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Abstract
The Cas9 protein fused with a cytidine deaminase can induce C to T substitutions at a specific site when directed by a guide 
RNA. Here, we compared the substitution activity and the substitution range of two base-editing systems, APOBEC1-nCas9 
and nCas9-PmCDA1, in the protoplasts of Glycine max, Brassica napus, and Nicotiana tabacum. To prevent unwanted 
nucleotide substitution, we manipulated the length of guide RNA and found the change of nucleotide substitution activity in 
the target window of nCAS9-PmCDA1. Based on these results, the specific C to T conversion in the acetolactate synthase 
gene of N. tabacum was induced to generate herbicide-resistant plants. During the screening of herbicide-resistant plants, 
we found that ubiquitin promoter-driven base-editor system was much efficient than 35S promoter-driven base-editor sys-
tem. This study provides guidelines on which a base editor to use and describes how to fine-tune a guide RNA for precise 
substitutions in plants.
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Introduction

The clustered regularly interspaced short palindromic 
repeat (CRISPR) system has been engineered to edit tar-
geted genes in human cells, animals, and plants (Jinek et al. 
2012; Doudna and Charpentier 2014; Hsu et al. 2014; Kim 
and Kim 2014). CRISPR-associated (Cas) proteins, such as 

Streptococcus pyogenes Cas9 (SpCas9), can induce DNA 
double-stranded breaks at the target site with the help of 
guide RNAs (Jinek et  al. 2012). DNA double-stranded 
breaks are repaired either by non-homologous end joining 
(NHEJ) or by homology-directed repair (HDR) system. The 
error-prone NHEJ repair system mainly introduces small 
insertion or deletion (indel) mutations, and the HDR system 
leads to the replacement or insertion of donor DNAs at the 
specific locus (Kim and Kim 2014).

The SpCas9 proteins incorporating specific enzymes 
or transcriptional regulators can also induce both targeted 
methylation/demethylation (Liu et al. 2016) and the tran-
scriptional activation/repression of target genes (Dominguez 
et al. 2015). Recently, the base-editing system, which is 
composed of SpCas9 (D10A) nickase (nCas9) fused with 
a cytidine deaminase, has been reported to convert cyto-
sine (C) to uracil (U) in the non-complementary strand of 
a guide RNA binding site, resulting in a C to thymine (T) 
substitution (Komor et al. 2016; Nishida et al. 2016). Two 
research groups independently developed this base-editing 
system with two different cytidine deaminases: sea lam-
prey PmCDA1 (Petromvzon marinus cytidine deaminase) 
(Nishida et al. 2016) and rat APOBEC1 (apolipoprotein B 
editing complex 1) (Komor et al. 2016). PmCDA1 is fused 
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to the C-terminus of nCas9, and APOBEC1 is fused to the 
N-terminus of nCas9. Attaching a uracil DNA glycosylate 
inhibitor (UGI) to this base-editing system reduces the 
chance that U will be removed from the targeted region, 
which in turn increases the efficiency of the C to T substitu-
tion (Wang et al. 2017).

The base-editing system has attracted much attention, 
because the efficiency of base editors (BEs) in animals and 
plants for nucleotide substitution is much higher than the 
efficiency of HDR-mediated base-editing (Komor et al. 
2016; Nishida et al. 2016). Efficient BEs can be used to 
introduce a single nucleotide polymorphism (SNP) in the 
gene of interest for crop improvement (Li et al., 2017; Lu 
and Zhu 2016; Zong et al. 2017). For instance, the base-edit-
ing system enables us to generate herbicide-resistant crops 
without introducing any resistance gene (Shimatani et al. 
2017; Tian et al. 2018). Sulfonylurea (SU) herbicides inhibit 
the enzyme activity of acetolactate synthase (ALS), which 
is involved in the biosynthesis of essential amino acids: leu-
cine, isoleucine, and valine (McCourt and Duggleby 2006). 
The long-term use of herbicides containing SU provokes 
herbicide-resistant weeds all over the world; several SNPs 
in ALS locus were commonly observed in SU herbicide-
resistant weeds (Powles and Yu 2010).

To introduce the same SNPs in the ALS of crops as found 
in the SU herbicide-resistant weeds, HDR-mediated gene 
replacement has been tried, but its efficiency was extremely 
low (Townsend et al. 2009; Sun et al. 2016). Here, we exam-
ined the substitution activity of two different BEs and ana-
lyzed the effect of guide RNA length on the targeted C to T 
substitution in plants. In addition, we tested the activity of 
ubiquitin promoter-driven BE compared with 35S promoter-
driven BE. We then regenerated herbicide-resistant Nico-
tiana tabacum by expressing the BE in leaf explants. We 
also tested off-target effects and mutation heritability.

