
Luo et al. BMC Plant Biology          (2023) 23:305  
https://doi.org/10.1186/s12870-023-04322-8

RESEARCH Open Access

© The Author(s) 2023. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

BMC Plant Biology

Cytosine base editors (CBEs) for inducing 
targeted DNA base editing in Nicotiana 
benthamiana
Juan Luo1,2, Muhammad Abid1, Jing Tu1,2, Xinxia Cai1,2, Yi Zhang1,2, Puxin Gao1 and Hongwen Huang1,2* 

Abstract 

Background The base editors can introduce point mutations accurately without causing double-stranded DNA 
breaks or requiring donor DNA templates. Previously, cytosine base editors (CBEs) containing different deaminases 
are reported for precise and accurate base editing in plants. However, the knowledge of CBEs in polyploid plants is 
inadequate and needs further exploration.

Results In the present study, we constructed three polycistronic tRNA-gRNA expression cassettes CBEs containing 
A3A, A3A (Y130F), and rAPOBEC1(R33A) to compare their base editing efficiency in allotetraploid N. benthamiana 
(n = 4x). We used 14 target sites to compare their editing efficiency using transient transformation in tobacco plants. 
The sanger sequencing and deep sequencing results showed that A3A-CBE was the most efficient base editor. In 
addition, the results showed that A3A-CBE provided most comprehensive editing window  (C1 ~  C17 could be edited) 
and had a better editing efficiency under the base background of TC. The target sites (T2 and T6) analysis in trans-
formed N. benthamiana showed that only A3A-CBE can have C-to-T editing events and the editing efficiency of T2 
was higher than T6. Additionally, no off-target events were found in transformed N. benthamiana.

Conclusions All in all, we conclude that A3A-CBE is the most suitable vector for specific C to T conversion in N. 
benthamiana. Current findings will provide valuable insights into selecting an appropriate base editor for breeding 
polyploid plants.
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Background
Gene editing tools, especially the clustered regularly 
interspaced short palindromic repeat (CRISPR) systems, 
have shown attractive prospects in plant breeding since 
their advent [1]. Single nucleotide polymorphisms (SNPs) 
are significantly related to plant agronomic characteris-
tics and are an essential direction of molecular breeding 

[2–4]. The CRISPR system needs a donor template to 
induce a homology-directed repair pathway (HDR) for 
an accurate gene editing [5]. However, the efficiency of 
HDR is very low, which hinders its application in plants 
[6]. The base editing can convert DNA bases directly at 
the target site, which provides an exciting tool for SNPs-
based plant breeding [7].

Base editors, structurally composed of base modifica-
tion enzymes and defective catalytic Cas9, can be divided 
into cytosine base editor (CBE) and adenine base editor 
(ABE) [8]. The cytosine deaminase in CBE first catalyzes 
cytosine (C) to uracil (U), then reads as thymine (T) dur-
ing DNA replication [7]. Similarly, adenine deaminase in 
ABE first catalyzes adenine (A) to inosine (I), then reads 
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as guanine (G) during DNA replication [9]. Previous 
studies have found that adding uracil glycosylase inhibi-
tor (UGI) to CBE can reduce the U excision rate and 
improve C to T editing efficiency [10]. Base editors are 
safer than the CRISPR system and have broader appli-
cation prospects in plant breeding because they do not 
form double-strand breaks (DSBs) [7].

Although the editing efficiency of the third gen-
eration CBE (CBE3), which harbors a rat APOBEC1 
(rAPOBEC1) enzyme, is higher than that of HDR, 
it is still necessary to assess and improve their edit-
ing efficiency for different plant species and differ-
ent targets [11]. The previous study had shown that 
CBE3 was constructed by rAPOBEC1 mutations 
[rAPOBEC1(R33A)], namely rAPOBEC1(R33A)-CBE3, 
which had the same editing efficiency in the target 
DNA, but the editing efficiency in RNA was signifi-
cantly reduced compared with rAPOBEC1-CBE3 [12]. 
A comparison of the five deaminases rAPOBEC1, 
human AID (hAID), Petromyzon marinus CDA1 
(PmCDA1), human APOBEC3A (A3A), and one A3A 
mutant [A3A(Y130F)] in tomato showed that the CBE 
constructed by A3A(Y130F) had the highest editing 
efficiency [13]. Similar studies had demonstrated that 
the CBE constructed by A3A(Y130F) had the high-
est editing efficiency in Oryza sativa and Arabidop-
sis thaliana by comparing seven different deaminases 
[14]. Another study had shown that A3A (can con-
vert all C in the edit window) was more suitable than 
rAPOBEC1 (can convert a maximum of five C in the 
edit window) in wheat, rice, and potatoes [15].

