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Multiplex gene editing in rice with simplified
CRISPR-Cpf1 and CRISPR-Cas9 systems™

Summary We developed simplified single transcrip-
tional unit (SSTU) CRISPR systems for multiplex gene
editing in rice using FnCpf1, LbCpf1 or Casg, in which the
nuclease and its crRNA array are co-expressed from a
single Pol Il promoter, without any additional process-
ing machinery. Our SSTU systems are easy to construct
and effective in mediating multiplex genome editing.

The class 2 clustered regularly interspaced short
palindromic repeat (CRISPR) systems have been widely
used for simultaneous modification of multiple loci in
plants. Traditionally, the type Il CRISPR-Cas9 or type V
CRISPR-Cpf1 (also known as Cas12a) system is a
two-component transcriptional unit (TCTU) in which
the Cas9 or Cpf1 protein is expressed from an RNA
polymerase (pol) Il promoter, whereas the single guide
RNA (sgRNA) is typically expressed from a Pol Il
promoter, such as U6 or U3 promoter. For multiplex
gene editing, a single sgRNA targeting multiple genes
can be used in some cases (Yu et al. 2018) but most
often multiple sgRNAs are needed, which can be driven
by separate promoters (Ma et al. 2015; Zhang et al.
2016). Alternatively, the multiple sgRNAs can be
expressed as a single transcript, which generates
functional individual sgRNAs after processing by
exogenous ribozymes (Gao and Zhao 2014), Csy4
(Cermék et al. 2017) or the plant endogenous transfer
RNA (tRNA) processing system (Xie et al. 2015).

To simplify multiplex gene editing in plants, single
transcriptional unit (STU) CRISPR-Cas9 systems were
tested previously, in which Cas9, sgRNAs and ribozyme
or tRNA elements were co-expressed from a single Pol Il
promoter (Tang et al. 2016; Ding et al. 2018). The
CRISPR-Cpf1 system with a simple short direct repeat
(DR)-guide array can also simplify multiplex gene
editing, owing to the CRISPR RNA (crRNA) processing
activity of the Cpf1 protein itself (Wang et al. 2017).
However, compared to Cas9, the Cpf1 system has not
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been widely used for either single or multiple gene
editing, possibly due to its low efficiency in the
conventional pol lll-derived TCTU system.

Here, we developed a simplified single transcrip-
tional unit (SSTU) CRISPR system for multiplex gene
editing in rice using FnCpf1, LbCpf1 or Casg, in which the
nuclease and its crRNA array are co-expressed from a
single Pol Il promoter, without any additional process-
ing machinery. Our SSTU systems are simple and
efficient in mediating multiplex genome editing for
majority of the tested targets.

Previously, we demonstrated high efficiency muilti-
plex editing in four genes by FnCpf1 and LbCpf1, using a
simple short DR-guide array driven by the OsU6
promoter (Wang et al. 2017). With the same strategy,
we tried to simultaneously edit eight genes in the rice
late embryogenesis abundant (LEA) family (sub-family
LEA_1 and LEA 2) using FnCpf1 (TCTU-1 in Figure S1).
FnCpf1 recognizes TTN PAM that is more flexible for
guide RNA designing inrice than the TTTN PAM required
for LbCpf1. Unexpectedly, we observed that the editing
efficiency was very low, only low mutation rates were
observed at two of the target loci (Table S1).

It was reported that the efficiency of a crRNA
expressed from a Pol Il transcript decreases as the
length of the crRNA array increases in mammalian cells
(Zhong et al. 2017). We speculated that the OsU6
promoter may not be strong enough to efficiently drive
a long crRNA array. Thus, we split the crRNA array into
two parts, each consisting of four DR-guide units and
driven by an individual OsU6 promoter (TCTU-2 in
Figure S1). We found that the mutation rates at loci
1,258, 6,262 and 4,998 increased significantly compared
to those of TCTU-1, but the rates remained very low at
the other five targets (Table S1).

Given our previous study showing that four mature
DR-guides driven by the OsU6 promoter were highly
efficient in multiplex gene editing, we speculated that
the low efficiency at the five targets above might be due
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to their PAM-guide sequences. Taken together, these
results suggest that modifications of both the crRNA
expression cassette and PAM-guide may be necessary
for further improvement in multiplex gene editing
by Cpfi.

