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Abstract

Gene targeting (GT) allows precise manipulation of genome sequences, such as knock-ins and sequence substitu-
tions, but GT in seed plants remains a challenging task. Engineered sequence-specific nucleases (SSNs) are known

to facilitate GT via homology-directed repair (HDR) in organisms. Here, we demonstrate that Cas12a and a temper-
ature-tolerant Cas12a variant (ttCas12a) can efficiently establish precise and heritable GT at two loci in Arabidopsis
thaliana (Arabidopsis) through a sequential transformation strategy. As a result, ttCas12a showed higher GT efficiency
than unmodified Cas12a. In addition, the efficiency of transcriptional and translational enhancers for GT via sequen-
tial transformation strategy was also investigated. These enhancers and their combinations were expected to show
an increase in GT efficiency in the sequential transformation strategy, similar to previous reports of all-in-one strate-
gies, but only a maximum twofold increase was observed. These results indicate that the frequency of double strand
breaks (DSBs) at the target site is one of the most important factors determining the efficiency of genetic GT in plants.
On the other hand, a higher frequency of DSBs does not always lead to higher efficiency of GT, suggesting that some
additional factors are required for GT via HDR. Therefore, the increase in DSB can no longer be expected to improve GT
efficiency, and a new strategy needs to be established in the future. This research opens up a wide range of applica-
tions for precise and heritable GT technology in plants.

Key message

The combination of enhancers, Cas12a, and sequential transformation strategies enables efficient and precise herit-
able gene targeting in Arabidopsis.
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Background

Engineered sequence-specific nucleases (SSNs) can gen-
erate target site-specific double-strand breaks (DSBs)
in the genomes of many organisms [1, 2]. Currently, the
clustered regularly interspaced short palindromic repeats
(CRISPR)/CRISPR-associated protein (Cas) system,
one of the engineered SSNis, is the most widely used for
genome editing in many organisms, including plants,
because of its simplicity, high specificity, and high effi-
ciency [3-5]. DSBs generated by these SSNs are repaired
predominantly by the error-prone non-homologous
end-joining (NHE]) pathway, but rarely by error-free
homology-directed repair (HDR) if an appropriate donor
template is supplied [6, 7]. HDR-mediated gene target-
ing (GT) can create desirable sequence alterations such as
precise sequence knock-ins (KIs) or substitutions in the
genome. Therefore, GT is a powerful tool for molecular
research and multiple biotechnological applications, and
is being used in a wide variety of organisms [3, 8, 9]. How-
ever, even though SSNs are able to promote GT efficiency
in organisms, GT remains a challenging task in seed
plants due to the extremely low frequency of HDR and the
difficulty of delivering donor templates [6, 10].

The most commonly used CRISPR/Cas9 system in
plants is Type II Streptococcus pyogenes Cas9 (SpCas9:
hereafter Cas9). Cas9 recognizes a specific G-rich (NGG)
protospacer adjacent motif (PAM) sequence and cleaves
the proximal end of 3—4 base pairs of PAM to generate
the blunt end of the DSB. When the genomic site of inter-
est is AT-rich, it is difficult to design appropriate sgRNAs
for Cas9. Therefore, in order to establish GT at a wide
range of target sites, this study examined another popular
Type V CRISPR/Cas system, the Lachnospiraceae bac-
terium ND2006 Casl2a (LbCasl2a: hereafter Casl2a).
Casl2a recognizes T-rich TTTV (V=A/G/C) PAM
sequences and generates a 5 overhang staggered end
DSB on the distal side of the PAM. It is thought that
Casl2a generates the staggered end of the DSB distal to
the PAM sequence, which may facilitate repetitive cleav-
age and extensive end processing, potentially increas-
ing the efficiency of GT [11]. However, Cas12a had low
enzyme activity at low temperatures, which is mandatory
for plant cultivation. To overcome the reduced enzy-
matic activity of Cas12a in plants, a temperature tolerant
LbCasl12a variant (ttLbCasl12a; hereafter ttCasl2a) with
a single D156R mutation was developed [12]. In addi-
tion, the all-in-one strategy via ttCas12a has successfully
improved GT efficiency in Arabidopsis [13].

