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Cas9 derived from Streptococcus pyogenes (SpCas9) is used widely in genome
editing using the CRISPR-Cas system due to its high activity, but is a relatively large
molecule (1,368 amino acid (a.a.) residues). Recently, targeted mutagenesis in
human cells and maize using Casl12f derived from Syntrophomonas palmitatica
(SpCas12f)—a very small Cas of 497 a.a, which is a more suitable size for virus
vectors—was reported. However, there are no reports of genome editing using
SpCasl2fin crops other than maize. In this study, we applied SpCas12f to genome
editing in rice—one of the most important staple crops in the world. An expression
vector encoding rice codon-optimized SpCas12f and sgRNA for OsTubulin as a
target was introduced into rice calli by Agrobacterium-mediated transformation.
Molecular analysis of SpCasl2f-transformed calli showed that mutations were
introduced successfully into the target region. Detailed analysis by amplicon
sequencing revealed estimated mutation frequencies (a ratio of the number of
mutated calli to that of SpCasl2f-transformed calli) of 28.8% and 55.6% in two
targets. Most mutation patterns were deletions, but base substitutions and
insertions were also confirmed at low frequency. Moreover, off-target
mutations by SpCasl2f were not found. Furthermore, mutant plants were
regenerated successfully from the mutated calli. It was confirmed that the
mutations in the regenerated plants were inherited to the next-generation. In
the previous report in maize, mutations were introduced by treatment with heat
shock at 45°C for 4 h per day for 3 days; no mutations were introduced under
normal growth conditions at 28°C. Surprisingly, however, mutations can be
introduced without heat-shock treatment in rice. This might be due to the
culture conditions, with relatively higher temperature (30°C or higher) and
constant light during callus proliferation. Taken together, we demonstrated
that SpCasl12f can be used to achieve targeted mutagenesis in rice. SpCas12f is
thus a useful tool for genome editing in rice and is suitable for virus vector-
mediated genome editing due to its very small size.
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1 Introduction

Genome editing technology using the clustered regularly
short repeats (CRISPR)-CRISPR-
associated proteins (Cas) system can be used for gene knock-out,

interspaced palindromic
insertion of a target sequence, and regulation of gene expression very
easily and rapidly in various species including mammals, plants,
insects and fishes (Doudna and Charpentier, 2014). The CRISPR-
Cas system is an adaptive immune system present in some bacteria
to reject various parasites and infections (Sorek et al., 2013). When a
phage infects a bacterium, CRISPR RNA (crRNA) interacts with
trans-activating CRISPR RNA (tracrRNA) to form a guide RNA
(gRNA), and Cas nuclease binds to that gRNA to form a gRNA-
CRISPR complex. This RNA-protein complex accesses and binds to
the target sequence on the DNA of the infected phage based on the
target sequence specified in the crRNA using the Protospacer
Adjacent Motif (PAM) sequence as a guide, and cleaves the
target sequence, thus inactivating the infecting organism (Jiang
and Doudna, 2017).

Genome editing using the CRISPR-Cas system applies this
bacterial defense system to cleave target DNA sequences with
Cas nuclease and introduces mutations due to errors in the
DNA
transformation is used widely to deliver the CRISPR-Cas9 system

subsequent repair pathway. Agrobacterium-mediated
into plants. Exogenous DNA harboring Cas9 and a single gRNA
(sgRNA) expression cassette as a transgene is first introduced into
the host plant genome. Genome-edited plants without the transgene
are obtained in the progeny after segregation. However, it is difficult
to apply this approach to all plants due to, for example, vegetative
propagation and high heterozygosity. Recently, some CRISPR-Cas9
delivery systems that avoid the need to insert exogenous DNA into
the host genome have been developed. Virus vector-mediated
CRISPR-Cas9 delivery is one such approach to transgene-free
genome editing. There are some reports of successful targeted
mutagenesis in plants by delivery of Cas protein using a virus
vector (Cody and Scholthof, 2019). However, there is a negative
correlation between insert length and stability, and limits to the
length of inserts in virus vectors (Gleba et al., 2004; Avesani et al.,
2007). Although it is the most commonly used Cas nuclease because
it can cleave double-stranded DNA efficiently, Streptococcus
pyogenes-derived Cas9 (SpCas9) has a large molecular weight and
is 1,368 amino acids (a.a.) long. Thus, SpCas9-mediated genome
editing via a virus vector can be inefficient due to this large size.
In recent years, there have been many reports of genome editing
using Cas proteins smaller than SpCas9. Cas9, which is derived from
Staphylococcus aureus (SaCas9, 1,053 a.a.), recognizes 5'"NNGRRT-
3’ (R=A/G) as a PAM sequence and can induce mutations in plants
such as tobacco, Arabidopsis, rice, and citrus (Steinert et al., 2015;
Kaya et al., 2016; Jia et al., 2017; Qin et al., 2019). Also, Cas9 derived
from Campylobacter jejuni (CjCas9, 984 a.a.), which recognizes 5'-
NNNVRYAC-3' (V = A/G/C, Y = T/C) as a PAM sequence, is even
smaller than SaCas9 and can be delivered via a viral vector, adeno-
associated virus (AAV), to induce targeted mutagenesis in human
and mouse cells (Kim et al., 2017a; Yamada et al., 2017; Nakagawa
et al., 2022). Of the several Cas nucleases that belong to a class other
than Cas9, Cas12a (a type V Cas nuclease) is smaller than, or similar
in size to, SpCas9 (750-1,373 a.a.) and can be applied to genome
editing in various plants including Arabidopsis, rice, tobacco,
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soybean, and tomato (Endo et al., 2016; Kim et al., 2017b; Tang
et al., 2017; Wang et al.,, 2017; Yin et al.,, 2017; Jia et al, 2019;
Schindele and Puchta, 2020; Vu et al., 2020). Cas12b, also smaller
than Cas nuclease (AaCas12b: 1,129 a.a.), recognizes a T-rich PAM
similar to Cas12a (Teng et al., 2018; Strecker et al., 2019). Cas12b can
induce mutation in rice and cotton (Ming et al., 2020; Wang et al.,
2020). Casl12j, which, at 700-800 a.a, is even smaller than the above
Cas nucleases, actively cleaves target sequences in HEK293 cells and
Arabidopsis protoplasts (Pausch et al., 2020).

Among the miniature-size Cas nucleases that have been
reported, in this study we focused on Casl2f—a type V Cas
system with a very small nuclease (422-603 a.a.). Casl2f, which
is derived from uncultured archacon (UnlCasl12fl), was initially
reported to have a single-strand DNA cleaving activity (Harrington
etal,, 2018). Recently, it was reported to also cleave double-stranded
DNA (Karvelis et al, 2020). Casl2f recognizes a T-rich PAM
sequence similar to other type V Cas nucleases. For example,
UnlCasl12fl cleaves the 20th to the 22nd base from the 3’ of the
PAM sequence on the non-targeted strand (NTS) and the 24th base
from the PAM on the targeted strand (TS). Casl2f derived from
Syntrophomonas palmitatica (SpCas12f) cleaved the NTS and TS at
24th and 22nd base from the PAM (5'-TTC-3'), respectively
(Karvelis et al., 2020). Unlike other Cas nucleases, Cas12f forms
an asymmetric dimer (Takeda et al., 2021; Xiao et al., 2021). This
homodimer recognizes the target sequence by forming a complex
with sgRNA, and a single RuvC domain cleaves both strands of the
target double-stranded DNA (Takeda et al., 2021; Xiao et al,, 2021).
Since Unl1Cas12f1 has low activity in mammalian cells, it has been
reported that its activity can be increased by modifying the amino
acid sequence of UnlCasl12fl or designing a specific sgRNA (Xu
et al.,, 2021; Kim et al., 2022). Casl12f derived from Acidibacillus
sulfuroxidans (AsCas12f1) also has double-strand DNA cleaving
activity and can induce mutation in bacterial and human cells
(Wang et al., 2021; Wu et al., 2021). Just recently, it has been
reported that targeted mutagenesis by SpCasl2f was introduced
successfully in maize by performing multiple heat shock treatments
at 45°C (Bigelyte et al., 2021).