Recruiting more UGIs by editors can improve editing 
efficiency and product purity [14]. However, the com-
parison of A3A, A3A(Y130F), and rAPOBEC1(R33A) 
deaminase when recruiting two UGIs has not been stud-
ied yet. In the present study, we compared the editing 
efficiency of A3A, A3A(Y130F), and rAPOBEC1(R33A) 
when recruiting two UGIs with 14 target sites in model 
plant N. benthamiana. Our findings will provide valuable 
insights into selecting a suitable editor for increasing the 
editing efficiency of SNPs based on plant breeding.

Results
A3A induced higher C‑to‑T conversion than A3A(Y130F) 
and rAPOBEC1(R33A)
To compare the editing efficiencies of different cyto-
sine deaminases on plants, we first constructed 
three different CBE binary vectors (Fig.  1A) contain-
ing polycistronic tRNA-gRNA expression cassette 
(PTG). Then, we designed 14 gRNAs for the target 
gene NbPDS (Fig. 1C) to assess the editing efficiencies 
of the three CBE binary vectors in tobacco leaves. We 
introduced the CBE binary vectors into tobacco leaves 

by Agrobacterium-mediated transient overexpres-
sion analysis. The Agrobacterium host cells containing 
CBE binary vectors were resuspended in MES buffer to 
maintain the  OD600 = 0.5 and were injected into tobacco 
leaves. The leaves injected with bacterial culture were 
harvested after 72  h, and genomic DNA was assessed 
for base conversion after sequencing (Fig. 1B).

The target region including all target sites of the 
NbPDS gene was amplified with specific pair of prim-
ers (Table S2). The PCR products were then sent to 
the company for sanger sequencing, and the EditR 
software was used to identify gene editing events 
[16]. The results showed that all CBEs can success-
fully induce the conversion from C to T. To estimate 
the editing efficiency of CBE binary vectors accu-
rately, the amplified target region of the NbPDS gene 
was subjected to deep sequencing. The batch search 
mode in CRISPResso2 software was used to detect a 
base change in amplicons [17]. The editing efficiency 
of three CBE binary vectors in 12 target sites was 
A3A-CBE > A3A(Y130F)-CBE > rAPOBEC1(R33A)-
CBE. It was worth noting that all CBE binary vectors 
had no editing events for both T4 and T13 target sites 
(Fig.  2). Additionally, the deep sequencing results 
showed that there were not only conversions from C 
to T (Figure S1) but also from C to G (Figure S2), C 
to A (Figure S3), and C to deletion (Figure S4), which 
was at par with a previously reported study [10]. We 
obtained very reliable deep sequencing results with 
few unknown bases in the detection region (Figure 
S5). The editing efficiency of A3A-CBE for convert-
ing C to T (range: 0.01 ~ 40.13%, mean: 12.33%) was 
2.27-fold higher than that of A3A(Y130F)-CBE (range: 
0.00 ~ 34.98%, mean: 5.43%), while the efficiency 
of rAPOBEC1(R33A)-CBE was negligible (range: 
0.00 ~ 0.29%, mean: 0.03%), indicating that A3A-CBE 
was the most efficient base editor for N. benthamiana 
plants (Fig.  2 and Figure S1). The editing efficiency 
of A3A-CBE in converting C to G was 0.36% (range: 
0.00 ~ 3.16%), A3A(Y130F)-CBE was 0.05% (range: 
0.00 ~ 0.39%), and rAPOBEC1(R33A)-CBE was 0.01% 
(range: 0.00 ~ 0.05%) (Figure S2). The editing effi-
ciency for conversion of C to A by A3A-CBE was 0.16% 
(range: 0.01 ~ 1.45%), A3A(Y130F)-CBE was 0.10% 
(range: 0.01 ~ 0.57%), and rAPOBEC1(R33A)-CBE was 
0.09% (range: 0.01 ~ 0.57%) (Figure S3). The editing 
efficiency for conversion of C to deletion by A3A-CBE 
was 0.24% (range: 0.00 ~ 1.69%), A3A(Y130F)-CBE was 
0.02% (range: 0.00 ~ 0.19%), and rAPOBEC1(R33A)-
CBE was 0.00% (range: 0.00 ~ 0.02%) (Figure S4). A3A-
CBE also showed the highest non-target base editing 
and deletions rates, which were quite low. The editing 
efficiencies of slEF1ɑ-A3A-CBE were lower or similar 
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than A3A-CBE among the 14 targets, except T7 target 
(Figure S6).