The employment of transcriptional or translational
enhancers for SSNs is an alternative approach to
improve the frequency of DSB in plants. Using the 5
UTR containing the first intron of Arabidopsis Ubig-
uitin 10 (AtUbql0) as a transcriptional enhancer,
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Cas9-mediated heritable mutants were generated in
barley with high efficiency [14]. Similarly, the intron-
containing version of Cas9 showed a high mutation
frequency in plants [15]. In addition, the use of dMac3,
a highly efficient translational enhancer of the rice
OsMac3 gene, increased the efficiency of Cas9- and
TALEN-mediated mutagenesis in plants including
tetraploid potato [16-20]. Such transcriptional and
translational enhancers have been used extensively for
mutagenesis purposes, but their application to HDR-
mediated GT has been rare. The application of the
omega translational enhancer from tobacco mosaic
virus (TMV) to Cas9 has been reported to improve
the all-in-one strategy GT in Arabidopsis [21]. Fur-
thermore, during preparation of this manuscript, an
intron-containing version of ttCasl2a was reported to
promote DSB and GT efficiency in Arabidopsis [22].

Recently, significant progress and successful GT via
HDR using engineered SSNs has been reported in sev-
eral plant species, such as Arabidopsis [22—-26], soybean
[27], rice [28-31], maize [32], wheat [33], and poplar
[34, 35]. However, most of these methods relied on
the selection of antibiotic markers or herbicide resist-
ance genes at target loci. We have reported a sequential
transformation strategy for efficient CRISPR/Cas9-
mediated GT in Arabidopsis and rice [31, 36, 37]. As
a brief overview, constructs with donor and sgRNA
are transformed into parental lines that stably express
Cas9 in egg cells and early embryos by the DD45 pro-
moter in Arabidopsis. Although the efficiency of GT
with a sequential transformation strategy using Cas9 is
higher than the all-in-one approach, the application of
the Casl2a system to a sequential transformation strat-
egy has not been explored to date. Furthermore, it has
not been investigated whether the combination with
enhancers can elevate GT efficiency in a sequential
transformation strategy. The characteristics of Casl2a,
the use of enhancers, and the sequential transforma-
tion strategy were expected to increase GT efficiency.
Here, we demonstrated that in Arabidopsis, the com-
bination of enhancers increases the efficiency of GT
through a sequential transformation strategy mediated
by both Casl2a and ttCasl2a. The data indicated that
ttCasl2a exhibited greater GT efficiency than Casl2a.
Furthermore, the application of enhancers was found
to result in an improvement in GT efficiency, although
not always. These results indicate that DSB frequency
is one of the most important factors determining the
efficiency of SSN-mediated GT. However, the GT effi-
ciencies obtained in this study were not as high as we
had anticipated. The results of this study have made it
possible to establish efficient and precise GT in a wider
range of target sequences.
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Results

Preparation of Cas12a parental lines with and without
enhancers for efficient GT establishment

To evaluate the double-strand break (DSB) activity of
the CRISPR/Cas12a systems, mutation frequencies were
examined. Because the Casl2a transgenic plants gener-
ated will be used as parental lines for gene targeting (GT)
via sequential transformation (Fig. 1), a CRISPR RNA
(crRNA) was designed to be located between At1g53990
and At1g54000, where these two genes are positioned
in the tail-to-tail direction (Supplementary Figure S1).
Theoretically, it is highly unlikely that mutations in this
intergenic region would affect expression of genes or
stability of genome [31]. Previous reports have used the
Cas9 parental line harboring an sgRNA targeting the
GLABRA2 (GL2) gene for efficient GT in Arabidopsis
thaliana (Arabidopsis) [25, 36, 37]. While g/2 mutations
are useful as a visible marker [38], trichome formation
often affects plant physiological functions, such as biotic
and abiotic stress responses [39, 40]. Although mutations
at the GL2 locus in Cas9 parental lines can be removed by
backcrossing [37], undesirable g/2 mutations frequently
prevent rapid study execution. Therefore, in this study,
the intergenic region was chosen as the target of crRNA
in the parental lines (Fig. 1A, Supplementary Figure S1).