In this study, our aim was to obtain more basic information
about CIRSPR-Casl2f-mediated genome editing in plants. To do
this, we demonstrate targeted mutagenesis using Casl2f in rice
callus. Following expression of SpCasl2f and sgRNA targeting
rice a-Tubulin (LOC_Os03g51600) in rice callus derived from
mature seeds, some mutations, mainly deletions, were introduced
successfully at the target site. Furthermore, using regenerated plants
obtained from calli harboring mutations at the target site, we were
able to confirm that these mutations were inherited to next-
generation plants. These results suggest that, like other Cas
nucleases, miniature Cas12f can be used as a genome editing tool
for basic research and breeding in rice and might be applicable to
virus vector-mediated genome editing in plants.

2 Materials and methods
2.1 Oligonucleotides

The oligonucleotides used in this study are listed in
Supplementary Table S1.
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Vector construction of pPZP-SpCas12f Tub-1 and pPZP-SpCasl12f Tub-2. Vector carrying sgRNA for OsTub-1 or OsTub-2 under the control of the

rice U6 promoter OsU6(P), rice-codon optimized NLS-SpCas12f gene under the control of the maize ubiquitin 1 promoter ZmUbi(P), and the hygromycin
phosphotransferase gene under the control of the cauliflower mosaic virus 35S promoter 35S(P) as a selection marker. To enhance SpCas12f translation,
the 5" untranslated region of rice alcohol dehydrogenase (OsADH) was used. LB and RB; left and right borders of T-DNA, respectively; NLS, nuclear
localization signal; 35S(T), cauliflower mosaic virus 35S terminator; NOS(T), nopaline synthase terminator; HPT, hygromycin phosphotransferase.

2.2 Vector construction

Information on the SpCas12f protein and sgRNA sequences was
obtained from a previous study (Bigelyte et al., 2021). DNA
fragments of rice-codon-optimized SpCasl2f including a nuclear
localization signal (NLS) at the N terminus with the 5" untranslated
region of rice alcohol dehydrogenase and sgRNA including an
OsU6 promoter were synthesized by GeneArt Gene Synthesis
(Thermo Fisher Scientific). The synthesized DNA fragment of
SpCasl2f was inserted into PstI/Kpnl-digested pPZP ZmUbi-
SpCas9-NG vector harboring SpCas9-NG and an HPT expression
cassette by an In-fusion reaction (Takara), yielding an SpCas12f
expression vector, pPZP-SpCas12f (Supplementary Table S2). The
synthesized DNA fragment of sgRNA was inserted into the Ascl/
Pacl site of the pUCAP vector (van Engelen et al., 1995) by ligation
reaction with T4 DNA ligase (New England BioLabs), yielding
pUCAP-sgRNA The
oligonucleotide pairs for the target sequences were cloned into
the BbsI site in pUCAP-sgRNA vector by ligation reaction. The
resultant sgRNA expression cassette containing the target sequence

(Supplementary Table S2). annealed

was digested with AscI/Pacl and inserted into the AscI/Pacl site in
the pPZP-SpCasl2f vector by ligation reaction, yielding pPZP-
SpCasl12f Tub-1 and pPZP-SpCas12f Tub-2 (Figure 1).

2.3 Rice transformation and regeneration

Binary vectors, pPZP-SpCas12f Tub-1 and pPZP-SpCasl2f
Tub-2 were introduced into Agrobacterium EHA105 strain
(Hood et al.,, 1993) by electroporation. The transformation was
conducted following a previously published protocol (Toki, 1997).
Callus was induced by culturing mature seeds on N6D medium at
30°C under constant light. After a 4-week cultivation, calli were
infected with Agrobacterium harboring a binary vector and co-
cultivated for 3 days on 2N6AS medium at 23°C in the dark. Infected
calli were treated with sterilized water containing 50 mg/L
meropenem (FUJIFILM) and
including 50 mg/L  hygromycin

cultured on N6D medium

(FUJIFILM) and 25 mg/L
meropenem at 30°C under constant light. Transformed calli were
cultured on Relll medium for 3-4 weeks at 27°C under 16 h light/8 h
dark. The regenerated plants obtained were transferred to MS/
hormone-free medium and cultured for 2 weeks at 27°C under
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16 h light/8 h dark. Finally, the rice seedlings were transferred to
soil and grown in a greenhouse until seeds were produced.

2.4 Heteroduplex mobility assay and sanger
sequence analysis

For molecular analysis, hygromycin-resistant calli after
5-6 weeks of selection were regenerated into whole plants and
T, seeds were harvested. Genomic DNA was extracted from calli
and leaves as described by Edwards et al. (1991). PCR was
conducted using KOD One PCR Master Mix (Toyobo). The
detailed experimental method followed the manufacturer’s
protocols. For heteroduplex mobility assay (HMA), PCR
products were diluted 15-fold. Diluted PCR products were
subjected to electrophoresis on a microchip electrophoresis
device, MultiNA (Shimadzu). Images were obtained following
the manufacturer’s protocol.

For Sanger sequence analysis, PCR products were cloned into
PCR-BluntII-TOPO using a Zero Blunt TOPO PCR Cloning Kit
(Thermo Fisher Scientific). The resultant vectors were transformed
into E. coli and colony PCR conducted to amplify the DNA
fragments with M13 Forward/M13 Reverse primers and KOD
One PCR Master Mix. The Sanger sequencing reaction used a
BigDye Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher
Scientific) and the detailed method followed the manufacturer’s
protocols. Sequencing reaction products were purified using a
BigDye XTerminator Purification Kit (Thermo Fisher Scientific)
following the manufacturer’s protocols and capillary electrophoresis
was run on 3,500/3500xL Genetic Analyzer (Thermo Fisher
Scientific). Data were analyzed with the Snapgene (GSL Biotech).

2.5 Amplicon sequence analysis

The first PCR was conducted with KOD One PCR Master Mix.
PCR fragments of approximately 400 bp were used for amplicon
sequencing on an Illumina MiSeq platform (performed by Seibutsu
Giken). Amplicons sequence results were analyzed for mutations
using CRISPResso2 (Clement et al. (2019), http://crispresso2.
pinellolab.org). Mutation patterns detected at a rate lower 0.2%
of the total number of reads were excluded from analysis.
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TABLE 1 Summary of HMA in SpCas12-transformed calli.

Target site*

OsTub-1 TTCACTGTGTACCCATCCCCTCA

Experiment 1

10.3389/fgeed.2023.1138843

Mutation rate (HMA positive/analyzed calli)

14.6% (14/96)

Experiment 2

Experiment 3

4.8% (3/62)

6.3% (1/16)

average + s.d

OsTub-2 TTCAAAAGACTGACCCACAATAA

Experiment 2

Experiment 3

Experiment 1

8.6% + 3.0%
31.3% (15/48)
15.6% (30/192)

25.0% (24/96)

average + s.d

*Blue and red letters indicate the PAM, sequence and the target sequence, respectively.