Analysis of editing window and base editing preference
Further, we compared the editing windows of A3A-CBE, 
A3A(Y130F)-CBE, and rAPOBEC1(R33A)-CBE. Previ-
ously, researchers had reported a massive change in the 
CBE editing windows. For an instance, it worked from 
protospacer positions 1 to 20, and more efficient from 
protospacer positions 3 to 10 in human cells [18]. In rice 
cells, editing occurred from protospacer position 1 to 18, 
and the efficiency of the same locus varied significantly 
with different genes [14]. The editing window of CBE for 
fourteen target sites of the NbPDS gene ranged between 
protospacer positions 1 ~ 17, and the editing efficiencies 

of A3A-CBE and A3A(Y130F)-CBE were significantly 
higher than that of rAPOBEC1(R33A)-CBE at different 
sites (Fig. 3A). In most target sites, the editing efficiency 
of A3A-CBE was better than that of A3A(Y130F)-
CBE (Fig.  3A), it proved again by the details of T2 tar-
get site induced by three CBE binary vectors (Fig.  3C). 
Previous studies found that the editing efficiency was 
related to the base background and followed the order 
TC > CC ≥ AC > GC (the second nucleotide C is the target 
nucleotide) [11, 19]. However, in the current study, we 
had observed the following order for editing efficiency: 
CC > GC > TC > AC (Fig.  3B and Figure S7). Overall, the 
editing efficiency of CBE binary vector in N. benthami-
ana was related not only to the positions but also to the 
background of the base.

Fig. 1 A summary of C-to-T base editing by different CBEs in N. benthamiana. A The schematic diagrams of A3A-CBE, A3A (Y130F)-CBE, and 
rAPOBEC1(R33A)-CBE. The detail base sequences of the three CBEs were shown in Figures S8, S9, and S10. B Flowchart for Agrobacterium-mediated 
transient overexpression of different target sites in NbPDS in tobacco leaves and identification of base editing through sanger sequencing and deep 
sequencing. F1 indicated forward primer and F2 represented reverse primer for PCR analysis. C Schematic diagram indicated the position of 14 
sgRNAs on the target NbPDS gene. The results showed that the editing efficiencies of A3A-CBE were the highest on T1 ~ T14 in N. benthamiana 
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Fig. 2 Editing efficiency estimation of binary vectors A3A-CBE, A3A (Y130F)-CBE, and rAPOBEC1(R33A)-CBE in N. benthamiana. A Sanger 
sequencing peak map of the T1 target site for CBE binary vectors. The red boxes represent the edited base induced by CBEs. B Deep sequencing bar 
plots of T1 ~ T7 target site for CBE binary vectors. C Deep sequencing bar plots of T8 ~ T14 target site for CBE binary vectors. The editing efficiencies 
were calculated from three independent replicates
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A3A‑CBE binary vector induced C to T conversion 
in transgenic tobacco plants
We performed stable transformation for T2 and T6 
target sites in tobacco plants to compare C to T con-
version efficiency of A3A-CBE, A3A(Y130F)-CBE, and 
rAPOBEC1(R33A)-CBE (Fig.  1C). The genomic DNA 
extracted from transgenic tobacco plants was used as a 
PCR template to amplify the NbPDS gene using a spe-
cific pair of primers (Table S2). The results showed that 
only A3A-CBE binary vector successfully induced C to 
T conversion in transgenic plants (Table 1). For the tar-
get site T2, 8/9 (88.89%), 0/8 (0.00%), and 0/12 (0.00%) 
transgenic plants showed C to T conversions for A3A-
CBE, A3A(Y130F)-CBE, and rAPOBEC1(R33A)-CBE, 