To optimize crRNA expression, different configu-
rations of crRNA expression cassettes, driven by a pol llI
or pol Il promoter, were tested for the OsPDS-2 target
site, which showed a very low mutation efficiency (1.8%)
in our previous study (Wang et al. 2017). We determined
that the use of the maize ubiquitin (ZmUbi) promoter
plus hammerhead and HDV ribozyme resulted in
significantly higher mutation rate than the other
cassettes (Figure S2). Our result is consistent with the
study of Tang et al. (2017), and therefore, this
configuration was further adopted for multiplex gene
editing.

FnCpf1 was first reported to recognize the TTN PAM
(Zetsche et al. 2015). However, a later study demon-
strated that to achieve high cleavage activity in human
cells, FnCpf1 requires a PAM defined as 5-YTV-3’ (Y
represents C or T, and V represents A, C or G), and the
spacer sequence with a length of 21 nt, rather than the
commonly used 23-25 nt, could lead to maximal editing
(Tu et al. 2017). Another study further showed that
FnCpf1 preferred the TTTV motif to cleave target DNA
when expressed in Saccharomyces cerevisiae (Swiat
et al. 2017). Based on these reports, we modified some
of the guides and cloned the array into the TCTU
expression cassette, together with hammerhead and
HDV ribozyme (Figure 1A; Table S2).

After analyses of the To transgenic plants, we
confirmed high editing efficiencies (>50%) at all four
targets (4,353, 5,071, 2,387 and 2,191) with modified
TTTV PAM-guides, and comparable or higher efficiencies
at targets 1,258, 6,262 and 4,998 with unmodified
PAM-guides. However, no mutation was detected in
target 0204, for which the same TTN PAM was used and
the guide was shortened from 25 nt to 22 nt (Figure 1A;
Table S2). These results indicated that a TTTV PAM is
beneficial for the efficiency of editing by FnCpf1. More
recently, another group reported similar results in rice
protoplasts (Zhong et al. 2018).

Since both FnCpf1and its crRNA array were driven by
a ZmUbi promoter, we tried to combine them into a
single transcript by inserting the array sequence into
the 3’ UTR of the FnCpf1 expression cassette, to form a
SSTU system. We established that this simplified system
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gave comparable mutagenesis efficiencies with those
of the TCTU system at targets 4,353, 5,071, 0,204 and
2,387, although the efficiencies were lower at the other
targets (Figure 1A; Table S2). Elimination of one ZmUbi
promoter from TUTU was not only significantly
reducing the vector size, but also avoiding potential
risks from the use of duplicate promoters in a single
T-DNA, such as gene silencing and recombination of the
construct. We also noticed that in Figure S2, although
DR sequences were set at both the 5’ and 3’ of the
guide, in which the functional DR-guide unit theoreti-
cally can be fully released by the Cpf1 protein, none of
the pol Il promoter cassettes gave high editing
efficiency when additional processing machinery was
not included. However, our results suggest that this
kind of RNA processing machinery is not necessary in
the SSTU construction.

We further compared the TCTU and SSTU systems,
using LbCpf1t to target another OsLEA sub-family,
LEA Dehydrins, which include eight members. We
designed two target sites adjacent to locus 4,528 for
deleting the whole gene, since no TTTV PAM exists in its
CDS region. In this experiment, we chose the Cestrum
yellow leaf curling virus promoter (CmYLCV) for crRNA
array expression in the TCTU system to prevent the use
of duplicate promoters (Figure 1B). The CmYLCV
promoter drives comparable or higher levels of
expression than the 355 or ZmUbi promoter, and it
has been applied successfully for multiplex gene editing
in tomato cells, together with tRAN®Y elements
(Cermék et al. 2017).

As shown in Figure 1B and detailed in Table S3, this
SSTU system was comparable with TCTU at causing
mutagenesis at eight of the nine tested target sites,
although the efficiency was much lower at target 2,675.
A series of mutants was produced from the TCTU and
SSTU systems using both FnCpf1 and LbCpfi, although
no octuple mutants were obtained, due to low
efficiencies at some of the target sites (Tables S4-S7).
Improved computational algorithms are needed for
better prediction of Cpf1 guide RNA activities.