3 Results

3.1 Targeted mutagenesis of OsTubulin in
rice calli by SpCasl12f

To verify whether targeted mutagenesis could be achieved in rice
using SpCas12f, expression vectors harboring SpCas12f driven by
the maize ubiquitin promoter and sgRNA including a 20-nt target
sequence for rice a-tubulin (Tub-1 or Tub-2) were constructed
(Figure 1; Table 1). These binary vectors were transformed into
rice calli via Agrobacterium. HMA performed using PCR fragments
amplified from genomic DNA extracted from transformed calli
revealed multiple bands in some samples, although single bands
of the same size as a non-transformed sample were found in others
(Figure 2A), suggesting that mutations had been introduced into the
target region by SpCas12f. The average frequencies of HMA-positive
samples were 8.6% and 24.0% in Tub-1 and Tub-2 sites, respectively,
in the three replicate experiments (Table 1). The mutation patterns
of PCR products were analyzed by Sanger sequencing in 7 and 9 lines
of HMA-positive calli transformed with pPZP-SpCas12f Tub-1 and
pPZP-SpCas12f Tub-2, respectively. Sequencing analysis showed
that various types of deletion were detected in the target regions
(Figure 2B). In calli transformed with pPZP-SpCas12f Tub-1, short
deletions of about five bp to slightly longer deletions of 49 bp were
detected. Similarly, in calli transformed with pPZP-SpCas12f Tub-2,
deletions of 4-23bp were detected. No insertions or base
substitutions were detected by Sanger sequence analysis. These
results showed that mutations had been introduced successfully
into the target region in rice using SpCasl2f.

To analyze the mutation pattern introduced by SpCasl2f in
more detail, we performed amplicon sequencing analysis, which
revealed that the average mutation efficiency in the Tub-1 and Tub-2
sites, i.e., the ratio of number of mutated calli to total analyzed calli,
was 28.8% and 55.6%, respectively, in three independent replicate
experiments (Figure 3A), whereas no mutations were observed in
the negative control (SpCas12f-transformed callus without sgRNA).
Due to the low frequency, mutations were detected even in samples
that were HMA-negative by amplicon sequence analysis.
Interestingly, base substitution and single base insertion, which
could not be detected in Sanger sequence analysis, were detected
at extremely low frequency, and the most common mutation
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24.0% + 4.5%

patterns were deletions (Figures 3A, B). Focusing on the deletion
patterns in each sample, the number of deletion patterns derived
from microhomology-mediated end-joining (MME]) repair was
12 and five in Tub-1 and Tub-2 sites, while the number of all
deletion patterns were 26 and 27, respectively (Figure 3C;
Supplementary Table S3). At the Tub-1 site, a MMEJ-dependent
10-bp deletion was most likely to occur, while MME]J-independent
eight- to 9-bp deletions occurred to a similar, albeit slightly lesser,
extent. At the Tub-2 site, MMEJ-dependent 4-, 7-, and 10-bp
deletions occurred very frequently, but less frequent MMEJ-
independent deletion of two- to 23-bp also occurred (Figure 3C;
Supplementary Table S3). No samples with off-target mutations
introduced near the target sites were found (0/173 samples, Table 2;
off-target analysis examined a two-base-mismatched target by
amplicon sequence analysis in the same way as the Tub-1 target).
Moreover, to demonstrate that mutations with SpCas12f could be
introduced into a target other than the OsTubulin locus, targeted
mutagenesis of the OsHDACI (LOC_Os06g38470) locus was
performed. Mutations were confirmed in transformed calli,
although the mutation frequency was lower than that obtained
with OsTubulin (Supplementary Figure S2).

3.2 Regenerated plants and analysis of
mutation in T, plants

Calli in which mutations by SpCasl2f were detected were
cultured on a regeneration medium to obtain regenerated plants.
Genomic DNA extracted from the leaves of regenerated plants was
analyzed by Sanger sequencing, confirming the presence of
mutations in regenerated plants (Figure 4A). Deletions of
5-12 bp and 4-18 bp were induced in Tub-1 and Tub-2 sites in
regenerated plants, respectively. Most of the mutation patterns in
regenerated plants were the same as those detected in callus, but
different mutation patterns were detected in some lines (Tub-
2#15-3, Tub-2#15-4, and Tub2#18), most probably because the
pieces of calli transferred to the regeneration medium were not the
same as those used for HMA and Sanger sequencing analysis. All
mutations detected in regenerated plants were mono-allelic and
some regenerated plants could be mosaic in this experiment. These
plants were cultivated in a greenhouse to obtain T, seeds. As a result
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A Tub-1
NT g 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
e = e =
331 { == — =___
147 { =
Tub-2
NT g 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
S T T | T | | | S I o | T [ P T
| —
242{ =—— , i —
B
Tub-1
WT CTTGGGTTCACTGTGTACCCATCCCCTCAGGTCTCCACCTCTG (%)
Tub-1#11  -11bp CTTGGGTTCACTGTGTACCC----—--—-—- TCTCCACCTCTG 17.9
Tub-1#12  -6bp CTTGGGTTCACTGTGTACCCATCCCC------ CTCCACCTICTG 3.1
-34 bp CTTGGGTTCACTGTGTACCCA--———————————————————— 3.1
Tub-1#13  -7bp CTTGGGTTCACTGTGTACCCATCCJCTC}------ CACCICTG 3.2
-8bp CTTGGGTTCACTGTGTACCCATC---—-—-— TCTCCACCTCTG 3.2
Tub-1#14  -49bp CTTGGGTTCACTETGT|---—--———===——=——————————- 8.3
Tub-1#18  -11bp CTTGGGTTCACTGTGTACCCA-—-——--——-—-- CTCCACCTCTG 2.9
Tub-1 #19 -12 bp CTTGGGTTCACTGTGTACCCATCCCC----——=-———-~ CTCTG 46.2
-5bp CTTGGGTTCACTGTGTACCCATCCCATC}----TCCACCICTG 5.1
Tub-1 #20 -6bp CTTGGGTTCACTGTGTACCCATCCCC------ CTCCACCTCTG 3.0
Tub-2
WT ACACAATTCAAAAGACTGACCCACAATAAATAACTAGTCCTCA (%)
Tub-2 #11  -23 bp ACACAATTCAAAAGACTGACCCACAATAA---—-——-—————— 214
Tub-2 #13  -10 bp ACACAATTCAAAAGACTGACCJAC----—--—- TAGTCCTCA 15.8
Tub-2#14 -4bp ACACAATTCAAAAGACTGACCCACAATAAl---CTAGTCCTCA 45.0
Tub-2#15 -4bp ACACAATTCAAAAGACTGACCCACAATAAl---CTAGTCCTCA 3.3
-7bp ACACAATTCAAAAGACTGACCCA------- TAACTAGTCCTCA 3.3
-7bp ACACAATTCAAAAGACTGACCCACAA}------ CTAGTCCTCA 3.3
-8bp ACACAATTCAAAAGACTGACCC-----—-- TAACTAGTCCTCA 3.3
9bp ACACAATTCAAAAGACTGACCCA-----—-—- ACTAGTCCTCA 3.3
-10 bp ACACAATTCAAAAGACTGACCOACH------—--- TAGTCCTCA 3.3
-18 bp ACACAATTCAAAAGACTGACCCl-—----———-——————- TCA 3.3
Tub-2#16  -10 bp ACACAATTCAAAAGACTGACCJACH--------- TAGTCCTCA  51.1
Tub-2 #17 -12 bp ACACAATTCAAAAGACTGACCC------—-—-———— TAGTCCTCA 54
Tub-2#18  -7bp ACACAATTCAAAAGACTGACCCAQAAR------ CTAGTCCTCA 4.3
-10 bp ACACAATTCAAAAGACTGACCAAC|------—-- TAGTCCTCA 8.7
Tub-2#19 -4bp ACACAATTCAAAAGACTGACCCACAATAAl----CTAGTCCTCA 4.3
Tub-2#20  -10 bp ACACAATTCAAAAGACTGACCAACH------——-- TAGTCCTCA 57.9
FIGURE 2

