:' frontiers

in Genome Editing

ORIGINAL RESEARCH
published: 14 December 2020
doi: 10.3389/fgeed.2020.608563

OPEN ACCESS

Edited by:
Bing Yang,
University of Missouri, United States

Reviewed by:

Keunsub Lee,

lowa State University, United States
Qinlong Zhu,

South China Agricultural

University, China

*Correspondence:
Masaki Endo
mendo@affrc.go.jp

T These authors have contributed
equally to this work

Specialty section:

This article was submitted to
Genome Ediiting in Plants,

a section of the journal
Frontiers in Genome Editing

Received: 21 September 2020
Accepted: 18 November 2020
Published: 14 December 2020

Citation:

Negishi K, Mikami M, Toki S and
Endo M (2020) Enhanced
FnCas12a-Mediated Targeted
Mutagenesis Using crRNA With
Altered Target Length in Rice.
Front. Genome Ed. 2:608563.
doi: 10.3389/fgeed.2020.608563

Check for
updates

Enhanced FnCas12a-Mediated
Targeted Mutagenesis Using crRNA
With Altered Target Length in Rice

Katsuya Negishi'", Masafumi Mikami 2", Seiichi Toki"?3 and Masaki Endo "**

" Plant Genome Engineering Research Unit, Institute of Agrobiological Sciences, National Agriculture and Food Research
Organization, Tsukuba, Japan, ? Graduate School of Nanobioscience, Yokohama City University, Yokohama, Japan, ° Kihara
Institute for Biological Research, Yokohama City University, Yokohama, Japan, * Probabilistic Modeling Team, Research
Center for Agricultural Information Technology, National Agriculture and Food Research Organization, Tsukuba, Japan

The CRISPR/Cas12a (Cpfl) system utilizes a thymidine-rich protospacer adjacent motif
(PAM) and generates DNA ends with a 5’ overhang. These properties differ from those
of CRISPR/Cas9, making Cas12a an attractive alternative in the CRISPR toolbox.
However, genome editing efficiencies of Cas12a orthologs are generally lower than
those of SpCas9 and depend on their target sequences. Here, we report that the
efficiency of FnCas12a-mediated targeted mutagenesis varies depending on the length
of the crBNA guide sequence. Generally, the crRNA of FnCas12a contains a 24-nt
guide sequence; however, some target sites showed higher mutation frequency when
using crBNA with an 18-nt or 30-nt guide sequence. We also show that a short
crBRNA containing an 18-nt guide sequence could induce large deletions compared
with middle- (24-nt guide sequence) and long- (30-nt guide sequence) crBNAs. We
demonstrate that alteration of crRNA guide sequence length does not change the rate of
off-target mutation of FnCas12a. Our results indicate that efficiency and deletion size of
FnCas12a-mediated targeted mutagenesis in rice can be fine-tuned using crBNAs with
appropriate guide sequences.

Keywords: CRISPR/Cas12a, genome editing, targeted mutagenesis, large deletion, Oryza sativa