In previous reports of STU systems for Cas9 in
plants, special processing devices, such as the hammer-
head ribozyme (Tang et al. 2016) or tRNA element (Ding
et al. 2018), was used to release individual sgRNAs.
Recently, it was shown that an RNA transcript,
consisting of a sgRNA adjoining a GFP protein coding
region in the Tobacco mosaic virus, caused target indels
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Figure 1. Multiplex gene editing in rice using TCTU and SSTU systems containing CRISPR-Cpf1 or CRISPR-Cas9

(A) T-DNA constructs of TCTU and SSTU systems for multiplex gene editing with FnCpf1 and the resulting
mutagenesis efficiency at rice LEA_1and LEA 2 family genes. (B) T-DNA constructs of TCTU and SSTU systems for
multiplex gene editing with LbCpf1 and the resulting mutagenesis efficiency at rice LEA_Dehydrin family genes.
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and viral-based GFP overexpression, simultaneously
(Cody et al. 2017). Inspired by this finding, we
speculated that the Casg protein and its sgRNAs may
be assembled into a SSTU system, without any
additional processing machinery. More recently, it has
also been shown that the SpCasg protein and intrinsic
plant RNase, can produce functional sgRNA from a
fused SpCas9-gRNA primary transcript, such that the
translated SpCas9 protein can be bound to this
transcript, and the extra RNA sequences are trimmed
by RNase Il and/or RNase T1 (Mikami et al. 2017).

In our design, three sgRNAs targeting loci 230, 250
and 240 in the rice CYP81A family were tandemly ligated
into the 3 UTR of the Cas9 expression cassette,
separated only by a 6 bp linker (the linker can contain a
restriction site for cloning). A single sgRNA expression
cassette for targeting locus 260 in the same family was
designed as a control to evaluate the activity of the Casg
protein in the SSTU system (Figure 1C). To compare the
efficiency of the sgRNA array, a traditional multiplex
gene editing system was also constructed, in which
these three sgRNAs were driven by separate pol Il
promoters (TCTU-3). The SSTU system yielded good
mutagenesis efficiency at the tested targets, except for
target 250 (Figure 1C; Tables S8-S10).

The synchronized expression of Casg and sgRNAs in
one cassette in the SSTU is presumably advantageous for
efficient gene editing. The lower mutation rate observed
for the middle sgRNA unit, targeting locus 250, may be a
consequence of imprecise RNase trimming of the sgRNA
array. Using longer linkers may help resolve this problem.
Most of the mutations induced by Cas9 were homozy-
gous and bi-alleles, in contrast to higher proportion of
heterozygous and chimeric mutants induced by Cpf1
(Figures S3-S12; Tables S1-S10).

The strategies for multiplex gene editing in plants
have evolved from the traditional TCTU systems to STU
systems. In this study, we further simplified the STU
architecture to a SSTU system for both Cpf1 and Cas9,
without any additional processing machinery. Overall,
our SSTU systems are simple to construct and effective
at mediating multiplex genome editing.
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SUPPORTING INFORMATION

Additional Supporting Information may be found online
in the supporting information tab for this article: http://
onlinelibrary.wiley.com/doi/10.1111/jipb.12667/suppinfo
Figure S1. Configuration of TCTU-1 and TCTU-2 systems
for editing rice LEA_1and LEA 2 family genes with FnCpf1
DR, direct repeat.

Figure S2. Different configurations of crRNA expression
cassette for LbCpf1 to edit the OsPDS-2 target site and
the resultant mutation rate

The data in the first configuration was derived from our
previous study (Wang et al. 2017). Bi, bi-allele; Chi,
Chimera; DR, direct repeat; HDV, hepatitis delta virus
ribozyme; He, heterozygote; HH, hammerhead ribo-
zyme; WT, wild type.

Figure S3. Representative mutations in targets 4,353,
5,071, 1,258 and 6,262 derived from the TCTU system of
FnCpfi1

The genotypes, detail on mutations and original
sequencing chromatograms for each target site are
listed. PAM-guide sequence is marked in grey and the
PAM motif (TTN or TTTV) is marked in bold. Each dashed
line represents a deleted nucleotide and the number
after ’ represents the number of bases that have been
deleted. Bi: bi-allele, He: heterozygous, WT: wild type.
Figure S4. Representative mutations in targets 4,998,
2,387 and 2,191 derived from the TCTU system of FnCpf1
The genotypes, detail on mutations and original
sequencing chromatograms for each target site are
listed. PAM-guide sequence is marked in grey and the
PAM motif (TTN or TTTV) is marked in bold. Each
dashed line represents a deleted nucleotide and the
number after ‘-’ represents the number of bases that
have been deleted. Bi: bi-allele, He: heterozygous,
WT: wild type.

