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Dear Editor,

The class 2/type II clustered regularly interspaced short palin-

dromic repeat (CRISPR)/Cas9 system has been used success-

fully for simultaneous modification of multiple loci in plants. Two

general strategies have been applied to coexpressmultiple single

guide RNAs (sgRNAs) to achieve multiplex gene editing in plant

cells. One is to construct the multiple guide RNA expression cas-

settes into separate plasmids when direct gene delivery methods

are adopted, such as biolistic bombardment and PEG-mediated

protoplast transfection (Shan et al., 2013). The other is to

assemble the multiple sgRNAs into a single vector when the

Agrobacteria-mediated gene transformation method is used.

These multiple sgRNAs can be driven by separate promoters

(Ma et al., 2015; Zhang et al., 2016) or expressed as a

single transcript for further processing by plant endogenous

ribonucleases (Xie et al., 2015). Although these two strategies

were reported to be efficient for introducing targeted gene

modifications in plant genomes, the construction of CRISPR/

Cas9 vectors was complicated and laborious.

Recently, Cpf1 (CRISPR from Prevotella and Francisella 1) was

characterized as a novel class 2 system component that has

distinct features compared with Cas9. It is a single RNA-guided

endonuclease, recognizes the thymidine-rich protospacer-adja-

cent motif (PAM), and produces staggered cuts distal to the

PAM site (Zetsche et al., 2015). This type V CRISPR/Cpf1

system has been demonstrated to have robust genome editing

activity in mammalian cells (Zetsche et al., 2015; Kim et al.,

2016), and also generate target mutations in rice, Arabidopsis,

soybean, and tobacco (Endo et al., 2016; Xu et al., 2016; Hu

et al., 2017; Kim et al., 2017; Tang et al., 2017). Interestingly,

Cpf1 is a dual nuclease that not only cleaves target DNA but

also processes its own CRISPR RNA (crRNA) (Fonfara et al.,

2016; Zetsche et al., 2016). In addition, the maturation of crRNA

by Cpf1 does not require the assistance of trans-activating

crRNA (tracrRNA). With these advantages, the natural structure

of Cpf1 system was recently adopted for multiplex gene

editing in mammalian cells, where up to four genes were

simultaneously edited by Cpf1 using a single crRNA array

spaced by mature direct repeats (DRs) (Zetsche et al., 2016).

To compare the gene editing efficiency of Francisella novicida

Cpf1 (FnCpf1) and Lachnospiraceae bacterium ND2006

Cpf1 (LbCpf1) in rice, two T-DNA constructs were designed

based on the pCambia binary vector to express FnCpf1 and

LbCpf1 systems (Supplemental Figure 1). We chose 22–24 nt

target sequences to induce mutations at six sites of three

endogenous genes: 5-Enolpyruvylshikimate 3-Phosphate Syn-

thase (OsEPSPS, LOC_Os06g04280), Bentazon Sensitive Lethal

(OsBEL, LOC_Os03g55240), and Phytoene Desaturase (OsPDS,

LOC_Os03g08570). Our results showed that both FnCpf1 and
LbCpf1 with their own mature DRs can introduce targeted

gene mutations in transgenic plants (Supplemental Table 1).

Mutations in OsPDS caused an albino phenotype, as expected

(Supplemental Figure 2). Moreover, we found that the LbCpf1

system exhibited a higher editing efficiency than FnCpf1 in all

of the six tested target sites, and both of them showed big

differences in the frequency of induced mutations between two

target sites within the same gene (Supplemental Table 1), which

is consistent with a previous finding that the efficiency of Cpf1

may be influenced by factors such as the base content of the

target sequence (Fonfara et al., 2016).

Given our results showing that both FnCpf1 and LbCpf1 with their

own mature DRs induced mutations in transgenic plants,

we tested whether these Cpf1 could be used for multiplex

gene editing in rice. We used FnCpf1 to edit four members

related to receptor-like kinases (OsRLKs): OsRLK-798 (LOC_

Os02g04430), OsRLK-799 (LOC_Os02g07960), OsRLK-802

(LOC_Os01g39600), and OsRLK-803 (LOC_Os06g04370), and

used LbCpf1 to edit four OsBEL genes of the CYP81A family:

OsBEL-230 (LOC_Os03g55230),OsBEL-240 (LOC_Os03g55240),

OsBEL-250 (LOC_Os03g55250), and OsBEL-260 (LOC_

Os03g55260). The guide sequence targeting OsBEL-240 was

the same as the OsBEL-1 site in the above single gene editing.