INTRODUCTION

The CRISPR/Cas9 (clustered regularly interspaced short palindromic repeats/ CRISPR-associated
protein 9) system was first reported as an adaptive immune system in archaea and bacteria
and is now used for genome editing in various organisms, including plants (Li et al,
2013; Nekrasov et al., 2013; Shan et al, 2013). Cas9 endonuclease protein makes a complex
with two small RNAs named CRISPR RNA (crRNA) and trans-activating crRNA (tracrRNA)
(Jinek et al, 2012). The Cas9-RNA complex first recognizes a protospacer adjacent motif
(PAM) sequence in the double-stranded DNA and then interrogates a target sequence next
to the PAM (Shibata et al., 2017). Cas9 binds and cleaves target DNA with a sequence
complementary to that of the crRNA to produce a DNA double-stranded break (DSB) that causes
genome mutations as a failure of DNA repair pathways. In CRISPR/Cas9-mediated genome
editing, the PAM restricts the selectivity of target sites because each Cas9 requires a specific
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PAM sequence for target recognition. The widely used Cas9 from
Streptococcus pyogenes (SpCas9) recognizes an NGG sequence as
a PAM. Cas9 orthologs from Streptococcus thermophilus (StCas9)
and Staphylococcus aureus (SaCas9) recognize NNAGAA and
NNGRRT as PAM sequences, respectively, and have been utilized
for genome editing in plants (Steinert et al., 2015; Kaya et al,,
2016). Furthermore, engineered SpCas9 variants that recognize
different PAM sequences have been developed, expanding the
application of genome editing in plants (Hu et al., 2018; Meng
et al, 2018; Endo et al, 2019). These Cas9 orthologs and
variants can expand target selectivity. However, Cas9 orthologs
mainly require a guanine-rich sequence as a PAM. Casl12a—also
known as CRISPR from Prevotella and Francisella 1 (Cpfl)—
has been reported as another type of RNA-guided endonuclease
derived from a Class 2/type V CRISPR/Cas system (Zetsche
et al,, 2015). While Cas9 requires a mainly G-rich sequence
as a PAM, Casl2a can recognize a T-rich sequence as a PAM.
Therefore, CRISPR/Casl2a-based genome editing technology
can be a useful tool to complement CRISPR/Cas9 and further
expand the targeting range. In addition, Casl2a has several
features that differ from those of Cas9. Cas12a cleaves target DNA
downstream of the PAM and produces cohesive ends with 5
sticky overhangs, whereas Cas9 generates blunt ends upstream
of the PAM (Zetsche et al., 2015). While Cas9 needs crRNA and
tracrRNA, Casl2a requires only crRNA. The length of Casl2a
crRNA is 40-45 nucleotides (nt), i.e., less than half the length of
the SpCas9 single-guide RNA (sgRNA), which is a fusion RNA
of crRNA and tracrRNA with an artificial linker (Jinek et al.,
2012). Casl2a has both DNA and RNA cleavage activities to
process the CRISPR precursor transcript (pre-ctrRNA) to mature
crRNA, whereas Cas9 has DNA cleavage activity only (Fonfara
et al,, 2016). Three Casl2a orthologs, from Acidaminococcus
sp. BV3L6 (AsCasl2a), Lachnospiraceae bacterium ND2006
(LbCasl12a), and Francisella novicida U112 (FnCasl2a), have
been used for genome editing in plants (Endo et al., 2016; Tang
et al, 2017; Wang et al,, 2017; Xu et al,, 2019). AsCasl2a and
LbCasl2a recognize TTTV and FnCasl2a recognizes TTV as
PAMs (Zetsche et al., 2015). However, mutagenesis efficiency
using AsCasl2a or LbCasl2a was found to be generally lower
than that using SpCas9 in maize (Lee et al, 2019). In our
previous study of FnCasl2a, the mutation efficiencies in several
target sites designed in the Nicotiana tabacum genome were
also very low—even below detection level (Endo et al., 2016).
Because of the low mutation efficiency, Casl2a orthologs are
thus harder to use for genome editing in plants than SpCas9
despite the many inherent advantages of Casl2a. Thus, the
CRISPR/Casl12a system needs further optimization to improve
genome editing efficiency. In SpCas9-mediated genome editing,
there are several reports of enhancement of genome editing
activity through gRNA engineering, such as changing the length
of the sgRNA or scaffold sequence (Fu et al., 2014; Dang et al.,
2015) or chemical modification of the sgRNA (Hendel et al.,
2015; Ryan et al, 2018). In CRISPR/Casl2a, it has also been
reported that engineering of the crRNA can affect genome editing
activity. Modifications of the 3’-end sequence of crRNA can
improve AsCasl2a activity in human cells (Li et al., 2017). The
FnCasl2a-crRNA complex has DSB activity in in vitro assays

when using crRNAs with 16- to 24-nt and 30-nt guide sequences
(Lei et al., 2017). Although the most commonly used crRNAs
of LbCasl2a have a 25-nt guide and 21-nt scaffold sequence,
LbCasl2a can induce targeted mutations when using a crRNA
containing a 31-nt guide, 21-nt scaffold, and 15-nt repeat spacer
sequence in rice (Xu et al, 2017). Furthermore, the cleavage
site recognized by FnCasl2a could be altered by changing the
crRNA length in vitro. The lengths of 5 protruding ends were
extended when the length of the guide sequence was 18-nt or
less (Lei et al., 2017). In this work, we compared the mutation
frequencies in rice using crRNAs with four different guide
sequence lengths (18-nt, 24-nt, 30-nt, and 45-nt) and showed
that the length of the guide sequence affects genome editing
efficiency and mutation pattern. We also investigated the effect
of guide sequence length on the rate of off-target mutation.
Our results suggest that optimizing target length can lead
to more efficient CRISPR/FnCasl12a-mediated genome editing
in plants.