Analysis of SpCas12f-induced mutations in rice calli (A) Heteroduplex mobility assay (HMA) to detect mutations on Tub-1 (upper panel) and Tub-2
(lower panel) in transformed calli. We picked up 10 HMA-negative samples and 10 HMA-positive samples from Supplementary Figure S1. The numbers
1-10 and 11-20 indicate representative HMA-negative and -positive samples, respectively. NT; non-transformed, -g; calli transformed with pPZP-
SpCasl2f vector without sgRNA. (B) Examples of Sanger sequencing results in HMA positive samples on Tub-1 (upper panel) and Tub-2 (lower panel)

in transformed calli. Blue and red letters on the sequence indicate the PAM sequence and the target sequence, respectively. The square box on the
sequence indicates micronomology sequences located at the breakpoint. The number shown to the right side of each sequence is the frequency (ratio of
the number of clones in which mutations were detected to total number of clones analyzed). The remaining percentage in each callus is the frequency of
WT (no mutations). PCR products from pPZP-SpCas12f Tub-1 or pPZP-SpCasl12f Tub-2 transformed calli were cloned in E. coli, and 19-45 clones were
sequenced and analyzed.—indicates deletion.
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S
A = @ Tub-1
n
2 ETub-2
F
8
g
8
any mutations deletion base substitution insertion
B
Tub-1 WT CTTGGGTTCACTGTGTACCCATCCCCTCAGGTCTCCACCTCTG (%)
Tub-1#12  -34 bp CTTGGGTTCACTGTGTACCCA-————————————————————— 1.56
-6 bp CTTGGGTTCACTGTGTACCCATCCCC-—-——-— CTCCACCTCTG 0.29
Tub-1#14  -49 bp CTTGGGTTCACTGTGT -~~~ ~=~==== === == === ===~ 8.80
-19bp, Gto A CTTGGGTTCACTGTGTACCC] 0.91
Tub-1#19 -12bp CTTGGGTTCACTGTGTACCCATCCC——————=—==—= CCTCTG 16.52
-5 bp CTTGGGTTCACTGTGTACCCATCCCATCl----TCCACCTCTG 16.51
Tub-1#152 GtoT CTTGGGTTCACTGTGTACCCATCCCCTCAGTTCTCCACCTCTG 0.35
Tub-2 WT ACACAATTCAAAAGACTGACCCACAATAAATAACTAGTCCTCA (%)
Tub-2#11 -23 bp ACACAATTCAAAAGACTGACCCACAATAA-————————————— 28.50
Tub-2 #15 -4 ACACAATTCAAAAGACTGACCCACHATAA----CTAGTCCTCA 6.10
-10 ACACAATTCAAAAGACTGACCCAC--—------— TAGTCCTCA 2.37
-7 ACACAATTCAAAAGACTGACCCACAR------- CTAGTCCTCA 2.11
-9 ACACAATTCAAAAGACTGACCCA--—--—-—— ACTAGTCCTCA 2.03
-5 ACACAATTCAAAAGACTGACCCACAA-—-—- AACTAGTCCTCA 1.36
-7 ACACAATTCAAAAGACTGACCCA--—---- TAACTAGTCCTCA 1.14
-8 ACACAATTCAAAAGACTGACCCACA--——-—--- CTAGTCCTCA 1.00
-12 ACACAATTCAAAAGACTGACCC-—————==—=—= TAGTCCTCA 0.69
-6 ACACAATTCAAAAGACTGACCCACAA--—-—— ACTAGTCCTCA 0.56
-9 ACACAATTCAAAAGACTGACCCAC-—-——-—--- CTAGTCCTCA 0.55
-1 ACACAATTCAAAAGACTGACCC---——————-—— CTAGTCCTCA 0.39
-13 ACACAATTCAAAAGACTGACCCA--——————=—=—— GTCCTCA 0.38
-8 ACACAATTCAAAAGACTGACCCACAATAl-—-----— GTCCTCA 0.30
-11 ACACAATTCAAAAGACTGACCCA--——————=—— TAGTCCTCA 0.27
-11 ACACAATTCAAAAGACTGACCCACAAT---—-——-——-— CCTCA 0.22
-6 ACACAATTCAAAAGACTGACCCAC------ TAACTAGTCCTCA 0.21
Tub-2 #24  +1bp ACACAATTCAAAAGACTGACCCACAATAAATAAACTAGTCCTCA  0.23
Tub-2 #63 -4 ACACAATTCAAAAGACTGACCCACAATAA----CTAGTCCTCA 0.85
-7 ACACAATTCAAAAGACTGACCCACAA-—-—--— CTAGTCCTCA 0.45
+2bp, Ato T, T
oA CtoT ACACAATTCAAAAGACTGACCCACAATTTAAAATTTGAGTCCTCA 0.27
C
Tub-1 B MMEJ independent
= 30 1 = MMEJ dependent
T 20
8
€ 10
=
£ 9 = = -
1. 211 2 1 211 2
-1 -12 |-13[-19| -28 | -30 |-34[-42|-49|-82
Tub-2

o]
o o
PR

number (n)
N O
o O o
.

1]2]1]2]3 T|2
<10 | 11| 12 |13j1sl19l22/23

deletion pattern

FIGURE 3

Amplicon sequence analysis in SpCas12f-transformed calli. (A) The percentage of transgenic callus lines in which mutations were introduction per
total number of callus lines analyzed by amplicon sequencing is shown. The numbers represent the sum of calli analyzed in three replicate experiments.
Individual mutation patterns are classified into deletion, base substitution, and base insertion, and the ratio of each mutation pattern is also shown. (B)
Examples of amplicon sequence results on Tub-1 (upper panel) and Tub-2 (lower panel) in transformed calli. Details are the same as in Figure 2B and
green or magenta letters on the sequence indicate base substitution or base insertion, respectively. The number shown to the right of each sequence is
the frequency, i.e., the ratio of the number of amplicon sequence reads. (C) Histogram showing the correlation between the deletion pattern and the
number of samples on Tub-1 (upper panel), and Tub-2 (lower panel). The horizontal axis shows the deletion pattern shown in Supplementary Table S3,
and the vertical axis shows the number of samples for which the deletion pattern was detected. The numbers are the sum of calli analyzed in three
replicate experiments. Black bars, MMEJ independent deletion pattern; orange bars, deletions caused by MMEJ.
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TABLE 2 Off-target sequence of Tub-1.

10.3389/fgeed.2023.1138843

Sequence* Mutation rate
Target for Tub-1 GTTCACTGTGTACCCATCCCCTCAGGTCTCCACCTCTGTGGTTGAGCC 53/173
Off-target GTTCACGGTGTACCCGTCCCCTCAGGTCTCCACCTCTGTGGTTGAGCC 0/173

*Blue, red and green letters indicate the PAM, sequence, the target sequence, and mismatch sequences, respectively.

of Sanger sequencing analysis in the leaves of T, plants of Tub-1#12,
Tub-1#18, Tub-1#19, Tub-2#15-1, Tub-2#15-2, and Tub2-#15-3,
the same mutations observed in regenerated plants and their
segregation were detected (Figure 4B). T; plants in which WT or
mutation were heterozygous or homozygous were obtained at a ratio
of 3: 4: Three in Tub-1#12, 2: 5: Three in Tub-1#18, 3: 3: Four in
Tub-1#19, 3: 4: Three in Tub-2#15-1, 2: 4: Four in Tub-2#15-2 and,
2: 4: Three in Tub-2#15-3. They fit a 1:2:1 ratio (p = 0.82, 0.90, 0.41,
0.82,0.55, and 0.85, respectively), suggesting that the mutations were
inherited stably in a Mendelian manner. No apparent differences in
plant size or root elongation were found between WT and mutant
homozygous plants (Supplementary Figure S3). In addition, as was
the case in callus, no off-target mutations were confirmed in T,
plants (Tub-1#12) (Table 2; Supplementary Table S4). Taken
together, it was demonstrated that mutations introduced in rice
using SpCas12f can be inherited successfully to the next-generation.