respectively (Table  1). For the target site T6, 4/9 
(44.44%), 0/10 (0.00%), and 0/11 (0.00%) transgenic 
plants exhibited C to T conversions for A3A-CBE, 
A3A(Y130F)-CBE and rAPOBEC1(R33A)-CBE, 
respectively (Table  1). The A3A(Y130F)-CBE and 
rAPOBEC1(R33A)-CBE binary vector failed to induce 
C to T conversion in both target sites. The results of 
T2 target site for A3A-CBE binary vector showed that 
three and five transgenic plants were homozygous and 
heterozygous, respectively. Similarly, the results of tar-
get site T6 for A3A-CBE binary vector exhibited that 
one and three transgenic plants were homozygous 
and heterozygous, respectively (Table  1). Interestingly, 
A3A-CBE binary vector base editor induced C to G 

Fig. 3 Comparison of editing window, editing backgrounds, and editing products for A3A-CBE, A3A (Y130F)-CBE, and rAPOBEC1(R33A)-CBE. A 
The editing window for CBEs to induce C-to-T conversion. Mock, no treatment. B The effect of base background of each NC target site on editing 
efficiency. C The deep sequencing amplicons of the T2 target site induced by A3A-CBE, A3A (Y130F)-CBE, and rAPOBEC1(R33A)-CBE

Table 1 The editing efficiencies of A3A-CBE, A3A (Y130F)-CBE, and rAPOBEC1(R33A)-CBE for T2 and T6 target sites in transformed 
tobacco

Base editor Targets The number of trans 
genic plants

The number of plants with 
C‑to‑T conversion

C‑to‑T editing 
efficiency

Heterozygous/
Homozygous

A3A-CBE T2 9 8 88.89% 5/3

T6 9 4 44.44% 3/1

A3A(Y130F)_CBE T2 8 0 0.00% 0/0

T6 10 0 0.00% 0/0

rAPOBEC1(R33A)-CBE T2 12 0 0.00% 0/0

T6 11 0 0.00% 0/0
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Fig. 4 The editing efficiency of A3A-CBE in transformed tobacco. A the editing product of T2 target site, B the editing product of T6 target site, 
C the editing efficiency for conversion from C-to-T of targets, and D the editing efficiency for conversion from C-to-G of targets. The percentages in 
(A) and (B) represented the editing efficiency of every sample

Table 2 Analysis of off-target events induced by A3A-CBE at T2 and T6 target sites in transformed tobacco. Green bases represented 
mismatch bases

Target Off‑
target 
sites

Putative off‑target sequences Chromosome Start End The number of 
transgenic plants

Number of lines 
with off‑targets

T2 1 GGT AGA CAA AAA ATA AAA GATGG Niben101Ctg15924Ctg001 905 927 9 0

2 TAT AAC TAA AAC ATA AAG AAGGG Niben101Scf02262Ctg025 1087 1109 9 0

3 AGG AAA CAA AAC ATA AAG GAAGG Niben101Scf08519Ctg012 728 750 9 0

4 TTT AGT AAA TAC ATA AAG GAGGG Niben101Scf05619Ctg006 16911 16933 9 0

5 TGT TGT CAA TAC ATA AAG AAAGG Niben101Scf03026Ctg060 23355 23377 9 0

T6 6 TAG GTT CTG AAA ATT GAG TTTGG Niben101Scf08162Ctg007 54182 54204 9 0

7 AAA TTA TTG CAA ATT GAT TTTGG Niben101Scf08857Ctg003 22514 22536 9 0

8 GTA CTA CTG CAA ATT AAG TTAGG Niben101Scf09870Ctg011 8274 8296 9 0

9 GAG TTG CAG CAA ATT AAG TATGG Niben101Scf00605Ctg019 2465 2487 9 0
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conversion instead of C to T conversion in some trans-
genic plants which was an unusual phenomenon, and it 
would be interesting to further investigate for impor-
tant agronomic traits in plants (Fig. 4).

Detection of off‑target sites for A3A‑CBE binary vector 
in transgenic tobacco plants
The off-target events for A3A-CBE binary vector in tar-
get sites T2 and T6 were evaluated using an online tool 
CRISPOR (http:// crisp or. tefor. net/). We identified nine 
potential off-target sites for A3A-CBE binary vector 
which were listed in Table  2. The genomic DNA from 
transgenic plants was used as a PCR template to amplify 
potential off-target sites and the PCR products were sent 
for sanger sequencing. We did not observe C to T con-
version in all the potential off-target sites in transgenic 
plants (Table  2). These results showed that A3A-CBE 
binary vector specifically carried out C to T conversions.