MATERIALS AND METHODS

Vector Construction

The FnCasl2a vector used in this study is based on our
previously described FnCas12a expression vectors, which include
the FnCasl2a expression cassette and the hygromycin B
phosphotransferase (HPT) expression cassette (Endo et al., 2016).
The crRNA of FnCas12a was placed under the control of the rice
U6-2 promoter (Mikami et al., 2015). crRNAs with 24-nt, 18-nt,
30-nt, or 45-nt guide sequences were inserted into the BbsI site
next to the crRNA scaffold. The expression cassette of crRNA was
cloned into the binary vector using the restriction enzymes Ascl
and Pacl (Endo et al., 2016).

Transformation of Rice With

FnCas12a/crRNA Expression Constructs
Agrobacterium tumefaciens-mediated transformation of rice
(Oryza sativa L. cv. Nipponbare) using scutellum-derived calli
was performed as described previously (Toki, 1997; Toki et al.,
2006). Rice calli were infected by A. tumefaciens strain EHA105
transformed with the FnCas12a/crRNA vectors. Transgenic calli
were selected for hygromycin resistance and cultured for 1
month at 30°C on callus induction medium containing 50 mg/L
hygromycin B. Details of the rice transformation procedure have
been described in a previous report (Mikami et al., 2017).

Cleaved Amplified Polymorphic Sequences
Analysis

To detect targeted mutations in the rice genome, genomic DNA
was extracted from 18 to 25 independent transgenic calli or
regenerated plants per construct using an Agencourt Chloropure
Kit (Beckman Coulter). Target loci were amplified using the
primers listed in Supplementary Table 1. PCR products were
subjected to restriction enzyme digestion and analyzed by agarose
gel electrophoresis. The number of samples for cleaved amplified
polymorphic sequences (CAPS) analysis and the number of
mutations detected in calli are shown in Supplementary Table 2.
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TABLE 1 | Target sequences and lengths of DL-1 and DL-2.

Target gene crRNA PAM Sequence Length (nt)

DL DL-1_Short TTC  GTCTTTTGGGTAG 18

CTGCA

DL-1_Middle GTCTTTTGGGTAG 24
CTGCAGGTTGG

DL-1_Long GTCTTTTGGGTAG 30
CTGCAGGTTGGAGTCCC

DL-2_Short TTG GGGAGAGCGG 18
CTGCACCA

DL-2_Middle GGGAGAGCGGCTGCACC 24
ATCGGCG

DL-2_Long GGGAGAGCGGCTGCA 30
CCATCGGCGGCCGCG

Underlined sequences indicate the restriction enzyme sites for CAPS assay.

Sequencing Analysis

To determine mutation frequency in rice calli, we selected two
representative lines for each construct whose CAPS analysis
revealed a clear undigested PCR fragment, and their PCR
products were cloned into pCR-BluntII-TOPO (Invitrogen) and
subjected to sequence analysis using an Applied Biosystems
3500x1 sequencer (Applied Biosystems).

Amplicon Deep Sequencing Analysis

For amplicon deep sequencing analysis, the PCR products were
adjusted in four steps: (1) in five target sites (DL-1, DL-
2, ALS-1, ALS-2, and AAO2-1), crRNAs with short, middle,
and long guide sequences were prepared and expressed with
FnCasl2a. Four independent transgenic calli with high mutation
frequencies were selected by CAPS analysis. (2) Undigested
PCR products indicating the occurrence of mutation were
extracted using a DNA Gel Extraction Kit (QIAGEN) after
agarose gel electrophoresis, and re-amplified to concentrate PCR
products containing FnCasl2a-mediated mutations. (3) PCR
products derived from four independent calli were mixed in
equal amounts. (4) Multiplex identifiers-labeled PCR products
were sequenced on an Illumina MiSeq platform at FASMAC
Co. (Japan). Mutations detected on fewer than 50 reads
and at locations that were not around the target region
were considered false positives due to PCR errors and were
excluded from analysis. All primers for PCR are listed in
Supplementary Table 1. The sequence data have been deposited
with the DDB]J Sequence Read Archive (DRA) under accession
number DRA010861.