Figure S5. Representative mutations in targets 4,353,
5,071, 1,258 and 6,262 derived from the SSTU system of
FnCpf1

The genotypes, detail on mutations and original
sequencing chromatograms for each target site are
listed. PAM-guide sequence is marked in grey and the
PAM motif (TTN or TTTV) is marked in bold. Each dashed
line represents a deleted nucleotide and the number
after ’ represents the number of bases that have been
deleted. Bi: bi-allele, He: heterozygous, WT: wild type.
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Figure S6. Representative mutations in targets 4,998,
2,387 and 2,191 derived from the SSTU system of FnCpf1
The genotypes, detail on mutations and original
sequencing chromatograms for each target site are
listed. PAM-guide sequence is marked in grey and the
PAM motif (TTN or TTTV) is marked in bold. Each dashed
line represents a deleted nucleotide and the number
after -’ represents the number of bases that have been
deleted. Bi, bi-allele; He, heterozygous; WT, wild type.
Figure S7. Representative mutations in targets 5,070,
4,487, 4,528-2 and 2,657 derived from the TCTU system
of LbCpfi1

The genotypes, detail on mutations and original
sequencing chromatograms for each target site are
listed. PAM-guide sequence is marked in grey and the
PAM motif (TTTV) is marked in bold. Each dashed line
represents a deleted nucleotide and the number after -’
represents the number of bases that have been deleted.
Bi, bi-allele; He, heterozygous; WT, wild type.

Figure S8. Representative mutations in targets 2,675,
2,676, 2,678 and 2,679 derived from the TCTU system of
LbCpf1

The genotypes, detail on mutations and original sequenc-
ing chromatograms for each target site are listed. PAM-
guide sequence is marked in grey and the PAM motif
(TTTV) is marked in bold. Each dashed line represents a
deleted nucleotide and the number after *’ represents
the number of bases that have been deleted. Bi, bi-allele;
He, heterozygous; Ho, homozygous; WT, wild type.
Figure S9. Representative mutations in targets 5,070,
4,487, 4,528-2 and 2,657 derived from the SSTU system
of LbCpf1

The genotypes, detail on mutations and original
sequencing chromatograms for each target site are
listed. PAM-guide sequence is marked in grey and
the PAM motif (TTTV) is marked in bold. Each dashed
line represents a deleted nucleotide and the number
after -’ represents the number of bases that have been
deleted. Bi, bi-allele; He, heterozygous; WT, wild type.
Figure S10. Representative mutations in targets 2,675,
2,676, 2,678 and 2,679 derived from the SSTU system of
LbCpf1

The genotypes, detail on mutations and original
sequencing chromatograms for each target site are
listed. PAM-guide sequence is marked in grey and the
PAM motif (TTTV) is marked in bold. Each dashed line
represents a deleted nucleotide and the number after ‘-’
represents the number of bases that have been deleted.
Bi, bi-allele; He, heterozygous; WT, wild type.
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Figure S11. Representative mutations derived from the
TCTU-3 system of Cas9

The genotypes, detail on mutations and original sequenc-
ing chromatograms for each target site are listed. Guide-
PAM sequence is marked in grey and the PAM motif
(NGQ) is marked in bold. Each dashed line represents a
deleted nucleotide and the number after ’ and ‘+’
represents the number of bases that have been deleted
and inserted, respectively. Bi, bi-allele; Ho, homozygous.
Figure S12. Representative mutations derived from the
SSTU system of Cas9

The genotypes, detail on mutations and original
sequencing chromatograms for each target site are
listed. Guide-PAM sequence is marked in grey and
the PAM motif (NGG) is marked in bold. Each dashed
line represents a deleted nucleotide and the number
after -’ represents the number of bases that have been
deleted. Bi, bi-allele; He, heterozygous; Ho, homozy-
gous; WT, wild type.

Table S1. Summary of the multiplex gene editing in rice
LEA 1 and LEA 2 family genes by TCTU-1 and TCTU-2
systems with FnCpf1

Table S2. Summary of the multiplex gene editing in rice
LEA 1 and LEA 2 family genes by TCTU and SSTU
systems with FnCpf1

Table S3. Summary of the multiplex gene editing in rice
LEA Dehydrin family genes by TCTU and SSTU systems
with LbCpf1

Table S4. Mutants derived from the TCTU system of
FnCpf1

Table S5. Mutants derived from the SSTU system of
FnCpf1

Table S6. Mutants derived from the TCTU system of
LbCpf1

Table S7. Mutants derived from the SSTU system of
LbCpf1

Table S8. Summary of the multiplex gene editing in rice
CYP81A family genes by TCTU-3 and SSTU systems with
Cas9

Table S9. Mutants derived from the TCTU-3 system of
Cas9

Table S10. Mutants derived from the SSTU system of
Cas9

Table S11. PCR primers used to amplify the target sites in
rice plantlets

Table S12. Primers used to sequence the target PCR
product.