4 Discussion

Casl12fis very small compared with other Cas proteins, which
is a great advantage in genome editing using virus vectors, but
more information about genome editing using this new tool is
needed. In this study, we demonstrated the introduction of
mutations in rice using SpCas12f. The mutation efficiency and
mutation pattern in rice calli were analyzed as well as mutations
in next-generation plants. We succeeded in achieving targeted
mutagenesis in rice calli at the target site at frequencies of 28.8%
and 55.6% using SpCasl2f (Figure 3A). SpCasl2f has been
reported to bind and cleave double-stranded DNA efficiently
under high-temperature conditions (45°C-55°C) in vitro
(Bigelyte et al.,, 2021). Thus, it had been considered that heat
shock treatment is essential to activate the DNA digestion activity
of SpCas12f necessary to introduce mutations in plants at useful
frequencies. Indeed, according to a recent report of targeted
mutagenesis by SpCasl2f in maize, mutations were introduced
by treatment with a 4-h heat shock of 45°C per day for 3 days,
whereas no mutations were introduced under normal conditions
(Bigelyte et al., 2021). In that experiment, immature maize
embryos were cultured at 28 °C in the dark for 9-10 days and
mutation analysis was performed in immature embryos 3 days
after the onset of biolistic transformation, and in regenerated
plants (Bigelyte et al., 2021). However, in our current study,
Agrobacterium-infected rice calli were cultivated on selection
medium containing hygromycin and meropenem at 30°C under
constant light, and mutation analysis was performed 5-6 weeks
after transformation. Rice calli can grow rapidly and vigorously
under our tissue culture conditions (described in Materials and
Methods, Toki (1997)). The long period of culture under constant
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and relatively high temperature could explain why mutations
could be introduced by SpCas12f without heat shock in rice.
There have been some previous studies on the relationship
between temperature and mutagenesis efficiency by Casl2a in
vivo. For example, the efficiency of mutagenesis using Casl2a
derived from Francisella novicida (FnCasl2a), Lachnospiraceae
(LbCasl12a), sp. BV3Lé6
(AsCasl2a) was improved when rice calli were cultured at a

bacterium and  Acidaminococcus
higher temperature (28°C-37°C) rather than in normal growth
conditions. In addition, the efficiency of targeted mutagenesis by
LbCas12a increased at temperatures of 29°C and 28°C in Arabidopsis
and wheat, respectively (Malzahn et al., 2019). Just recently, it has
been reported that the mutation frequency by FnCasl2a was
increased by 1-4 heat shock treatments at 37°C for 24 h after
stratification in Arabidopsis (Blomme et al., 2022). AsCasl2a is
more sensitive to temperature than Casl2a derived from other
species (e.g, LbCasl2a and FnCasl2a) and required higher
temperature conditions (28°C-34°C) to improve DNA cleaving
activity in plants and zebrafish (Moreno-Mateos et al, 2017;
Malzahn et al., 2019). Thus, heat shock treatment can be an
option to increase the activity of temperature-sensitive Cas
nuclease. Cultivation under higher temperature conditions or a
series of heat shock treatments may make it possible to greatly
increase the efficiency of mutation introduction by SpCas12fin rice.

In this study, the most common mutation patterns found by
Sanger and amplicon sequence analysis were deletions of several to
dozens of basepairs (Figures 2, 3). This result is similar to a previous
report of UnlCas12f- and AsCas12fl-mediated genome editing in
human cells (Xin et al., 2022). Moreover, various types of MME]-
mediated deletion were also found (Figure 3C; Supplementary Table
S3). Both Casl2a and Casl2f generate sticky DNA ends (Zetsche
et al., 2015; Karvelis et al., 2020). When Cas generates sticky ends,
longer deletions are more likely to occur than in the case of blunt
ends (Bothmer et al,, 2017), and targeted mutagenesis by Cas12f or
Casl2a seems to lead to longer deletions than when Cas9 is used.

Virus-mediated genome editing enables targeted mutagenesis
without integration of the CRISPR-Cas transgene into the host
genome in plants (Cody and Scholthof, 2019). To date, there have
been reports of targeted mutagenesis in Nicotiana benthamiana achieved
by agroinfiltration of sonchus yellow net rhabdovirus (SYNV) vector
harboring SpCas9 and sgRNA (Ma et al, 2020) and mechanical
inoculation of potato virus X (PVX) vector harboring SpCas9 and
sgRNA (Ariga et al, 2020). However, the exogenous genes inserted
into the virus genome are typically deleted from the viral vector during
replication, and stability of the vector can be affected by both the length
of the exogenous genes and temperature (Qu et al., 2005; Avesani et al,,
2007; Choi et al., 2019; Ariga et al., 2020). With its small size, Cas12f thus
represents a promising candidate tool for virus-mediated genome
editing. UnCas12f mutants or engineered sgRNA for Cas12f enhance
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A Tub-1
WT CTTGGGTTCACTGTGTACCCATCCCCTCAGGTCTCCACCTCTG (%)
Tub-1 #11* -11 bp CTTGGGTTCACTGTGTACCC--—-——-—————- TCTCCACCTCTG 15.8
Tub-1#12* -5bp CTTGGGTTCACTGTGTACCCATCCCCTC----- TCCACCTCTG 26.3
Tub-1#18 -12bp CTTGGGTTCACTGTGTACCCATCC------—-—-—-—--— ACCTCTG 68.2
Tub-1 #19* -5bp CTTGGGTTCACTGTGTACCCATCCCCTC----- TCCACCTCTG 26.9
Tub-2
WT ACACAATTCAAAAGACTGACCCACAATAAATAACTAGTCCTCA (%)
Tub-2 #15-1 -4 bp ACACAATTCAAAAGACTGACCCACAATAA----CTAGTCCTCA 41.2
Tub-2 #15-2 -9 bp ACACAATTCAAAAGACTGACCCA-————--—- ACTAGTCCTCA 70.6
Tub-2 #15-3 -16 bp ACACAATTCAAAAGACTG--------—--———-—-—-— TAGTCCTCA 70.0
Tub-2 #15-4* -18 bp ACACAATTCAAAAGACTGACCCACAAT———-————————————— 4.5
Tub-2 #18 -4 bp ACACAATTCAAAAGACTGACCCACAATAA----CTAGTCCTCA 50.0
Tub-2 #20 -10 bp ACACAATTCAAAAGACTGACCCAC-————————— TAGTCCTCA 66.7
B Tub-1#12 Tub-1#18 Tub-1#19
TACCCATCCCCTCAGGTCTCCACCTCTG TACCCATCCCCTCAGGTCTCCACCTCTG TACCCATCCCCTCAGGTCTCCACCTCTG
WT TACCCATCCCCTCAGGTCTCCACCTCTG TACCCATCCCCTCAGGTCTCCACCTCTG TACCCATCCCCTCAGGTCTCCACCTCTG
hetero tacccatcccctd====arcdiiccTeTe TACCCATCCCOCICTIGTCTCCACCTCTG TACCCATCCCCTO===—=TJGACCNCNG
homo TtacccaTccceTd=====rccaccTcTe TACCCATCO=———————————ACCTCTG TACCCATCCCCTO=—=—=TCCACCTCTG
Tub-2 #15-1 Tub-2 #15-2 Tub-2 #15-3
CTGACCCACAATAAATAACTAGTCCTCA CTGACCCACAATAAATAACTAGTCCTCA CTGACCCACAATAAATAACTAGTCCTCA
WT CTGACCCACAATAAATAACTAGTCCTCA CTGACCCACAATAAATAACTAGTCCTCA CTGACCCACAATAAATAACTAGTCCTCA
hetero cteacccAcAATAACITAGHCCTCCCTAT CTGACCCACCTAAAATAACTTTIT CAAAN CTGACCOCCAATAAATA=ICTAGTCCTCA
hOMO CcTGACCCACAATAAS=——CTAGTCCTCA CTGACCC-CTAGTCCTCA G=———————————————TAGTCCTCA
FIGURE 4