RESULTS

Effect of Guide Sequence Length on

Mutation Frequency

The length of the crRNA of FnCasl2a is generally 43-nt,
comprising a 24-nt guide sequence that is complementary
to the target DNA sequence and a 19-nt scaffold sequence
(Zetsche et al., 2015). To investigate whether the length of guide
sequence of crRNA affects targeted mutation efficiency in rice,

we designed FnCasl12a/crRNA vectors expressing crRNAs with
24-nt (middle), 18-nt (short), and 30-nt (long) guide sequences
(Supplementary Figure 1). We selected two target sites in the
rice DROOPING LEAF (DL) gene (Table 1). FnCasl12a/crRNA
vectors were transformed into rice calli via A. tumefaciens
strain EHA105, and mutations were detected by CAPS analysis
(Figure 1). In DL-1_Middle transformed calli, undigested DNA
fragments, indicating the presence of mutation, were rarely
detected (Figure 1A, middle panel). To estimate the mutation
frequencies in independent transgenic calli, PCR products
derived from calli lines #5 and #8 were cloned into plasmids and
sequenced, showing that mutation frequencies in these lines were
4.1 and 8.3%, respectively (Figure 1A, middle panel). In contrast,
when DL-1_Short was used, undigested DNA fragments were
clearly detected in all transgenic calli, and mutation frequencies
at the DL-1 target site were higher (up to 96.8% in callus
line #2) than that of DL-1_Middle (Figure 1A, upper panel).
The mutation frequency of DL-1_Long was comparable to
that of DL-1_Middle (Figure 1A, lower panel). In the case of
another target site, DL-2, the mutation frequencies of DL-2_Short
were also higher than those of DL-2_Middle and DL-2_Long
(Figure 1B). These results show that the use of crRNA with
a shortened guide sequence at the DL-1 and DL-2 target sites
could improve FnCasl2a-mediated genome editing efficiency.
To further investigate the effect of guide sequence length on
mutation frequency, we selected additional eight target sites
in five genes, DL, ACETOLACTATE SYNTHASE (ALS), LOW
CADMIUM (LCD), INDOLE-3-ACETALDEHYDE OXIDASE2
(AAO2), and 9-CIS-EPOXYCAROTENOID DIOXYGENASEI
(NCED1), and assessed their mutation frequencies (Figure 4A,
Supplementary Figures 2-4, 9A). A summary of mutation
frequency at each target site is shown in Table2. In 4 out
of 10 target sites (DL-1, DL-2, AAO2-1, and NCEDI-1),
using shortened guide sequences led to the highest mutation
frequencies. On the other hand, in two target sites (ALS-1 and
ALS-2), longer guide sequences improved mutation frequency
compared with the middle guide sequence. For the other four
target sites, the middle guide sequences showed the highest
mutation frequencies, or we detected no mutations in all
transgenic calli. These results suggest that FnCasl2a-mediated
mutation frequency could be improved by changing the length
of the guide sequence. Previous in vitro experiments showed that
FnCasl2a could cleave the target DNA with crRNAs with a 16—
30 nt guide (Zetsche et al., 2015; Lei et al., 2017), consistent
with our in vivo results. We next investigated whether a guide
sequence longer than 30 nt could further improve mutation
frequencies in vivo. We designed four very-long-crRNAs with a
45-nt guide sequence at the DL gene (Supplementary Table 3).
In CAPS assay, undigested DNA fragments were clearly detected
in DL-2 and DL-3 target sites, meaning that very-long-crRNAs
were functional in these target sites (Supplementary Figure 5).
The mutation frequencies in DL-2 and DL-3 sites using very
long guide sequences were 19.3 and 53.1%, respectively, i.e.,
slightly lower than frequencies achieved using middle guide
sequences (Table 2). These results suggest that FnCasl2a can
work using crRNA with various lengths of guide sequence
in plants.
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FIGURE 1 | CAPS analysis and mutation frequency using crRNA with guide sequences of different lengths at DL-1 (A) and DL-2 (B) target sites. Mutation frequencies
of selected calli (shown in red) were calculated from the ratio of sequenced clones with mutation. M, DNA molecular weight;
with restriction enzyme. Red arrowheads indicate the position of undigested PCR fragments.
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Analysis of Mutation Patterns Induced by