In our design, four units of crRNAs in their mature form, 20 bp

(FnCpf1) or 21 bp (LbCpf1) DR with 23–24 bp guide sequence,

were ligated in tandem and driven by one OsU6 promoter in the

same construct with FnCpf1 or LbCpf1 (Figure 1A and 1B,

Supplemental Sequences). Our analysis of the resulting T0 rice

transgenic plants showed robust multiplex gene editing

activities; the mutation frequencies of the four OsRLK genes

targeted by FnCpf1 were 43.8%–75%, and were 40%–60% for

the four OsBEL genes targeted by LbCpf1 (Figure 1C).

Approximately 44% and 67% of the mutants edited by FnCpf1

and LbCpf1, respectively, had all four target sites mutated

simultaneously (Figure 1D and Supplemental Figures 3–8). The

different target genes made it difficult to compare the

efficiencies of the two Cpf1 systems. It is possible that

the variations in editing efficiencies were due to the differences

in target sequences.

The crRNA arrays with guides in different orders resulted in

similar mutation frequencies in multiplex gene editing by

Cpf1 in mammalian cells, suggesting that the positioning within

an array is not crucial for activity (Zetsche et al., 2016). In

our study, when the same locus in OsBEL gene (OsBEL-1

and OsBEL-240) was targeted by LbCpf1, the mutagenesis

efficiencies of our multiplex gene editing system (53.3%) and
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Summary of the multiplex gene editing in rice by FnCpf1 and LbCpf1

Target loci PAM-guide sequence (5’-3’) Plantlets
identify Mutant Mutation

rate % Genotype

FnCpf1
OsRLK-798 TTTCCATTCCCCATCCCGTTCTTTGGC 24 75 3Ho+6Bi+6He+9Chi+8WT
OsRLK-799 TTTGGAAGGACAGTTAGGCAGCCTGGG 20 62.5 6Bi+4He+10Chi+12WT
OsRLK-802 TTTCGCAAGAGCGCCTCATCCACGCTT 21 65.6 8Bi+5He+8Chi+11WT
OsRLK-803 TTTACCTCGACGTCAACCACCTGACCG

32

14 43.8 2Bi+6He+6Chi+18WT
LbCpf1
OsBEL-230 TTTGCTCGGTGAGTACAAGTCTAAAAG 18 60 5Bi+2He+11Chi+12WT
OsBEL-240 TTTCATCTCCTTCTAGAAGCACAAGCG 16 53.3 1Ho+4Bi+3He+8Chi+14WT
OsBEL-250 TTTGTGCGGTGAGTGAGTACGTACTTTC 12 40 3Bi+4He+5Chi+18WT
OsBEL-260 TTTGGTGCCGGAACAGAGACTACATCA

30

17 56.7 6Bi+3He+8Chi+13WT

Distribution of the mutations in T0 plants derived from Cpf1-multiplex gene editing
Mutation sites 4 3 2 1 0

Plantlets (FnCpf1) 11(34.4%) 7(21.9%) 5(15.6%) 2(6.3%) 7(21.9%)
Plantlets (LbCpf1) 12(40%) 4(13.3%) 1(3.3%) 1(3.3%) 12(40%)

C

D

Figure 1. T-DNA Constructs of FnCpf1 and LbCpf1 for Multiplex Gene Editing and the Resulting Mutagenesis Efficiency in Rice.
(A) The construct of the FnCpf1 multiplex gene editing system contains an FnCpf1 expression cassette and a multi-crRNA expression cassette. FnCpf1

was inserted downstream of the ZmUbi promoter. A NOS terminator was placed at the end of FnCpf1 ORF. The SV40-derived nuclear localization signal

(NLS) was fused translationally to both the N and C termini of FnCpf1. A 3XFlag was in-frame fused to the N terminus of NLS. Themulti-crRNA expression

cassette contains four DR guide units, and each unit includes one mature DR and 23–24 bp of guide sequence (g). This array is controlled by the OsU6

promoter and terminated by a 7 bp polyT sequence.

(B) The construct of the LbCpf1 multiplex gene editing system. The elements included are similar to those of FnCpf1.

(C) Summary of the target sequences and mutations in rice T0 plants transformed with the FnCpf1 and LbCpf1 multiplex gene editing systems. Ho,

possible homozygote; Bi, possible bi-allele; He, possible heterozygote; Chi, Chimera; WT, wild-type. The PAM motif (TTN for FnCpf1 and TTTN for

LbCpf1) is marked in bold.