Discussion
Gene editing techniques have widely been used in the 
precise molecular breeding of crops, including Oryza 
sativa, Triticum aestivum, Lycopersicon esculentum, Cit-
rullus lanatus, Gossypium hirsutum, Glycine max, and 
Brassica napus [20–26]. The base editors can signifi-
cantly increase gene editing efficiency. In human cells, 
the DNA editing efficiency of rAPOBEC1(R33A) was 
similar to rAPOBEC1, while the RNA editing efficiency 
of rAPOBEC1(R33A) was lower than that of rAPOBEC1 
[12]. A3A (Y130F) showed excellent editing ability in 
Lycopersicon esculentum, Oryza sativa, and Arabidop-
sis thaliana [13, 14]. However, all CBE binary vector 
showed a certain proportion of deletion and non-specific 
editing events, and recruitment of UGIs can reduce the 
occurrence of these events [7]. In current study, we con-
structed four CBE binary vectors (all vectors recruit two 
UGIs) to assess their efficiencies for converting C to T in 
the model plant N. benthamiana (Fig. 1A).

Previous study showed that the editing efficiencies of 
ABE using slEF1α promoter were significantly higher 
than using 35S promoter in tomato and soybean [27]. 
However, slEF1ɑ-A3A-CBE we constructed had not such 
effect, which might due to difference genomic back-
ground. Researchers have shown that base background 
significantly affected the editing efficiency of CBE binary 
vectors [11, 19]. The comparative study of the editing effi-
ciency of three different base editors in tobacco under 
different base backgrounds showed that the two vectors 
[A3A-CBE and A3A (Y130F)-CBE] had the highest edit-
ing efficiency under the base background of CC in trans-
genic tobacco plants. This phenomenon was different 
from human cells, rice, and Arabidopsis, possibly because 

of different genetic make-up of tobacco. The base editing 
efficiency results of CBE binary vectors in stable trans-
formation were consistent with those of transient trans-
formation of tobacco plants, and both methods showed 
the highest editing efficiency for A3A-CBE. Interest-
ingly, the CBE binary vectors failed to edit base pairs in 
target sites T4 and T13 during deep sequencing analysis, 
and the mechanism needed to be further analyzed. CBE 
induced substantial genome-wide off-target mutations in 
rice and various cells [28], but our results showed no off-
target event, which might be due to the use of two UGIs. 
Previous study had reported similar result where CBE 
recruiting more UGIs improved the purity of the prod-
uct [14]. A3A-CBE might find off-target events adoption 
on whole genome sequencing. In subsequent studies, the 
selection of new deaminase is an important direction 
to reduce off-target event, such as TadA derivative [29], 
rAPOBEC1 mutants [30] and truncated A3A [31].

According to the previous research results, the opti-
mized codon can improve the efficiency of CRISPR/
Cas9 and base editors [1]. Therefore, we think that the 
optimized codon of A3A-CBE binary vector can fur-
ther enhance its editing efficiency in plant cells. A pre-
vious study showed that base editing could also be used 
to edit so-called domestication genes to accelerate the 
domestication of wild plants [32]. Previous studies have 
also shown that polycistronic tRNA-gRNA expression 
cassette (PTG) can improve the editing efficiency of 
CRISPR/Cas9 and base editors in polyploid species [33]. 
Hence, we believe that our proposed CBE binary vectors 
containing PTG will assist researcher to efficiently per-
form SNP-based plant breeding in polyploid plants.

Conclusion
In the present study, we constructed three different CBE 
binary vectors containing different deaminases to assess 
their efficiency and accuracy for gene base editing. The 
experimental results showed that A3A-CBE binary vector 
was the most efficient CBE, and its high efficiency could 
be used in plant accurate molecular breeding and crop 
character improvement. The A3A-CBE binary vector will 
efficiently and accurately edit genes in SNPs-based plant 
breeding in polyploid plants.