Analysis of SpCas12f-induced mutations in regenerated plants and their progenies in rice. (A) Sanger sequencing results on Tub-1 (upper panel) and

Tub-2 (lower panel) in regenerated plants of Tub-1 (#11, #12, #18, #19, upper panel) and Tub-2 (#15, #18, #20, lower panel). Details as in Figure 2B. *The
mutant: WT ratio did not fit to 1:1 by x-test. (B) Sequencing chromatograms at the Tub-1 and Tub-2 sites in T plants of Tub-1#12, Tub-1#18, Tub-1#19,
Tub-2#15-1, Tub-2#15-2, and Tub-2#15-3. PCR fragments were sequenced directly.
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the activity of UnCas12f (Xu et al,, 2021; Kim et al.,, 2022). Just recently, it
was reported that engineered sgRNA of SpCasl2f enhances genome
editing frequency in human cells to levels comparable to those of
FnCasl2a (Wang et al, 2022). We envisage that genome editing
frequency in plants can be similarly enhanced by the use of
engineered sgRNA and/or modified SpCasl2f, which will be
developed in the near future.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found below: https://ddbj.nig.ac.jp/resource/sra-
submission/DRA015026.

Author contributions

ON, ST, and HS designed the experiments. SS and HS performed
the experiments. SS and HS wrote the article with contributions of all
the authors. ON and ST supervised and complemented the writing.

Funding

This work was supported by Cabinet Office, Government of

Japan, Public/Private R&D Investment Strategic Expansion

Program (PRISM), and MAFF Commissioned project study on
“Development of new varieties and breeding materials in crops
by genome editing” Grant Number JPJ008000.

References

Ariga, H., Toki, S., and Ishibashi, K. (2020). Potato virus X vector-mediated DNA-free
genome editing in plants. Plant Cell Physiology 61 (11), 1946-1953. doi:10.1093/pcp/
pcaal23

Avesani, L., Marconi, G., Morandini, F., Albertini, E., Bruschetta, M., Bortesi, L., et al.
(2007). Stability of potato virus X expression vectors is related to insert size:
Implications for replication models and risk assessment. Transgenic Res. 16 (5),
587-597. doi:10.1007/s11248-006-9051-1

Bigelyte, G., Young, J. K., Karvelis, T., Budre, K., Zedaveinyte, R., Djukanovic, V., et al.
(2021). Miniature type V-F CRISPR-Cas nucleases enable targeted DNA modification
in cells. Nat. Commun. 12 (1), 6191. doi:10.1038/s41467-021-26469-4

Blomme, J., Develtere, W., Kose, A., Arraiza Ribera, J., Brugmans, C., Jaraba-Wallace,
J., etal. (2022). The heat is on: A simple method to increase genome editing efficiency in
plants. BMC Plant Biol. 22 (1), 142. doi:10.1186/s12870-022-03519-7

Bothmer, A., Phadke, T., Barrera, L. A., Margulies, C. M., Lee, C. S., Buquicchio, F.,
etal. (2017). Characterization of the interplay between DNA repair and CRISPR/Cas9-
induced DNA lesions at an endogenous locus. Nat. Commun. 8, 13905. doi:10.1038/
ncomms13905

Choi, B., Kwon, S. J., Kim, M. H., Choe, S., Kwak, H. R,, Kim, M. K,, et al. (2019). A
plant virus-based vector system for gene function studies in pepper. Plant Physiol. 181
(3), 867-880. doi:10.1104/pp.19.00836

Clement, K., Rees, H., Canver, M. C., Gehrke, J. M., Farouni, R, Hsu, J. Y., et al.
(2019). CRISPResso2 provides accurate and rapid genome editing sequence analysis.
Nat. Biotechnol. 37 (3), 224-226. doi:10.1038/s41587-019-0032-3

Cody, W. B., and Scholthof, H. B. (2019). Plant virus vectors 3.0: Transitioning into
synthetic genomics. Annu. Rev. Phytopathol. 57, 211-230. doi:10.1146/annurev-phyto-
082718-100301

Doudna, J. A, and Charpentier, E. (2014). Genome editing. The new frontier of genome
engineering with CRISPR-Cas9. Science 346(6213), 1258096. doi:10.1126/science.1258096

Frontiers in Genome Editing

10.3389/fgeed.2023.1138843

Acknowledgments

We thank K. Negishi in NARO for providing a pPZP ZmUbi-
SpCas9-NG vector, M. Endo, A. Nishizawa-Yokoi, S. Hirose, and K.
Negishi in NARO for advice and discussion, and N. Hara in NARO
for general experimental technical support. We also thank Dr. H.
Rothnie for English editing.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fgeed.2023.1138843/
full#supplementary-material

Edwards, K., Johnstone, C., and Thompson, C. (1991). A simple and rapid method for
the preparation of plant genomic DNA for PCR analysis. Nucleic Acids Res. 19 (6), 1349.
doi:10.1093/nar/19.6.1349

Endo, A., Masafumi, M., Kaya, H., and Toki, S. (2016). Efficient targeted mutagenesis
of rice and tobacco genomes using Cpf1 from Francisella novicida. Sci. Rep. 6 (1), 38169.
doi:10.1038/srep38169

Gleba, Y., Marillonnet, S., and Klimyuk, V. (2004). Engineering viral expression
vectors for plants: The “full virus’ and the ‘deconstructed virus’ strategies. Curr. Opin.
Plant Biol. 7 (2), 182-188. doi:10.1016/j.pbi.2004.01.003

Harrington, L. B., Burstein, D., Chen, J. S., Paez-Espino, D., Ma, E., Witte, I. P., et al.
(2018). Programmed DNA destruction by miniature CRISPR-Cas14 enzymes. Science
362 (6416), 839-842. doi:10.1126/science.aav4294

Hood, E. E. Gelvin, S. B, Melchers, L. S., and Hoekema, A. (1993). New
Agrobacterium helper plasmids for gene transfer to plants. Transgenic Res. 2 (4),
208-218. doi:10.1007/bf01977351

Jia, H., Orbovi¢, V., and Wang, N. (2019). CRISPR-LbCas12a-mediated modification
of citrus. Plant Biotechnol. ]. 17 (10), 1928-1937. doi:10.1111/pbi.13109

Jia, H., Xu, J., Orbovi¢, V., Zhang, Y., and Wang, N. (2017). Editing citrus genome via
SaCas9/sgRNA system. Front. Plant Sci. 8, 2135. doi:10.3389/fpls.2017.02135

Jiang, F., and Doudna, J. A. (2017). CRISPR-Cas9 structures and mechanisms. Annu.
Rev. Biophys. 46, 505-529. doi:10.1146/annurev-biophys-062215-010822