Supplementary Materials and Methods

August 2018 | Volume 60 | Issue 8 | 626-631


http://onlinelibrary.wiley.com/doi/10.1111/jipb.12667/suppinfo/
http://onlinelibrary.wiley.com/doi/10.1111/jipb.12667/suppinfo/
http://onlinelibrary.wiley.com/doi/10.1111/jipb.12667/suppinfo/
http://onlinelibrary.wiley.com/doi/10.1111/jipb.12667/suppinfo/
http://onlinelibrary.wiley.com/doi/10.1111/jipb.12667/suppinfo/
http://onlinelibrary.wiley.com/doi/10.1111/jipb.12667/suppinfo/
http://onlinelibrary.wiley.com/doi/10.1111/jipb.12667/suppinfo/
http://onlinelibrary.wiley.com/doi/10.1111/jipb.12667/suppinfo/
http://onlinelibrary.wiley.com/doi/10.1111/jipb.12667/suppinfo/
http://onlinelibrary.wiley.com/doi/10.1111/jipb.12667/suppinfo/
http://onlinelibrary.wiley.com/doi/10.1111/jipb.12667/suppinfo/
http://onlinelibrary.wiley.com/doi/10.1111/jipb.12667/suppinfo/
http://onlinelibrary.wiley.com/doi/10.1111/jipb.12667/suppinfo/
http://onlinelibrary.wiley.com/doi/10.1111/jipb.12667/suppinfo/
http://onlinelibrary.wiley.com/doi/10.1111/jipb.12667/suppinfo/
http://onlinelibrary.wiley.com/doi/10.1111/jipb.12667/suppinfo/
http://onlinelibrary.wiley.com/doi/10.1111/jipb.12667/suppinfo/
http://onlinelibrary.wiley.com/doi/10.1111/jipb.12667/suppinfo/
http://onlinelibrary.wiley.com/doi/10.1111/jipb.12667/suppinfo/
http://onlinelibrary.wiley.com/doi/10.1111/jipb.12667/suppinfo/
http://onlinelibrary.wiley.com/doi/10.1111/jipb.12667/suppinfo/
http://onlinelibrary.wiley.com/doi/10.1111/jipb.12667/suppinfo/
http://onlinelibrary.wiley.com/doi/10.1111/jipb.12667/suppinfo/
http://onlinelibrary.wiley.com/doi/10.1111/jipb.12667/suppinfo/
http://onlinelibrary.wiley.com/doi/10.1111/jipb.12667/suppinfo/
http://onlinelibrary.wiley.com/doi/10.1111/jipb.12667/suppinfo/
http://onlinelibrary.wiley.com/doi/10.1111/jipb.12667/suppinfo/
http://onlinelibrary.wiley.com/doi/10.1111/jipb.12667/suppinfo/
http://onlinelibrary.wiley.com/doi/10.1111/jipb.12667/suppinfo/
http://onlinelibrary.wiley.com/doi/10.1111/jipb.12667/suppinfo/
http://onlinelibrary.wiley.com/doi/10.1111/jipb.12667/suppinfo/
http://onlinelibrary.wiley.com/doi/10.1111/jipb.12667/suppinfo/
http://onlinelibrary.wiley.com/doi/10.1111/jipb.12667/suppinfo/
http://onlinelibrary.wiley.com/doi/10.1111/jipb.12667/suppinfo/
http://onlinelibrary.wiley.com/doi/10.1111/jipb.12667/suppinfo/
http://onlinelibrary.wiley.com/doi/10.1111/jipb.12667/suppinfo/
http://onlinelibrary.wiley.com/doi/10.1111/jipb.12667/suppinfo/
http://onlinelibrary.wiley.com/doi/10.1111/jipb.12667/suppinfo/
http://onlinelibrary.wiley.com/doi/10.1111/jipb.12667/suppinfo/
http://onlinelibrary.wiley.com/doi/10.1111/jipb.12667/suppinfo/
http://onlinelibrary.wiley.com/doi/10.1111/jipb.12667/suppinfo/
http://onlinelibrary.wiley.com/doi/10.1111/jipb.12667/suppinfo/
http://onlinelibrary.wiley.com/doi/10.1111/jipb.12667/suppinfo/
http://onlinelibrary.wiley.com/doi/10.1111/jipb.12667/suppinfo/
http://onlinelibrary.wiley.com/doi/10.1111/jipb.12667/suppinfo/
http://onlinelibrary.wiley.com/doi/10.1111/jipb.12667/suppinfo/
http://onlinelibrary.wiley.com/doi/10.1111/jipb.12667/suppinfo/