To gain a comprehensive understanding, we con-
ducted an investigation into the most effective means of
establishing GT in Arabidopsis. This involved the use of
transcriptional and translational enhancers, both alone
and in combination. In addition to Casl2a, temperature
tolerant Casl2a (ttCasl2a), which exhibits higher DSB
activity and GT efficiency [12, 13], was investigated in
the present study (Fig. 2A). A total eight constructs for
the parental lines were generated and examined. The
constructs without enhancers were used as controls
(Casl2a and ttCasl2a). The constructs with enhanc-
ers were: translational enhancer dMac3 alone (dCasl2a
and dttCasl2a), transcriptional enhancer Arabidopsis
Ubiquitin 10 (AtUbq10) first intron alone (UCas12a and
UttCasl2a), and the combination of them (UdCas12a and
UdttCas12a). Based on previous reports, we applied the
egg cell and early embryo specific DD45 promoter to all
constructs [21, 25, 36, 37] (Fig. 2A).

The mutation frequencies were measured in 35 to 40
independent T1 transgenic plants for all eight constructs.
The results showed that ttCas12a exhibited higher muta-
tional frequency than Casl2a in all cases except the com-
bination of the two enhancers (UdCas12a) (Fig. 2B, C,
Supplementary Figure S2, S3), consistent with previous
reports [12]. The combination of AtUbql0 and dMac3
significantly increased mutation frequency in both
Casl12a and ttCas12a compared to controls or the use of a
single dMac3 enhancer alone (Fig. 2C). These mutational
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frequencies at the target locus appear to be nearly satu-
rated when the transcriptional enhancer AtUbq10 is used
alone or in combination with the two enhancers. In con-
trast, the translational enhancer dMac3 did not necessar-
ily increase Cas12a mutation frequency, which was lower
than in the control without the enhancer (Fig. 2C). Fur-
thermore, the results suggested that there is no statistical
correlation between the number of copies of Casl2a or
ttCasl2a and mutation frequency in T1 plants (Supple-
mentary Figure S2, S3) [31].

In the sequential transformation strategy, the DSB
activity of the Cas protein of the parental lines must
be one of the key factors that determine GT effi-
ciency. Silencing of DD45 pro:Cas9 transgene activ-
ity in the parental line (ABRC stock CS69955) has been
reported, resulting in reduced GT efficiency [37]. To
avoid transgene silencing, Cas12a and ttCasl2a candi-
date parental lines were selected with hygromycin at a
concentration of 50 mg/L until T6 generation (Fig. 2D,
Supplementary Figure S4). Three independent lines for
each construct were selected as parental lines for subse-
quent studies according to mutation rate and hygromycin
resistance (Supplementary Figure S2, S3, S4). The effi-
ciency of GT was anticipated to be enhanced by applying
the enhancers alone or in combination.

GFP knock-in at the EMB2410 locus

Precise GFP knock-in (KI) at the Embryo Defective
2410 (EMB2410) locus was successfully achieved by
a Cas9-mediated sequential transformation strategy
[37, 25]. In the present study, the same GFP-KI donor
sequence with 1 Kbp homology arms was applied. A
sequential transformation construct with an AtU6-26
promoter-driven crRNA and GFP-KI donor targeting
the EMB2410 locus was constructed and transformed
into a total of 24 Casl2a and ttCasl2a parental lines
(Figs. 1B, 3A). T1 transgenic plants were screened by
Basta spraying and then GT events were determined
by PCR for all Basta-resistant T1 plants (Fig. 1B). To
analyze GT events, three different primer sets were
designed for PCR based genotyping (Fig. 3A). The
5 and 3’ arms specific primers were designed to spe-
cifically detect GFP-KI events. The last one, full-length
primers were designed to anneal to the upstream and
downstream of the homology arms, capable of ampli-
fying both endogenous and precise GT alleles. The
specific primer sets were used for initial screening,
and then all possible T1 candidate plants were char-
acterized by using full-length primer set to assess pre-
cise GT. Previous reports indicate that all GT events
obtained using full-length primer sets are accurate
and stably inherited by progenies [25, 37, 31]. GT effi-
ciency was calculated by the number of T1 transgenic
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Fig. 1 Overview of sequential transformation strategies for Cas12a/ttCas12a-mediated GT establishment. A Generation of parental lines. Parental
line construct contains a Cas12a/ttCas12a cassette driven by the DD45 promoter, a crRNA targeting the intergenic region driven by the AtU6
promoter, and a hygromycin selection marker gene cassette driven by the 35S promoter. Cas12a/ttCas12a expression constructs were transformed
into Col-0 accession by Agrobacterium to generate parental lines. Screening of T1 transgenic parental lines with 50 mg/L hygromycin yielded
approximately 35-40 individual lines. To evaluate the obtained parental line candidates, mutation frequencies in the target intergenic region,
Cas12a/ttCas12a copy number, and hygromycin-resistant phenotype of the progenies were examined. B Sequential transformation strategy for GT
establishment. Parental lines with greater hygromycin resistance, higher mutation frequency, and lower copy number of Cas12a/ttCas12a were
used for sequential transformations. The donor constructs used for sequential transformation contain a crRNA cassette at the target locus driven
by the AtU6 promoter, a repair donor template for the HDR, and a cassette of herbicide resistance marker gene bar driven by the 35S promoter. T1
transformants of the donor constructs were first screened with Basta spray and then genotyped to obtain GT-positive events