(D) Distribution of the mutations in T0 plants derived from Cpf1 multiplex gene editing.
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the single gene editing system (62.5%) were comparable. The

result indicated that crRNA array structure does not

significantly affect the cleavage efficiency of Cpf1 systems in

plants. Nevertheless, we found that the last DR-guide unit at

both the FnCpf1 and LbCpf1 crRNA arrays caused the lowest

mutagenesis efficiency (targets for OsRLK-803 and OsBEL-250,

Figure 1A–1C). The last DR-guide unit may need to be extended,

or an additional DR elementmay be added at the end of crRNA for

better processing of the tail in the array by Cpf1.

Different from the common 1–2 bp short indels generated by

Cas9 in rice (Zhang et al., 2014), most of the mutations derived

from multiplex gene editing by both FnCpf1 and LbCpf1 in

rice were 3–30 bp deletions at 30 of the target sequence

(Supplemental Figures 3–8). The mutation spectrum was similar
2 Molecular Plant --, 1–3, -- 2017 ª The Author 2017.
with recently reported single gene editing using FnCpf1 or

LbCpf1 in rice (Endo et al., 2016; Xu et al., 2016).

Cpf1 was shown to be highly specific in gene editing in human

cells (Kim et al., 2016). No off-target mutations were found at

potential off-target sites, when LbCpf1 was used to edit several

single genes in rice (Xu et al., 2016). However, slight off-target

effects were found at highly homologous sequences that have

only one mismatch with their on-target sites, when some single

loci were edited using FnCpf1 in rice (Endo et al., 2016). To test

the off-target effect of Cpf1 in multiplex gene editing, we assayed

three most likely off-target sites for each target by PCR and

sequencing. The test for each potential off-target site was carried

out in at least five transgenic lines that had all four target sites

mutated. We did not find any off-target mutations from any of
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the selected potential off-target sites for either FnCpf1 or LbCpf1.

These results illustrated the faithfulness of CRISPR-Cpf1 in multi-

plex gene editing in rice.

Cpf1 recognizes the crRNA through a combination of sequence-

specific and structural features of the stem loop, and that the DR

sequences of Cpf1 are highly conserved and functionally inter-

changeable (Zetsche et al., 2015, 2016; Fonfara et al., 2016).

The FnCpf1 and LbCpf1 systems have the same repeat

recognition sequence (RRS) and stem regions in their mature

DRs, but the size of the loop in LbDR is one nucleotide larger

than FnDR (Zetsche et al., 2015). It has been illustrated that

RRS and stem structure are crucial for the cleavage activity of

Cpf1; however, changes in the loop region resulted in reduced

cleavage activity for a shorter loop, whereas an increased

loop length did not influence cleavage (Fonfara et al., 2016).

To investigate the specificity of DR sequences in rice, we

interchanged the crRNA cassette between the FnCpf1 and

LbCpf1 constructs (Supplemental Figure 9), and then used the

new constructs to target the OsPDS-1 and OsBEL-2 sites. We

found that both interchanged Cpf1 systems caused targeted

mutations with efficiencies comparable with their original

ones, although the FnCpf1-LbDR system showed an increased

mutation efficiency at the OsBEL-2 site (21.6% versus

12.5%) and the LbCpf1-FnDR system showed a decreased mu-

tation efficiency at the OsPDS-1 site (36.7% versus 73.5%)

(Supplemental Table 2).

Multiplex gene editing provides a powerful tool for targeting

members of multigene families. Although previous studies have

shown that multiplex gene editing in plants is possible with

CRISPR-Cas9 (Ma et al., 2015; Xie et al., 2015; Zhang et al.,

2016), the Cas9 system requires large constructs to express

multiple sgRNA cassettes, which are more laborious to

construct and may cause instability and reduce transformation

efficiency. The current study has demonstrated the feasibility

of high-efficiency multiplex gene editing in plants using

engineered CRISPR-Cpf1 with a simple short DR-guide array.

The flexibility of the DR sequence of Cpf1 will help to further opti-

mize the DR-guide array to achieve higher editing efficiency.

Although future studies are needed to examine the germline

transmission of the Cpf1 multiplex gene-editing-induced muta-

tions and to further evaluate the potential off-target effect

genome-wide, our results show that the CRISPR/Cpf1 system

can significantly simplify multiplex gene editing in plants.
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