Materials and methods

Plant materials

Brassica napus (cv. Tammi), Glycine max (cv. Williams 
82), and N. tabacum (cv. Samsun) were used in this study. 
B. napus seeds were germinated in pots, and seedlings for 
the protoplast assay were grown for two weeks under pho-
toperiods of 16 h light and 8 h dark at 25 °C. A prolifera-
tive callus of G. max was induced on immature cotyledons 
explanted onto a medium containing moderately high levels 
of auxin (Finer and Nagasawa 1988). The G. max callus was 
retained by the subculture 4–6 weeks at 25 °C in the dark. N. 
tabacum seedlings were grown on half-strength MS medium 
for 4 weeks under the same conditions as B. napus for the 

protoplast assay and were used for Agrobacterium-mediated 
transformation.

Plasmid construction of nCas9‑PmCDA1 
and APOBEC1‑nCas9

Fragments of nCas9 (D10A)-PmCDA1-UGI (Addgene 
plasmid number: 79,620) and APOBEC1-XTEN-dCas9 
(A840H)-UGI (Addgene plasmid number: 73,021) were 
fused to pBAtC binary vectors (Kim et al. 2016) to construct 
nCas9-PmCDA1 and APOBEC1-nCas9 (Fig. S1). To clone 
guide RNAs, nCas9-PmCDA1 and APOBEC1-nCas9 vec-
tors were digested with the AarI restriction enzyme (Thermo 
Fisher Science, USA) and mixed with both annealed prod-
ucts of two oligonucleotides and T4 DNA ligase (New Eng-
land Biolabs, Ipswich, MA, USA), as described in our earlier 
work (Kim et al. 2016). These ligation products were trans-
ferred to E. coli DH5α and the proper construct-containing 
cells were selected on the media containing spectinomycin.

Protoplast transient assay

Protoplasts were isolated from B. napus cotyledons and 
the G. max proliferative callus by following the protocol 
described in previous studies (Yoo et al. 2007; Jie et al. 
2011) with the following modifications: material was soaked 
in an enzyme solution (1% viscozyme, 0.5% celluclast, 0.5% 
novozyme, 3 mM MES, 9% mannitol, and CPW salts, pH 
5.8) and stored in the dark after being shaken (40 rpm) at 
room temperature for 1 h (B. napus), 2 h (N. tabacum), 4 h 
(G. max). Plasmid DNA (40 µg) was introduced into 1 × 105 
protoplasts in the MMG solution by PEG (40% [w/v] PEG 
4000, 0.2 M mannitol, and 0.1 M  CaCl2)-mediated transfec-
tion, and the mixed solution was incubated in the dark at 
room temperature for 10 min. Protoplasts were incubated 
at 25℃ for 3 days in the dark, and genomic DNAs were 
extracted for deep sequencing analysis.

Agrobacterium‑mediated transformation

The nCas9-PmCDA1 binary vector with 19 bp or 20 bp 
of guide RNAs was transformed into the Agrobacterium 
tumefaciens strain GV3101 by electroporation. Each vector 
was introduced into N. tabacum explants through Agrobac-
terium-mediated transformation (Horsch et al. 1985) with 
the following modifications: we regenerated the shoots from 
explants on selection medium (phosphinothricin, 1.0 mg/L) 
for 2 weeks and then sub-cultured them on double selection 
medium (phosphinothricin, 1.0 mg/L and pyrazosulfuron-
ethyl 15 µg/L) for 3 weeks at 25℃ under 16 h of light and 
8 h of dark.
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Analysis of mutation frequency and patterns

The on-target site and potential off-target sites were ampli-
fied from genomic DNA using the target-specific primers 
(Table S1). The targeted deep sequencing was conducted 
with the amplified sequences using Illumina MiniSeq sys-
tem (San Diego, CA, USA). For multiplexing of samples, 
we added read indices by an additional PCR. Cas-analyzer 
(www.rgeno me.net) was used to calculate substitution and 
indel frequency (Park et al. 2017), and an in-house python 
code was used to calculate the substitution rates and patterns 
with raw-read data from the MiniSeq. The substitution muta-
tion (point mutation) was calculated by dividing the number 
of reads containing a substitution mutation at each position 
by the number of total reads.