Methods
Construction of CBE binary vectors
We used the JCat tool (http:// www. jcat. de/) for codon opti-
mization by adding linkers with the sequences of A3A, 
A3A(Y130F), and rAPOBEC1(R33A). The sequences of linker 
1-A3A-linker 2, linker 1-A3A(Y130F)-linker 2, and linker 
1-rAPOBEC1(R33A)-linker 2 were commercially synthesized 
by Genewiz from Azenta Life Sciences (Genewiz, Suzhou, 
China). The JCat tool (http:// www. jcat. de/) was used to 

http://crispor.tefor.net/
http://www.jcat.de/
http://www.jcat.de/
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codon-optimized 2 × UGI-NLS sequences, and the sequences 
were commercially synthesized by Genewiz from Azenta Life 
Sciences (Genewiz, Suzhou, China). Firstly, the nCas9-NLS 
fragment was replaced with the EYFP segment between the 
BamHI and the SpeI restriction sites in the pGreen-EYFP-
AtU6-26-DN vector to form pGreen-nCas9-DN. Then, the 
2 × UGI-NLS was introduced into the pGreen-nCas9-DN vec-
tor to create the pGreen-nCas9-2 × UGI-DN. Finally, the A3A, 
A3A(Y130F), and rAPOBEC1(R33A), including the linkers, 
were inserted into the vector pGreen-nCas9-2 × UGI-DN to 
form the pGreen-A3A-nCas9-2 × UGI-DN (named as A3A-
CBE), pGreen-A3A(Y130F)-nCas9-2 × UGI-DN, [named 
as A3A(Y130F)-CBE], and pGreen-rAPOBEC1(R33A)-
nCas9-2 × UGI-DN [named as rAPOBEC1(R33A)-CBE], 
respectively. The detailed base sequences of these three CBE 
vectors shown in Figures S8, S9 and S10. Replaced the CaMV 
35S promoter between the SnaBI and the XbaI restriction sites 
in A3A-CBE with slEF1ɑ promoter to get a new CBE, named 
slEF1ɑ-A3A-CBE (the detailed base sequences shown in Fig-
ure S11).

An online CRISPOR tool (http:// crisp or. tefor. net/) was 
employed to design the 14 sgRNAs targeting the NbPDS 
gene (Table S1). The pairs of primers for sgRNAs were 
created using an in-house Perl script and synthesized by 
TsingKe Biotech (TsingKe, Beijing, China) (Table S2). We 
cloned each of the sgRNAs into different CBE binary vec-
tors by following a previously described protocol [34].

Transient overexpression of CBE binary vector in N. 
benthamiana
The N. benthamiana plants for transient overexpression 
experiment were grown in a growth chamber at 26 ℃ 
temperature and 16 h photoperiod. The transformation in 
N. benthamiana was performed by following a previously 
described method [35]. The EHA105 host cells harboring 
the CBE binary vector were cultured on an LB medium 
supplemented with Kanamycin 50  mg  L−1 and Strepto-
mycin 25 mg  L−1 at 28 ℃ temperature. The EHA105 host 
cells were then pelleted and resuspended in MES buffer 
to maintain the  OD600 = 0.5. The Bacterial culture was 
placed under dark conditions for 2 ~ 3 h at room temper-
ature (RT) before infiltration. Then, the 4 ~ 5  weeks old 
N. benthamiana leaves were infiltrated with the bacterial 
culture of the EHA105 strain harboring the CBE binary 
vectors. Finally, the leaves of N. banthamiana were har-
vested at 72  h post infiltration. The genomic DNA was 
extracted by an unclean plant genomic DNA commercial 
kit (CWBIO, Beijing, China) to identify base editing.

Deep amplicon sequencing and data analysis
The genomic DNA extracted from transformed leaves 
of N. benthamiana was used as a template for PCR. The 

first step of PCR was carried out to amplify the targeted 
genomic region by specific pair of primers using the 
TransStart® FastPfu DNA Polymerase (TransGen Bio-
tech, Beijing, China). Further, the forward and reverse 
barcodes were added to the first PCR products for 
library construction. The second step of PCR was car-
ried out to attach adaptors to the amplicon. The Illumina 
Hiseq 2500 platform (Lc-Biotechnologies, Hangzhou, 
China) was used to perform amplicon sequencing. The 
clean read number for amplicon sequencing ranged 
between 54,000 ~ 88,000. All the experiments were 
repeated thrice. The on-target base editing efficiencies 
were analyzed using CRISPResso2 software with default 
parameters [17].

