washes before detection by
ECL Primer (GE Healthcare).
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