Results

C to T substitution induced by two different BEs 
in plants

Two Bes––nCas9 (D10A) fused with PmCDA1 (Nishida 
et al. 2016) and APOBEC1 (Komor et al. 2016)––were 
cloned into the binary vectors we developed for plant trans-
formation (Kim et al. 2016) (Fig. S1). UGI was attached at 
the C-terminus of each construct to increase the efficiency 
of C to T conversion by inhibiting the normal repair process 
(Nishida et al. 2016; Komor et al. 2016). We first designed 
guide RNAs to be 20 nucleotides in length (N20) with the 
aim of converting Pro 173 in Brassica napus ALS (BtALS), 
Pro 182 in Glycine max ALS (GmALS), and Pro 194 in N. 
tabacum ALS (NtALS) to Ser or Leu (Fig. 1). This conver-
sion is known to inhibit herbicide binding and still to func-
tion in amino acid biosynthesis (Powles and Yu 2010). To 
examine the efficiency of the C to T conversion of two BEs, 
we transformed the nCas9-PmCDA1-N20 plasmid and the 
APOBEC1-nCas9-N20 plasmid into the protoplasts isolated 
from B. napus cotyledon, G. max suspension callus, and N. 
tabacum leaves. Two different alleles of the NtALS gene are 
in the N. tabacum genome, because N. tabacum is an allo-
tetraploid originating from the hybridization between Nico-
tiana sylvestris (syl) and Nicotiana tomentosiformis (tom) 
(Sierro et al. 2014). We used the SNP in the targeted PAM 
(Protospacer Adjacent Motif) sequence to distinguish these 
two alleles (Fig. 1).

After incubation in the dark for 3 days, we isolated 
genomic DNA from the protoplasts and performed targeted 
deep sequencing. The results showed that nCas9-PmCDA1-
N20 converted  C1 (the first nucleotide of 5′ end of the N20 
guide RNA, 3.2%),  C6 (1.11%),  C7 (4.01%),  C8 (0.37%), 
 C10 (2.18%),  C12 (0.67%), and  C13 (5.27%) to T in B. napus 
(Fig. 2a). In G. max, nCas9-PmCDA1-N20 converted  C1 

(1.17%),  C6 (1.3%),  C7 (1.24%),  C8 (0.77%),  C9 (0.77%), 
 C10 (3.07%), and  C13 (0.59%) to T (Fig. 2b). In N. tabacum 
protoplasts, nCas9-PmCDA1-N20 converted  C1 (0.23%),  C7 
(0.1%),  C8 (0.15%), and  C10 (0.04%) to T in the guide RNA-
binding site (Fig. 2c). APOBEC1-nCas9-N20 transfection 
induced C to T conversion at  C6 (0.65%),  C7 (0.63%),  C8 
(0.61%), and  C10 (0.17%) in B. napus (Fig. 2a). In G. max, 
APOBEC1-nCas9-N20 converted  C6 (0.38%),  C7 (0.33%), 
 C8 (0.34%),  C9 (0.27%), and  C11 (0.14%) to T (Fig. 2b). 
APOBEC1-nCas9-N20 transfection did not induce signifi-
cant point mutations in the guide RNA-binding site in N. 
tabacum protoplasts.

The effect of guide RNA lengths on substitution 
frequency

Unfortunately, nCas9-PmCDA1-N20 generated mainly 
unwanted changes in the levels of amino-acids or the pre-
mature stop codon in BnALS, GmALS, and NtALS pro-
teins (Fig. 3), and APOBEC1-nCas9-N20 converted mainly 
all three consecutive Cs to Ts, resulting in the unwanted 
changes in ALS proteins in B. napus and G. max (Fig. S2). 
To avoid unwanted C to T conversions induced by nCas9-
PmCDA1-N20, especially at the  C1 position, we tested 
whether the binding of guide RNA to the complementary 
strand alters the frequency of C to T substitution at the  C1 
position. If the frequency at the  C1 position were reduced, 
we can increase the chance to generate herbicide-resistant 
plants (Fig. 3). We designed N19 guide RNAs (19 nucleo-
tides of guide RNA) and compared the substitution frequen-
cies of the N19 guide RNAs to those of the N20 guide RNAs 
(Fig. 3). We found that the frequency of C to T substitu-
tions at the  C1 position in ALS target sites was significantly 