Karvelis, T., Bigelyte, G., Young, J. K., Hou, Z., Zedaveinyte, R., Budre, K., et al. (2020).
PAM recognition by miniature CRISPR-Casl2f nucleases triggers programmable
double-stranded DNA target cleavage. Nucleic Acids Res. 48 (9), 5016-5023. doi:10.
1093/nar/gkaa208

Kaya, H., Mikami, M., Endo, A., Endo, M., and Toki, S. (2016). Highly specific
targeted mutagenesis in plants using Staphylococcus aureus Cas9. Sci. Rep. 6 (1), 26871.
doi:10.1038/srep26871

frontiersin.org


https://ddbj.nig.ac.jp/resource/sra-submission/DRA015026
https://ddbj.nig.ac.jp/resource/sra-submission/DRA015026
https://www.frontiersin.org/articles/10.3389/fgeed.2023.1138843/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgeed.2023.1138843/full#supplementary-material
https://doi.org/10.1093/pcp/pcaa123
https://doi.org/10.1093/pcp/pcaa123
https://doi.org/10.1007/s11248-006-9051-1
https://doi.org/10.1038/s41467-021-26469-4
https://doi.org/10.1186/s12870-022-03519-7
https://doi.org/10.1038/ncomms13905
https://doi.org/10.1038/ncomms13905
https://doi.org/10.1104/pp.19.00836
https://doi.org/10.1038/s41587-019-0032-3
https://doi.org/10.1146/annurev-phyto-082718-100301
https://doi.org/10.1146/annurev-phyto-082718-100301
https://doi.org/10.1126/science.1258096
https://doi.org/10.1093/nar/19.6.1349
https://doi.org/10.1038/srep38169
https://doi.org/10.1016/j.pbi.2004.01.003
https://doi.org/10.1126/science.aav4294
https://doi.org/10.1007/bf01977351
https://doi.org/10.1111/pbi.13109
https://doi.org/10.3389/fpls.2017.02135
https://doi.org/10.1146/annurev-biophys-062215-010822
https://doi.org/10.1093/nar/gkaa208
https://doi.org/10.1093/nar/gkaa208
https://doi.org/10.1038/srep26871
https://www.frontiersin.org/journals/genome-editing
https://www.frontiersin.org
https://doi.org/10.3389/fgeed.2023.1138843

Sukegawa et al.

Kim, D. Y, Lee, ]. M., Moon, S. B, Chin, H. J., Park, S., Lim, Y., et al. (2022). Efficient
CRISPR editing with a hypercompact Cas12f1 and engineered guide RNAs delivered by
adeno-associated virus. Nat. Biotechnol. 40 (1), 94-102. doi:10.1038/s41587-021-
01009-z

Kim, E., Koo, T., Park, S. W., Kim, D., Kim, K., Cho, H. Y., et al. (2017a). In vivo
genome editing with a small Cas9 orthologue derived from Campylobacter jejuni. Nat.
Commun. 8, 14500. doi:10.1038/ncomms14500

Kim, H,, Kim, S. T, Ryu, J., Kang, B. C,, Kim, J. S., and Kim, S. G. (2017b). CRISPR/
Cpfl-mediated DNA-free plant genome editing. Nat. Commun. 8, 14406. doi:10.1038/
ncomms14406

Ma, X, Zhang, X,, Liu, H., and Li, Z. (2020). Highly efficient DNA-free plant genome
editing using virally delivered CRISPR-Cas9. Nat. Plants 6 (7), 773-779. doi:10.1038/
541477-020-0704-5

Malzahn, A. A, Tang, X,, Lee, K, Ren, Q., Sretenovic, S., Zhang, Y., et al. (2019).
Application of CRISPR-Cas12a temperature sensitivity for improved genome editing in
rice, maize, and Arabidopsis. BMC Biol. 17 (1), 9. doi:10.1186/s12915-019-0629-5

Ming, M, Ren, Q., Pan, C,, He, Y., Zhang, Y., Liu, S,, et al. (2020). CRISPR-Cas12b
enables efficient plant genome engineering. Nat. Plants 6 (3), 202-208. doi:10.1038/
541477-020-0614-6

Moreno-Mateos, M. A, Fernandez, J. P., Rouet, R, Vejnar, C. E., Lane, M. A,, Mis, E.,
et al. (2017). CRISPR-Cpfl mediates efficient homology-directed repair and
temperature-controlled genome editing. Nat. Commun. 8 (1), 2024. doi:10.1038/
541467-017-01836-2

Nakagawa, R., Ishiguro, S., Okazaki, S., Mori, H., Tanaka, M., Aburatani, H., et al.
(2022). Engineered Campylobacter jejuni Cas9 variant with enhanced activity and
broader targeting range. Commun. Biol. 5 (1), 211. doi:10.1038/s42003-022-03149-7

Pausch, P., Al-Shayeb, B., Bisom-Rapp, E., Tsuchida, C. A., Li, Z., Cress, B. F., et al.
(2020). CRISPR-Cas® from huge phages is a hypercompact genome editor. Science 369
(6501), 333-337. doi:10.1126/science.abb1400

Qin, R, Li, J,, Li, H,, Zhang, Y., Liu, X., Miao, Y., et al. (2019). Developing a highly
efficient and wildly adaptive CRISPR-SaCas9 toolset for plant genome editing. Plant
Biotechnol. ]. 17 (4), 706-708. doi:10.1111/pbi.13047

Qu, F,, Ye, X, Hou, G, Sato, S., Clemente, T. E., and Morris, T. J. (2005). RDR6 has a

broad-spectrum but temperature-dependent antiviral defense role in Nicotiana
benthamiana. J. Virol. 79 (24), 15209-15217. doi:10.1128/jvi.79.24.15209-15217.2005

Schindele, P., and Puchta, H. (2020). Engineering CRISPR/LbCas12a for highly
efficient, temperature-tolerant plant gene editing. Plant Biotechnol. J. 18 (5),
1118-1120. doi:10.1111/pbi.13275

Sorek, R., Lawrence, C. M., and Wiedenheft, B. (2013). CRISPR-mediated adaptive
immune systems in bacteria and archaea. Annu. Rev. Biochem. 82, 237-266. doi:10.
1146/annurev-biochem-072911-172315

Steinert, J., Schiml, S., Fauser, F., and Puchta, H. (2015). Highly efficient heritable
plant genome engineering using Cas9 orthologues from Streptococcus thermophilus
and Staphylococcus aureus. Plant J. 84 (6), 1295-1305. doi:10.1111/tpj.13078

Strecker, J., Jones, S., Koopal, B., Schmid-Burgk, J., Zetsche, B., Gao, L., et al. (2019).
Engineering of CRISPR-Cas12b for human genome editing. Nat. Commun. 10 (1), 212.
doi:10.1038/s41467-018-08224-4

Takeda, S. N., Nakagawa, R., Okazaki, S., Hirano, H., Kobayashi, K., Kusakizako, T,
etal. (2021). Structure of the miniature type V-F CRISPR-Cas effector enzyme. Mol. Cell
81 (3), 558-570.e3. doi:10.1016/j.molcel.2020.11.035

Frontiers in Genome Editing

10

10.3389/fgeed.2023.1138843

Tang, X., Lowder, L. G., Zhang, T., Malzahn, A. A,, Zheng, X, Voytas, D. F,, et al.
(2017). A CRISPR-Cpfl system for efficient genome editing and transcriptional
repression in plants. Nat. Plants 3 (3), 17018. doi:10.1038/nplants.2017.18

Teng, F., Cui, T., Feng, G., Guo, L., Xu, K, Gao, Q., et al. (2018). Repurposing
CRISPR-Cas12b for mammalian genome engineering. Cell Discov. 4, 63. doi:10.1038/
541421-018-0069-3