plants examined (Table 1). As a result, at least one pre-  All EMB2410-GFP KI events were confirmed by
cise and heritable GT event was obtained in all paren-  Sanger sequencing. The results showed that all GFP-
tal line constructs except dCasl2a (Fig. 3B, Table 1). KI GT events at the EMB2410 locus detected by the
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Fig. 2 Evaluation of Cas12a/ttCas12a parental lines in Arabidopsis. A Schematic diagram of parental line constructs. Cas12a/ttCas12 represents
a parental construct containing without enhancer, dCas12a/dttCas12 represents a parental construct containing the dMac3 translational enhancer,
UCas12a/UttCas12a represents a parental construct containing the AtUbqg10 transcriptional enhancer, and UdCas12a/UdttCas12 represents

a parental construct containing both enhancers. The blue rectangular block and black line represent the 5"UTR sequence transcriptional enhancer
of AtUbq10 with the first intron. Magenta square indicates the dMac3 translational enhancer. B Proportion of mutation frequencies in individual T1
generations of the eight parental line constructs. Mutation frequency of intergenic target site was determined by T7El digestion assay. C Statistical
analysis of mutation frequency in parental lines. The numbers in parenthesis represent the number of individual samples analyzed. One-way ANOVA
and Tukey test were applied to analyze standard differences (P < 0.05). D Hygromycin-resistant phenotypes in different generations. Homozygous
transgenic lines of UdCas12a-#14-23 and UdttCas12a-#8-31 were selected in the T2 to T6 generation (Supplementary Figure S4). Seeds were
germinated on 1/2 MS plates containing 50 mg/L hygromycin. Col-0 and CS69955 (previously reported Cas9 parental line) were used as controls

full-length primer set were precise and seamless (Sup-
plementary Figure S5A). In all combinations with and
without enhancers, ttCasl2a showed higher GT effi-
ciency than Casl2a. The efficiency of the precise GT
events was associated in the mutation frequency of the
intergenic region of the parental lines (Fig. 3C). All pre-
cise EMB2410-GFP KI events detected with the full-
length primer set were stably inherited by the progeny,
in accordance with Mendelian ratio (Fig. 3D). These
results collectively suggest that the CRISPR/Casl2a
system with the AtUbq10 transcriptional enhancer rep-
resents a promising approach for the efficient genera-
tion of precise GT in plants [13, 41, 42].