Different Lengths of Guide Sequence

Next, we examined the effect of guide sequence length on
mutation pattern. We investigated deletion size at DL-1 and DL-
2 target sites by amplicon deep sequencing analysis (Figure 2).
In DL-1_Middle and DL-1_Long, deletions of <31 bp accounted
for more than 90%, and large deletions (>31 bp) were rarely
detected (Figure 2A, Supplementary Figure 7A). On the other
hand, in DL-1_Short, large deletions were generated at a high
frequency (38.9%) (Figure 2A). At the DL-2 target site, large
deletions were also detected at high frequency in DL-2_Short
(38.0%) compared with DL-2_Middle (6.6%) and DL-2_Long
(4.1%) (Figure 2B, Supplementary Figure 7B). We also analyzed
the deletion size in other target sites: ALS-1, ALS-2, and AAO2-
1. Although the differences were less clear than in DL-1 and
DL-2, the proportion of large deletions at these target sites also
increased when using shorter guide sequences compared with
middle and long guides (Supplementary Figures 6, 7). These
results indicate that the use of short guide sequences tended to
induce large deletions compared with those induced by middle
and long guides. We next focused on the position of the deleted
nucleotides. To investigate the frequency of deletion at each

position of the target region, we collected deletion mutations
from the NGS data and examined the frequency of deletion,
which is the percentage of deletions at each position among all
deletion mutations (Figure 3, Supplementary Figure 8). In DL-
2 target sites, frequencies of deletion at 18-23 bp downstream
of the PAM were >50% among the deletion mutations detected
using all short, middle, and long guides (Figure 3A-C). In
the case of the short guide, the frequency of deletion of
nucleotides located at 24-51 bp downstream of PAM was
>31% (Figure 3A). On the other hand, when using middle and
long guides, the frequency of deletion in this region reduced
gradually as the distance increased (Figures3B,C). A similar
result was obtained with DL-1 (Supplementary Figure 8). These
results show that the large deletions detected using the short
guide were due mainly to deletions in the region downstream
of PAM.

Off-Target Analysis Using Short and Long
Guides

To investigate the effect of guide sequence length on off-target
mutations, we focused on the AAO and NCED gene families
(Tan et al., 2003; Hirano et al., 2008; Endo et al., 2016). We
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TABLE 2 | Mutation frequencies using crRNA with different lengths of guide sequences.

Target site Mutation frequency (%) Sequence
Short (18 nt) Middle (24 nt) Long (30 nt) Very long (45 nt)
DL-1 81.9 6.4 8.3 * Table 1, Supplementary Table 3
DL-2 95.6 47.8 0.0 19.3 Table 1, Supplementary Table 3
DL-3 4.3 85.4 * 53.1 Supplementary Table 3
DL-4 8.2 21.3 * * Supplementary Table 3
ALS-1 20.0 46.8 88.4 / Supplementary Table 3
ALS-2 63.4 78.3 93.5 / Supplementary Table 3
LCD-1 0.0 * * / Supplementary Table 3
LCD-2 - . ’ / Table 3
AAO2-1 75.8 41.0 32.8 / Supplementary Table 3
NCED1-1 25.0 20.0 18.8 / Supplementary Table 3

*Undigested DNA fragments were not detected in all transgenic line in CAPS assay.
The highest mutation frequencies among the different guide lengths are shown in bold.

>

DL-1
80

O Short ZMiddle M Long
60

Frequency of deletion (%)

11-15 16-20 21-25 26-30 =31
Deletion size (bp)

number of deletion mutations.