Toki, S. (1997). Rapid and efficient Agrobacterium-mediated transformation in rice.
Plant Mol. Biol. Report. 15 (1), 16-21. doi:10.1007/bf02772109

van Engelen, F. A,, Molthoff, J. W., Conner, A. ], Nap, J. P., Pereira, A., and Stiekema,
W. J. (1995). pBINPLUS: an improved plant transformation vector based on pBIN19.
Transgenic Res. 4 (4), 288-290. doi:10.1007/bf01969123

Vu, T. V., Sivankalyani, V., Kim, E. J., Doan, D. T. H.,, Tran, M. T,, Kim, J,, et al.
(2020). Highly efficient homology-directed repair using CRISPR/Cpfl-geminiviral
replicon in tomato. Plant Biotechnol. J. 18 (10), 2133-2143. doi:10.1111/pbi.13373

Wang, M., Mao, Y., Lu, Y,, Tao, X,, and Zhu, J. K. (2017). Multiplex gene editing in
rice using the CRISPR-cpfl system. Mol. Plant 10 (7), 1011-1013. doi:10.1016/j.molp.
2017.03.001

Wang, Q., Alarigi, M., Wang, F., Li, B,, Ding, X, Rui, H,, et al. (2020). The application
of a heat-inducible CRISPR/Cas12b (C2c1) genome editing system in tetraploid cotton
(G. hirsutum) plants. Plant Biotechnol. J. 18 (12), 2436-2443. doi:10.1111/pbi.13417

Wang, Y., Sang, S., Zhang, X., Tao, H., Guan, Q., and Liu, C. (2021). Efficient genome
editing by a miniature CRISPR-AsCas12f1 nuclease in Bacillus anthracis. Front. Bioeng.
Biotechnol. 9, 825493. doi:10.3389/fbioe.2021.825493

Wang, Y., Wang, Y., Pan, D,, Yu, H,, Zhang, Y., Chen, W, et al. (2022). Guide RNA
engineering enables efficient CRISPR editing with a miniature Syntrophomonas
palmitatica Cas12fl nuclease. Cell Rep. 40 (13), 111418. doi:10.1016/j.celrep.2022.
111418

Wu, Z., Zhang, Y., Yu, H,, Pan, D., Wang, Y., Wang, Y., et al. (2021). Programmed
genome editing by a miniature CRISPR-Cas12f nuclease. Nat. Chem. Biol. 17 (11),
1132-1138. doi:10.1038/541589-021-00868-6

Xiao, R,, Li, Z., Wang, S., Han, R, and Chang, L. (2021). Structural basis for substrate
recognition and cleavage by the dimerization-dependent CRISPR-Cas12f nuclease.
Nucleic Acids Res. 49 (7), 4120-4128. doi:10.1093/nar/gkab179

Xin, C,, Yin, J.,, Yuan, S., Ou, L, Liu, M., Zhang, W., et al. (2022). Comprehensive
assessment of miniature CRISPR-Cas12f nucleases for gene disruption. Nat. Commun.
13 (1), 5623. doi:10.1038/s41467-022-33346-1

Xu, X., Chemparathy, A., Zeng, L., Kempton, H. R,, Shang, S., Nakamura, M, et al.
(2021). Engineered miniature CRISPR-Cas system for mammalian genome regulation
and editing. Mol. Cell 81 (20), 4333-4345.e4. doi:10.1016/j.molcel.2021.08.008

Yamada, M., Watanabe, Y., Gootenberg, J. S., Hirano, H., Ran, F. A., Nakane, T., et al.
(2017). Crystal structure of the minimal Cas9 from Campylobacter jejuni reveals the
molecular diversity in the CRISPR-cas9 systems. Mol. Cell 65 (6), 1109-1121. doi:10.
1016/j.molcel.2017.02.007

Yin, X, Biswal, A. K., Dionora, J., Perdigon, K. M., Balahadia, C. P., Mazumdar, S.,
et al. (2017). CRISPR-Cas9 and CRISPR-Cpfl mediated targeting of a stomatal
developmental gene EPFLY in rice. Plant Cell Rep. 36 (5), 745-757. doi:10.1007/
500299-017-2118-z

Zetsche, B., Gootenberg, J. S., Abudayyeh, O. O., Slaymaker, 1. M., Makarova, K. S.,
Essletzbichler, P., et al. (2015). Cpfl is a single RNA-guided endonuclease of a class
2 CRISPR-Cas system. Cell 163 (3), 759-771. doi:10.1016/j.cell.2015.09.038

frontiersin.org


https://doi.org/10.1038/s41587-021-01009-z
https://doi.org/10.1038/s41587-021-01009-z
https://doi.org/10.1038/ncomms14500
https://doi.org/10.1038/ncomms14406
https://doi.org/10.1038/ncomms14406
https://doi.org/10.1038/s41477-020-0704-5
https://doi.org/10.1038/s41477-020-0704-5
https://doi.org/10.1186/s12915-019-0629-5
https://doi.org/10.1038/s41477-020-0614-6
https://doi.org/10.1038/s41477-020-0614-6
https://doi.org/10.1038/s41467-017-01836-2
https://doi.org/10.1038/s41467-017-01836-2
https://doi.org/10.1038/s42003-022-03149-7
https://doi.org/10.1126/science.abb1400
https://doi.org/10.1111/pbi.13047
https://doi.org/10.1128/jvi.79.24.15209-15217.2005
https://doi.org/10.1111/pbi.13275
https://doi.org/10.1146/annurev-biochem-072911-172315
https://doi.org/10.1146/annurev-biochem-072911-172315
https://doi.org/10.1111/tpj.13078
https://doi.org/10.1038/s41467-018-08224-4
https://doi.org/10.1016/j.molcel.2020.11.035
https://doi.org/10.1038/nplants.2017.18
https://doi.org/10.1038/s41421-018-0069-3
https://doi.org/10.1038/s41421-018-0069-3
https://doi.org/10.1007/bf02772109
https://doi.org/10.1007/bf01969123
https://doi.org/10.1111/pbi.13373
https://doi.org/10.1016/j.molp.2017.03.001
https://doi.org/10.1016/j.molp.2017.03.001
https://doi.org/10.1111/pbi.13417
https://doi.org/10.3389/fbioe.2021.825493
https://doi.org/10.1016/j.celrep.2022.111418
https://doi.org/10.1016/j.celrep.2022.111418
https://doi.org/10.1038/s41589-021-00868-6
https://doi.org/10.1093/nar/gkab179
https://doi.org/10.1038/s41467-022-33346-1
https://doi.org/10.1016/j.molcel.2021.08.008
https://doi.org/10.1016/j.molcel.2017.02.007
https://doi.org/10.1016/j.molcel.2017.02.007
https://doi.org/10.1007/s00299-017-2118-z
https://doi.org/10.1007/s00299-017-2118-z
https://doi.org/10.1016/j.cell.2015.09.038
https://www.frontiersin.org/journals/genome-editing
https://www.frontiersin.org
https://doi.org/10.3389/fgeed.2023.1138843

	Genome editing in rice mediated by miniature size Cas nuclease SpCas12f
	1 Introduction
	2 Materials and methods
	2.1 Oligonucleotides
	2.2 Vector construction
	2.3 Rice transformation and regeneration
	2.4 Heteroduplex mobility assay and sanger sequence analysis
	2.5 Amplicon sequence analysis

	3 Results
	3.1 Targeted mutagenesis of OsTubulin in rice calli by SpCas12f
	3.2 Regenerated plants and analysis of mutation in T1 plants

	4 Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