More detailed analyses were conducted to further
evaluate the relationship between the use of enhancers
and GT efficiency. First, the mutation frequency of the
EMB2410 target site in 60—112 independent GT-nega-
tive T1 transgenic plants was determined. The results
demonstrated that the utilization of the AtUbq10 tran-
scriptional enhancer markedly augmented the muta-
tion frequency in both Casl2a and ttCasl2a (Fig. 4A,
B). Next, the relationship between the copy number of
Casl2a and ttCasl2a and the mutation frequency of the
EMB2410 target site was examined, but no correlation
was found between the two (Fig. 4C, D). The screening
detected a number of imprecise as well as precise GT
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Table 1 Knock-in GT efficiencies at the EMB2410 locus mediated by Cas12a/ttCas12a
Parental line Number of 5'arm GT (Total 5’arm GT (Total HDR)  Precise GT Precise GT SDs
transformants HDR) efficiency (%) efficiency (%) (P<0.05)
analyzed
Cas12a #5 281 4 142 0 0 b
#30 194 2 1.03 0 0
#35 288 10 347 2 0.69
dCasi2a #4 150 0 0 0 0 b
#11 140 2 143 0 0
#12 148 1 0.68 0 0
UCas12a #24 191 5 262 1 0.52 ab
#26 212 17 8.02 2 0.94
#27 199 9 4.52 0 0
UdCas12a #2 204 11 539 1 049 b
#3 219 9 411 1 046
#14 162 2 1.23 0 0
ttCas12a #1 174 7 4.02 2 1.15 a
#5 288 21 7.29 5 1.74
#9 233 17 730 3 1.29
dttCas12a #6 153 2 131 1 0.65 b
#22 179 4 2.23 0 0
#28 163 245 0 0
UttCas12a #4 288 22 7.64 4 1.39 a
#18 167 7 4.19 1 0.60
#19 295 37 12.54 7 2.37
UdttCas12a #1 192 16 833 3 1.56 a
#4 192 15 7.81 2 1.04
#8 192 13 6.77 3 1.56

GT efficiency was calculated based on the number of individual T1 transformants examined. One-way ANOVA and Tukey test were applied to analyze standard

differences (SDs, P < 0.05) for the precise GT efficiencies

events, as has been reported in the previous studies [25,
37]. These imprecise GT events were correctly incorpo-
rated by homology-directed repair (HDR) in one arm,
but T-DNA was incorporated by non-homologous end-
joining (NHE]) in the other arm (Fig. 3B, dCas12a). In
these imprecise GT events, at least one arm was cor-
rectly integrated by HDR, and these events were sta-
bly inherited. Therefore, the imprecise GT events were
considered as total HDR events and statistical calcula-
tions were performed [25]. Statistical analysis of GT

(See figure on next page.)

efficiency and mutation frequency at the EMB2410
locus revealed a weak positive correlation for Casl2a
and a strong positive correlation for ttCas12a for both
total HDR and precise GT efficiency (Fig. 4E, F). Fur-
thermore, for both Cas12a and ttCas12a, there is a sig-
nificant positive correlation between the precise GT
and total HDR efficiencies (Fig. 4G, H). These results
indicate that DSB frequency by the CRIPR/Cas12a sys-
tem could be one of the crucial factors determining GT
performance.

Fig. 4 Statistical analysis of DSB and GT efficiency at the EMB2410 locus. A, B, Mutation frequency of GT-negative GFP-KI at EMB2410 locus
transgenic plants in Cas12a (A) and ttCas12a (B) parental lines. Mutation frequencies were determined by PCR with full-length primers, sequencing
and TIDE. The numbers in parenthesis represent the number of individual samples analyzed. The lines show mean with SD of individual values.
One-way ANOVA and Tukey test were applied to analyze standard differences (P<0.05). C, D, Correlation analysis of mutation frequency at EMB2410
locus and Cas12a/ttCas12a copy number in Cas12a (C) and ttCas12a (D) parental lines. The Cas12a/ttCas12a copy number was determined

by q-PCRinT1 parental line plants and calculated by the 272" method. Actin7 was used as an internal reference. E, F, Correlation analysis

of mutation frequency and GFP-KI GT efficiency at the EMB2410 locus in Cas12a (E) and ttCas12a (F) parental lines. Squares indicate precise GT,
triangles indicate total HDR. G, H, Correlation analysis of precise and total HDR efficiency in Cas12a (G) and ttCas12a (H) parental lines
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Base substitutions at the ALS locus