Fig. 1  Target loci in ALS genes for generating herbicide-resistant 
plants. The base-editing system enables to change Pro 173 in Bras-
sica napus, Pro 182 in Glycine max, and Pro 194 in Nicotiana taba-
cum to Ser or Leu via the substitution of one or two Cs (red) to Ts 
(green); the resulting plants are resistant to sulfonylurea herbicide. 
ALS, acetolactate synthase; PAM, protospacer adjacent motif (blue); 
syl, the sequence originated from Nicotiana sylvestris; tom, the 
sequence originated from Nicotiana tomentosiformis 
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reduced in N19-guide RNA-expressed protoplasts compared 
to in N20-guide RNA-expressed protoplasts: the substitution 
frequency was reduced as much as 97.1% in B. napus, 88.9% 
in G. max, and 54.3% in N. tabacum (Fig. 3).

As shown in Fig. 3, the substitution frequency at  C1 was 
dramatically reduced when guide RNAs did not bind to the 
 C1 site. To further confirm that the guide RNA length affects 
base-editing efficiency in the specific site, we selected an 
additional C-rich region in the B. napus ALS gene and 
designed several guide RNAs ranging from N18 to N23 
(Fig. 4). We found that the length of guide RNA clearly 
affected the efficacy of nucleotide substitution and in  C1 
position, N18 and N19 guide RNAs had lower activity of 
the substitution than N20 guide RNA did (Please see  C1 
graph in Fig. 4).

nCas9-PmCDA1-N19 transfection mainly converted 
the target Pro to Leu/Ser in the N. tabacum ALS protein 
(Fig. 3c), the conversion known to make plants resistant to 
SU herbicides (Lee et al. 1988). APOBEC1-nCas9 transfec-
tion to N. tabacum protoplasts worked poorly in our condi-
tions. In B. napus, although the possibility that a prema-
ture stop codon would occur was greatly reduced with the 
N19 guide RNA, nCas9-PmCDA1-N19 mainly induces the 
unwanted amino acid substitution (Arg 175 Typ) (Fig. 3a). 
In G. max, N19 guide RNA can also induce the C to T 
substitutions for generating SU-resistant plants (Fig. 3b). 
Based on these results, we decided to focus on generating 
herbicide-resistant N. tabacum with the nCas9-PmCDA1-
N19 construct.

Regeneration of herbicide‑resistant N. 
tabacum

The nCas9-PmCDA1-N19 construct was transformed into 
N. tabacum leaf explants using Agrobacterium. In the first 
transformation, we obtained 47 regenerated shoots from 107 
explants on phosphinothricin (vector selection marker) and 
then transferred the 47 shoots onto media containing SU 
(pyrazosulfuron-ethyl). We found one green shoot (H8 line, 
 T0 plant) on media containing SU (Fig. 5a). Targeted deep 
sequencing analysis of the H8 line revealed that approxi-
mately 50% of the ALS reads originating from N. tomen-
tosiformis have the C to T substitution, resulting in the Pro 
194 to Leu conversion (Fig. 5a). The ALS reads originating 
from N. sylvestris in the H8 line contained no substitutions 
at the target site (Fig. 5b). The yellow and pale green shoots 
(H9 and H22 lines) on media containing SU had the same 
sequence with wild-type (WT); targeted deep sequencing 
analysis showed that H9 and H22 lines had a background 
level of C to T conversions (less than 0.2%; Fig. 5a) in the 
guide RNA-binding site. Sanger sequencing confirmed 
the CC to TT substitution at the target site in the H8 line 

a

b

c

Fig. 2  Two BEs induce C to T conversions in a different window of 
activity. Mean (± SE) frequency of single nucleotide substitution 
(SNS) (n = 3) at each nucleotide position in the guide RNA-binding 
sites of a B. napus ALS b G. max ALS, and c N. tabacum ALS. Two 
base-editing constructs— nCas9-PmCDA1 and APOBEC1-nCas9—
with 20 bp guide RNAs (N20) were transferred into protoplasts iso-
lated from B. napus, G. max, and N. tabacum. The targeted deep 
sequencing was performed to calculate mutation frequency and to 
examine mutation patterns. The frequency of SNS (%) was calculated 
by dividing the number of reads containing substitutions at each posi-
tion by the number of total reads. Red color, putative target sites of 
BEs; C, control protoplasts; E, protoplasts treated by either nCas9-
PmCDA1 or APOBEC1-nCas9
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(Fig. 5b). The 10 potential off-target sites allowing up to 
four mismatches were validated in the H8 line, and we found 
that there were no mutations in those potential off-target 
sites (Fig. S3).