DL

1
N

[OShort ZMiddle M Long

Frequency of deletion (%)

Y Y

-10 11-15 16-20 21-25 26-30 =31
Deletion size (bp)

FIGURE 2 | Comparison of deletion sizes using crRNA with guide sequences of different lengths at DL-1 (A) and DL-2 (B) target sites. Deletion size and mutation
number were detected by targeted amplicon sequencing. Frequency of deletion means the percentage of deletions within the range of each deletion size per total

designed target sites in AAO2 and NECDI genes as on-target
(Table 3, Supplementary Table 4). The AAO gene family has
three off-target candidate sites that have 1- or 2-nt mismatched
sequence compared with the AAO2-1 guide sequence (AAO_oft-
1 to -3) (Table 3). We analyzed the mutation frequencies in
these target sites by CAPS and sequence analysis (Figure 4). The
mutation frequencies of the top two independent calli at on-
target sites in AAO2 were 67.7 and 83.8% in AAO2-1_Short,
23.3 and 58.1% in AAO2-1_Middle, and 22.5 and 43.3% in
AAO2-1_Long, respectively (Figure 4A). On the other hand, at
the off-target candidate sites (AAO_oft-1 to -3), no undigested
PCR fragments were detected for any guide length, meaning
no mutation at these sites (Figure 4B, Supplementary Figure 9).
NCED2 and NCED3 genes have 2-nt or 3-nt mismatched
off-target candidate sites (NCED_oft-1 and NCED_off-2) of

NCEDI-1 guide (Supplementary Table 4). Similar to the result
of on- and off-target mutation analyses in the AAO gene
family, mutations were clearly detected at the NCEDI on-
target site using NCEDI1-1_Short, _Middle, and _Long, and
we could not detect any undigested fragment at the off-target
candidate sites, even in NCED1-1_Short, by CAPS analysis
(Supplementary Figure 10). Finally, we checked the genotypes
of regenerated plants expressing AAO2-1_Short, AAO2-1_Long,
NCEDI1-1_Short, and NCED1-1_Long, respectively, and no
regenerated plants with off-target mutations were obtained
(Supplementary Table 5). These results indicate that, while
changing the length of the guide sequence could improve the
mutation frequencies of on-target sites, it appears to have
little effect on the accuracy of target sequence recognition
of FnCasl2a
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DISCUSSION detected mutations at eight target sites when using crRNA

containing middle guide (24-nt). In four of the eight target
In this study, we selected 10 target sites in five rice genes and  sites (DL-1, DL-2, AAO2-1, and NCEDI-1), short guide
showed that FnCasl2a-mediated mutation efficiency could be  showed high mutation frequencies compared with middle
improved by using different lengths of guide sequences. We  guide (Figures1, 4). On the other hand, using long guide
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improved mutation frequencies at the ALS-1 and ALS-2
sites (Supplementary Figure 3). These results suggest that, for

TABLE 3 | Target sequences of AAO2-1 on-target site and off-target candidate
site.

Target site crBRNA PAM On- or off-target

sequence

AAO2-1 AAO2-1_Short TTG

AAO2-1_Middle

GCAATGCTGTGTCATATG
GCAATGCTGTGTCATATG
TTAATT
GCAATGCTGTGTCATATG
TTAATTCTGCAT
GCAATGCTGTTTCATATG
TTAATTCTGCTT
GCAATGCTGTTTCATATG
TTAATTCTGCTT

GCAATGCTGTCTCATATG
TGAATTCTGCAT

AAO2-1_Long

AAQ_off-1 - TG

AAQ_off-2 - TG

AAQO_off-3 - TTG

Red characters indicate mismatched nucleotide of off-target candidate sites.
Underlines at on- or off-target sequence indicate restriction enzyme sites for CAPS assay.

efficient genome editing, an optimal length exists for each gene
or target sequence. It would be useful if we could predict the
best guide length in silico. Therefore, the secondary structure
and GC contents of the crRNA were investigated for target
sites whose mutation frequencies were improved by changing
the length of the guide sequence (Supplementary Tables 6, 7).
However, we were unable to find any relationship between
these factors and mutation frequencies in our study. Previous
studies have revealed that extension and modification of the
5 and 3’ ends of the crRNA enhance the efficiency of
AsCasl2a-mediated genome editing in human cells (Moon
et al., 2018; Park et al, 2018). These studies, together with
our findings, emphasize the importance of designing crRNAs
of appropriate length for each target sequence to further
improve genome editing efficiency by FnCasl2a. It has also
been reported that the ability of Casl2a to self-process crRNA
can be used to modify the crRNA expression vectors and
improve the efficiency of multiple gene editing in plants
(Tang et al,, 2019; Xu et al,, 2019). Combining these methods
with our results may enable efficient multi-gene modification
by FnCasl12a.