Agrobacterium‑mediated transformation of targeted 
genomic regions in N. benthamiana
The N. benthamiana plants were used for stable trans-
formation of targeted genomic regions by following a 
previously described protocol [35]. The transformants 
were screened against a 100  mg  L−1 kanamycin selec-
tion marker. The positive transgenic plants were used 
for the extraction of genomic DNA. The amplicons were 
amplified from genomic DNA by using specific pair of 
primers. The amplified amplicons were cloned into the 
pClone007 vector using the pClone007 simple vector 
kit (TsingKe, Beijing, China). The ligated products were 
transformed into E. coli strain DH5α cells and 30 posi-
tive colonies were selected for sanger sequencing. The 
sequencing results were verified using DNAMAN soft-
ware v4.0 (Lynnon Corporation, Vaudreuil, Canada).

Statistical analysis
All the statistical analyses were carried out on Graph-
pad Prism 9. The results were subjected to t-test. The 
mean differences were presented as mean ± SE. All the 
experiments in this study were repeated three times.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12870- 023- 04322-8.

Additional file 1: Figure S1. The editing efficiencies of A3A-CBE, A3A 
(Y130F)-CBE, and rAPOBEC1(R33A)-CBE for converting C-to-T at (A) T1 ~ 
T7 target sites, and (B) T8 ~ T14 target sites. The editing efficiencies were 
calculated from three independent replicates’ deep sequencing analysis 
results.

Additional file 2: Figure S2. The editing efficiencies of A3A-CBE, A3A 
(Y130F)-CBE, and rAPOBEC1(R33A)-CBE for converting C-to-G at (A) T1 ~ 
T7 target sites, and (B) T8 ~ T14 target sites. The editing efficiencies were 
calculated from three independent replicates’ deep sequencing analysis 
results.

Additional file 3: Figure S3. The editing efficiencies of A3A-CBE, A3A 
(Y130F)-CBE, and rAPOBEC1(R33A)-CBE for converting C-to-A at (A) T1 ~ 
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T7 target sites, and (B) T8 ~ T14 target sites. The editing efficiencies were 
calculated from three independent replicates’ deep sequencing analysis 
results.

Additional file 4: Figure S4. The indel frequencies of A3A-CBE, A3A 
(Y130F)-CBE, and rAPOBEC1(R33A)-CBE for converting C-to-delete at (A) 
T1 ~ T7 target sites, and (B) T8 ~ T14 target sites. The editing frequencies 
were calculated from three independent replicates’ deep sequencing 
analysis results.

Additional file 5: Figure S5. The editing efficiencies of A3A-CBE, A3A 
(Y130F)-CBE, and rAPOBEC1(R33A)-CBE for converting C-to-N at (A) T1 ~ 
T7 target sites, and (B) T8 ~ T14 target sites. The editing efficiencies were 
calculated from three independent replicates’ deep sequencing analysis 
results.

Additional file 6: Figure S6. Editing efficiency estimation of binary vec-
tors A3A-CBE and slEF1α-A3A-CBE for converting C-to-T. (A) The schematic 
diagrams of A3A-CBE, and slEF1α-A3A-CBE. The detail base sequences 
of the slEF1α-A3A-CBE were shown in Figure S11. (B) Sanger sequencing 
peak map of the T1 target site, and the red boxes represent the edited 
base induced by CBEs. (C) The editing efficiencies were calculated from 
three independent replicates’ sanger sequencing analysis results.

Additional file 7: Figure S7. The editing efficiencies of A3A-CBE, A3A 
(Y130F)-CBE, and rAPOBEC1(R33A)-CBE for converting C-to-T at  C1 ~  C20 
sites (except  C2 site) of different NC motifs based on the results of deep 
sequencing analysis.

Additional file 8: Figure S8. The sequence of the A3A-CBE editing vector. 
Different colors represented different elements.

Additional file 9: Figure S9. The sequence of A3A(Y130F)-CBE editing 
vector. Different colors represented different elements.

Additional file 10: Figure S10. The sequence of the rAPOBEC1(R33A)-
CBE editing vector. Different colors represented different elements.

Additional file 11: Figure S11. The sequence of the slEF1α-A3A-CBE edit-
ing vector. Different colors represented different elements.

Additional file 12: Table S1. The target sequences (T1 ~ T14) used in this 
study. Red letters indicated the PAM sequence of sgRNA.

Additional file 13: Table S2. Detail for all pairs of primers used in this 
study.
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