We next examined the inheritability of the substitution 
mutations to the next generation. The germination test on 
media containing SU (chlorsulfuron) and the targeted deep 
sequencing analysis clearly showed that the CC to TT sub-
stitution was passed on to the next generation following 
Mendel’s laws; approximately, 66% of the offspring’s seeds 

developed completely on media containing SU (Fig. 5c) and 
had at least one mutated allele (Fig. S4).

Ubiquitin promoter improves the base‑editing 
efficacy

To generate more herbicide-resistant plants, we used total 
250 explants of N. tabacum for nCas9-PmCDA1-N19 
transformation and regeneration. Unfortunately, however, 
we found only one (H8 line) SU-resistant plant from 82 

a

b

c

Fig. 3  Effect of the length of guide RNAs on nucleotide substitu-
tions. Two guide RNAs were designed to bind 19 bp (N19) or 20 bp 
(N20) of the targeted DNA strand with a G at the 5′ end for tran-
scription initiation. nCas9-PmCDA1-N19 and nCas9-PmCDA1-N20 
were transferred into protoplasts, and the targeted deep sequencing 
was performed. Read ratio (%) was calculated by dividing the num-
ber of mutated sequences containing at least one SNS within the 
guide RNA-binding site by the number of total reads. Mean (± SE) 
frequency of C to T/G/A substitution (n = 3) at each C in the guide 

RNA-binding sites of a B. napus ALS b G. max ALS, and c N. taba-
cum ALS. N19 guide RNA significantly reduces the level of C to T 
conversions at the  C1 position. C, control protoplasts; 20, nCas9-
PmCDA1-N20-treated protoplasts; 19, nCas9-PmCDA1-N19-treated 
protoplasts; blue color, PAM sequence; green color and lower case, 
converted T; red box, Pro to Leu or Ser substitution. Different letters 
(a, b, c, and d) indicate significant differences among the treatments 
at the indicated time points (P < 0.05, one-way ANOVA with Dun-
can’s post hoc test in R)
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regenerated shoots (Fig. 6a). In that time, nCas9-PmCDA1 
expression was driven by 35S promoter. To increase the 
base-editing efficacy, we tested the activity of ubiquitin 
promoter-driven nCas9-PmCDA1 that was developed by the 
Nishida and Ariizumi group (Shimatani et al. 2017). With 
this construct, total 347 explants of N. tabacum were used 
for transformation, and 11 SU-resistant plants (UH lines) 
were successfully regenerated (Fig. 6a). As shown in the 
H8 line, ubiquitin promoter-driven nCas9-PmCDA1 induced 
nucleotide substitution within a target window and precisely 
changed the amino-acid that we want to modify (Fig. 6b). 
Interestingly, we found several different types of nucleotide 
substitutions in SU-resistant lines; UH11 line had 50% of 
mutation in N. sylvestris alleles and 50% of mutation in N. 

tomentosiformis alleles, UH15 line had 50% of mutation 
(Pro194 to Leu) in N. tomentosiformis.

Discussion

In this study, we examined the editing window and patterns 
of two BEs for targeted nucleotide substitutions in plants. 
APOBEC1-nCas9 mainly converted all Cs to Ts in the range 
of 13–15 nucleotides upstream from the PAM sequence, 
but nCas9-PmCDA1 converted one or two Cs to Ts in the 
range of 9–20 nucleotides upstream from the PAM sequence 
(Figs. 2, 3). The length of the guide RNA altered the C to T 
conversion rate at the first position; we used the shortened 

Fig. 4  Guide RNA length affects nucleotide substitutions. Five guide 
RNAs were designed to bind 18 bp (N18), 19 bp (N19), 20 bp (N20), 
22  bp (N22), or 23  bp (N23) of the targeted DNA strand with a G 
at the 5′ end for transcription initiation. nCas9-PmCDA1-NXX were 
transferred into protoplasts and the targeted deep sequencing was per-

formed. Mean (± SE) frequency of C to T/G/A substitution (n = 3) at 
each C in the guide RNA-binding sites of B. napus ALS gene. Differ-
ent letters (a, b, c, and d) indicate significant differences among the 
treatments at the indicated time points (P < 0.05, one-way ANOVA 
with Duncan’s post hoc test in R)
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guide RNA to reduce the C to T conversion rate at this site. 
This result provides a useful information for choosing the 
right base-editing system for the targeted substitution. In our 
case, nCas9-PmCDA1 performed better than APOBEC1-
nCas9 as measured by the mutation frequency. However, our 
results are not enough to conclude nCas9-PmCDA1 works 
better that APOBEC1-nCas9, because we did not use the 
same codon to express nCas9-PmCDA1 and APOBEC1-
nCas9 in plants and we did not consider the efficiency of 
plasmid transformation. In addition, the base-editing pat-
tern and activity observed in protoplasts might differ from 
the base-editing pattern and activity in callus. It might be 
interesting to examine whether the herbicide-resistant N. 
tabacum plants are generated from APOBEC1-nCAS9 (N19/