A AAO2-1 (on-target)

wT AAO2-1_Short
2 3 456 7 8
EE -
83.8
Mutation (7 21/31) (26/31)
wWT AAO2-1_Middle
2 3 456 7 8
ﬂﬁ a
3.3 58.1
Mutation (%) (7/30 (18/31)
WT AAO2-1_Long
M &1 2345678
) Nde |
— -

22.6 43.3

Mutation (%) (7/31) (13/30)

molecular weight;

FIGURE 4 | Off-target mutation analysis using CAPS assay at (A) AAO2-1 on-target site and (B) AAO_off-1 off-target candidate site using crRNA with guide
sequences of different lengths. Mutation frequencies of selected calli (shown in red) were calculated from the ratio of sequenced clones with mutation. M, DNA

—RE, without restriction enzyme; +RE, with restriction enzyme. Red arrowheads indicate the position of undigested PCR fragments. CAPS images
of AAO2-1_Short and AAO2-1_Middle guides in AAO2-1 target site (A: upper and middle sides) and AAO2-1_Short and AAO2-1_Middle guides in AAO_off-1 target
site (B: upper and middle sides) were grouping images from different parts of the same agarose gel electrophoresis image, respectively.
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Nucleotides 1-20 of the crRNA guide make an RNA-
DNA heteroduplex with target DNA strands in AsCasl2a and
LbCasl2a, and it has been suggested that Casl2a orthologs,
including FnCasl2a, recognize their target DNA region in a
similar manner (Yamano et al, 2016, 2017). After forming
the complex, FnCasl2a introduces a DSB with a 5-nt 5
overhang generated by cleaving after the 18th base on the
non-targeted strand and after the 23rd base on the targeted
strand from the PAM (Zetsche et al, 2015). However, Lei
and colleagues reported that, when the guide sequence of
crRNA was shorter than 20-nt, FnCas12a could cleave after the
14th base on the non-target strand from the PAM, generating
longer 5 overhangs (Lei et al., 2017). We showed that the
frequency of large deletions was increased using the 18-nt
short guide compared with the middle or long guide (Figure 2,
Supplementary Figure 6), implying the importance of overhang
length for deletion size. We also observed an increase in the
frequency of deletions away from the PAM when using short
guide (Figure 3, Supplementary Figure 8). It has been reported
that SpCas9-RNA molecules remain tightly bound to the PAM-
distal region after cleavage (Sternberg et al., 2014; Shibata et al.,
2017). Since the DSB produced by FnCas12a was at the end of
the target sequence, FnCas12a may continue to bind to the PAM
side of the cleaved DNA, preventing DNA degradation at the
PAM side.

It has been reported that shortened guide can reduce
undesired mutagenesis at off-target sites in SpCas9-mediated
genome editing (Fu et al,, 2014). Furthermore, the off-target
activity of Cas12a orthologs is relatively low compared with that
of SpCas9 in human cells and plants (Endo et al., 2016; Kim
et al., 2016, 2017; Kleinstiver et al., 2016). Consistent with these
results, no mutations were introduced at off-target candidate
sites with shortened guide in either rice calli or regenerated
plants in our experiments (Figure 4, Supplementary Figure 10,
Supplementary Table 5). The knowledge obtained in our study
may help provide accurate genome editing with minimal
oft-target mutations. Further study is needed to clarify the
relationship between off-target mutation and the length of guide
sequence in FnCasl12a-mediated genome editing.

It has been reported that 5 sticky ends could increase the
frequencies of targeted gene insertions and replacements via
homologous recombination in the CRISPR/Cas9 paired nickase
system (Bothmer et al., 2017). FnCas12a-mediated targeted gene
insertions and replacements via homologous recombination have
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