Next, we examined whether the sequential transforma-
tion strategy with the Casl2a systems could introduce
precise base substitutions as well as GFP-KI. The Ace-
tolactate synthase (ALS) locus is one of the most fre-
quently analyzed target sites for genome editing studies
because of the herbicides resistance phenotype of base
substitution mutants [43]. Imidazolinone (IM) herbi-
cides inhibit ALS, an enzyme important in the biosyn-
thesis of branched-chain amino acids in plants [44].
The donor sequence with 2 Kbp homology arms for GT
was designed to introduce two amino acid substitu-
tions (S653I and G654E) and confer imazethapyr her-
bicide resistance. Therefore, for efficient screening,
transformed plants were subjected to Basta spraying,
followed by imazethapyr herbicide application to select
for GT events, which were determined by PCR (Fig. 5A).
The donor sequence contained a Pvul restriction enzyme
site at the S6531 and G654E substitution site to distin-
guish the GT allele, and a T-to-C silent mutation was
incorporated into the protospacer adjacent motif (PAM)
sequence to avoid re-cleavage by ttCasl2a (Fig. 5B).
For amino acid substitution GT, three parental lines,
ttCasl2a-#9, UttCasl2a-#19, and UdttCasl2a-#8, were
selected according to the results of the EMB2410-GFP
KI experiment and the donor construct was transformed
via Agrobacterium tumefaciens (Agrobacterium). After
imazethapyr herbicide treatment, a large portion of the
Basta-resistant transformants died (Fig. 5C). In all three
parental backgrounds, at least one precise ALS bases sub-
stitution GT lines were obtained (Fig. 5D). All GT events
were confirmed for their accuracy by Sanger sequencing.
The results revealed that all intended base substitutions,
including silent mutations in the PAM sequence, were
correctly incorporated (Supplementary Figure S5B). The
efficiency of GT ranged from 0.79-1.02% based on the
number of individual Basta-resistant T1 transformants
(Table 2). GT ratios were comparable among the different
parental lines. This may be due to plateaued DSB and GT
frequencies in selected parental lines that exhibited the

(See figure on next page.)
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highest GT efficiency at the EMB2410 locus. All precise
amino acid substitution GT events were inherited by the
progenies according to Mendelian inheritance (Fig. 5E).
Overall, these results indicate that the Cas12a system can
be applied not only to KI but also to amino acid substitu-
tion GT in plants.

Discussion

In this study, we performed a detailed characteriza-
tion of the sequential transformation approach previ-
ously developed by our group to generate GT in plants
via HDR, using the CRISPR/Casl2a systems instead of
Cas9 [25, 31, 36, 37]. While GT in plants using all-in-one
strategies via Casl2a and ttCasl2a have been reported
[11, 13, 42, 45], this study showed that efficient GT
events, including precise KIs and base substitutions by
sequential transformation strategy, are possible at two
loci in Arabidopsis. Moreover, this study demonstrates
that the employment of enhancers alone and in combi-
nations for the Casl2a systems can increase mutagenesis
efficiency, although not always resulting in GT. Never-
theless, despite the implementation of these modifica-
tions, the anticipated enhancement in GT efficiency
could not be achieved in the present study.

Precise and heritable GT is a useful tool for molecular
research and molecular breeding. However, the establish-
ment of GT remains a difficult task, especially in seed
plants, due to the extremely low efficiency of homologous
recombination and the difficulty of delivering donor tem-
plates [6, 10, 46]. Various approaches have been tried to
improve GT efficiency via engineered SSNs in plants. The
most simple and effective way to improve the efficiency
of GT via HDR is to promote the frequency of DSB. For
example, the use of a highly efficient CRISPR/Cas system,
such as ttCas12a, which has exhibited higher mutational
and GT efficiencies than unmodified Casl2a [12, 13].
Our sequential transformation strategy is also a method
to promote DSB activity. This is because higher levels
of Cas9 activity can be maintained by using highly effi-
cient parental lines [36, 37]. In previous reports, GT by

Fig. 5 Characterization of amino acid substitution at the ALS locus. A Overview of efficient screening for amino acid substitution GT events

at the ALS locus. T1 transformants were screened with Basta spray, followed by imazethapyr spray to screen for amino acid substitution GT events
and further genotyping. B Detail of ALS substitution. The donor template harbors S6531 and G654E substitutions, which also overlap the Pvul
restriction enzyme site and are flanked by 2 Kbp homology arms. The black arrows represent the full-length primer for ALS genotyping. Red arrow
indicates the target site of crRNA for the ALS locus. Bold font in blue box represents bases replacement and amino acid substitution. Red letters
indicate PAM. C Phenotypes of Basta and imazethapyr spray screening. The image on the left shows the primary screening with Basta spray on T1
generation transformants. On the right is the second screening by imazethapyr spraying. D PCR genotyping of precise ALS S6531, G654E in T1
transformants. PCR-based genotyping was performed on the imazethapyr-resistant plants. Full-length primers were used for PCR followed by Pvul
enzyme 