N20)-transformed callus. Therefore, we need more data to 
directly compare the substitution efficiency of these two 
BEs.

As shown earlier (Komor et  al. 2016; Nishida et  al. 
2016), we also found that the base-editing system induced 
indel mutations within the guide RNA binding site (Fig. 
S5). nCas9-PmCDA1-N19/20 transfection in B. napus, G. 
max, and N. tabacum induced various size deletions (8 to 
30 bp) at the target sites. These mutation patterns might 
be due to the nickase activity of the base-editing system. 
Unexpectedly, we found no indel mutation in APOBEC1-
nCas9-transformed protoplasts. We think it might be due to 
the low activity of our APOBEC1-nCas9 construct in our 
experimental conditions. If the activity of APOBEC1-nCas9 

Fig. 5  Generation of herbicide-
resistant N. tabacum. a The 
explants of N. tabacum leaves 
were inoculated with Agrobac-
terium harboring the nCas9-
PmCDA1-N19 construct and 
regenerated on medium contain-
ing herbicide. The targeted deep 
sequencing was performed to 
examine nucleotide substitution 
frequency and patterns in the 
target loci of ALS. b Further 
confirmation of the C to T 
substitution at the target loci in 
H8 line was obtained via Sanger 
sequencing. c Determination of 
heritability of the substitution 
mutation in progenies of the 
H8 line. Seeds from the H8 line 
were germinated on medium 
containing herbicide (chlorsul-
furon). H8 progenies exhibit 
a ratio of roughly 3:1 of the 
number of seedlings with the 
first and second true leaves to 
the number of seedlings show-
ing only cotyledons. Wild-type 
seedlings did not generate true 
leaves on media containing 
chlorsulfuron

a

b

c
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is increased, the indel mutation in the transformed proto-
plasts would be induced.

The HDR-mediated repair system is activated when sev-
eral specific conditions meet in a cell; DNA double-stranded 
breaks at the target site, the presence of exogenous donor 
DNA, and the phase of the cell cycle should be coincided 
(Gutschner et al. 2016). Because that reason, the frequency 
of HDR-mediated replacement is extremely low in plants 
and animals compared to the frequency of NHEJ-mediated 
indel mutations. It is especially hard to deliver the donor 
DNA with CRISPR components in plant cells. In this study, 
we showed that the base-editing system can convert the tar-
geted amino acids in B. napus, G. max, and N. tabacum, 
resulting in targeted substitutions.

We compared the base-editing efficacy of between ubiq-
uitin promoter-driven BE and 35S promoter-driven BE. 
Recently, Ordon et el. show the genome editing efficiency 
of SpCas9 derived by several promoters. The ubiquitin 
and RPS5a promoter-driven SpCas9 has the higher editing 
activity than did 35S promoter-driven SpCas9 (Ordon et al. 
2019). It is still unclear how the ubiquitin promoter system 

produces more SU-resistant plants than 35S promoter sys-
tem. It might be interesting to examine the spatiotemporal 
expression of SpCas9 mRNA and protein during plant regen-
eration. This study provides the basic guidelines for plant 
base editing and shows that the SNP-induced beneficial traits 
in crops can be easily phenocopied by the BEs, accelerating 
plant molecular breeding.
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Fig. 6  Ubiquitin promoter-
driven BE and its efficacy for 
base editing. a The explants 
of N. tabacum leaves were 
inoculated with Agrobacterium 
harboring the 35S::nCas9-
PmCDA1-N19/-N20 constructs 
and Ubiquitin promoter::nCas9-
PmCDA1-N19/-N20 constructs 
and regenerated on SU-con-
taining medium. Base-editing 
frequency was calculated 
by dividing the number of 
SU-resistant shoot by the total 
number of explants. b Sanger 
sequencing confirms the C to T 
substitution at the target loci in 
SU-resistant lines (UH)
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