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Abstract

Cytosine and adenosine base editors (CBEs and ABEs) are novel genome-editing tools that have been widely utilized in molecular
breeding to precisely modify single-nucleotide polymorphisms (SNPs) critical for plant agronomic traits and species evolution. However,
conventional BE editors are limited to achieve C-to-T and A-to-G substitutions, respectively. To enhance the applicability of base editing
technology in watermelon, we developed an efficient CGBE editor (SCGBE2.0) by removing the uracil glycosylase inhibitor (UGI) unit from
the commonly used hA3A-CBE and incorporating the uracil-DNA glycosylase (UNG) component. Seven specific guide RNAs (sgRNAs)
targeting five watermelon genes were designed to assess the editing efficiency of SCGBE. The results obtained from stably transformed
watermelon plants demonstrated that SCGBE2.0 could efficiently induce C-to-G mutations at positions C5-C9 in 43.2% transgenic plants
(with a maximum base conversion efficiency of 46.1%) and C-to-A mutation at position C4 in 23.5% transgenic plants (with a maximum
base conversion efficiency of 45.9%). These findings highlight the capability of our integrated SCGBE2.0 editor to achieve C-to-G/A
mutations in a site-preferred manner, thus providing an efficient base editing tool for precise base modification and site-directed

saturated mutagenesis in watermelon.

Introduction

Since their discovery, gene editing technologies, particularly
CRISPR/Cas9 (Clustered Regularly Interspaced Short Palindromic
Repeats/CRISPR associated 9)-based systems, have revolutionized
gene function characterization and molecular breeding in plants
[1, 2]. The Cas9 protein, guided by sgRNA, targets specific DNA
sequences and induces double-strand breaks (DSBs) on-site.
Subsequently, cells undergo repair processes, either through non-
homologous end joining (NHEJ) or homologous recombination
(HR) pathways [3]. Because the CRISPR/Cas system lacks repair
templates, it can introduce various modifications to genomic
DNA, including indels etc. [4].

In crops, single-nucleotide polymorphisms (SNPs) are the
critical genetic basis for agronomic traits [5, 6]. Thus, achieving
precise and efficient base substitutions is crucial for plant
molecular breeding [7], especially with the increasing number
of SNPs identified through genomics and pan-genomics that
have been found to be essential for agronomic traits and species
evolution [8, 9]. To address this need, base editing (BE) systems,
based on the CRISPR/Cas9 technology, have been developed for
targeted base substitutions. Building upon the advancements in
mammalian cell research, optimized cytosine base editors (CBEs)
and adenosine base editors (ABEs) have been successfully applied
to plant crops. These editors can convert nucleotides without
inducing DNA double-strand breaks or requiring donor DNA as a
template [10, 11].

The most commonly used BE editors are CBEs and ABEs,
responsible for cytosine (C-to-T) and adenine (A-to-G) base
substitutions, respectively [12]. A typical CBE consists of cytosine
deaminase, nCas9/dCas9 and the UGI. When the CBE fusion
protein, guided by sgRNA, targets the target genomic DNA,
cytosine deaminase deaminates cytosine (C) to uracil (U) within
a specific single-stranded DNA (ssDNA) range determined by
the spatial conformation of Cas9 protein, sgRNA, and genomic
DNA. Subsequently, during DNA repair and DNA replication,
uracil is converted to thymine (T), resulting in C-to-T base
substitutions [13, 14]. In 2016, the first-generation cytosine
base editor BE1l (rAPOBEC1-dCas9) was developed in David
Liu’s lab. Subsequent improvements led to the development
of BE3 (rAPOBEC1-nCas9-UGI), which significantly enhanced
base editing efficiency but often generated unnecessary indels
during the editing process [14]. Further advancements have been
achieved with the discovery of new cytosine deaminases, such
as PmCDA1, hAID, and hAPOBEC3A, resulting in improvements
in base editing efficiency, editing window, and reduction of
indels frequency [15-17]. Consequently, multiple deaminase-
based CBEs have been extensively employed in various plant
species, including monocotyledonous crops like rice, maize,
and wheat [18-20], as well as dicotyledonous crops like cotton,
tomato, and watermelon [21-24]. These advancements provide
powerful tools for efficient and precise base editing in plants.
Notably, BE3 based CBE successfully achieved an amino acid
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substitution (P190S) in the herbicide resistance gene CIALS in
watermelon (Citrullus lanatus), resulting in the development of the
first single-base edited herbicide-resistant watermelon variety.
The watermelon CBE attained an editing efficiency of 23.0% in the
TO generation, marking a significant milestone for watermelon BE
editor development [24].

ABE, similar in structure to CBE, operates through a compa-
rable mechanism. Adenosine deaminase converts adenine (A) to
inosine (I), which is subsequently recognized as guanine (G) by
DNA polymerase during DNA repair and replication [12, 13, 25].
Initially, the natural adenine deaminase could not utilize DNA
as a substrate for base deamination. However, the deaminase
suitable for ABE was artificially evolved from the Escherichia coli
tRNA-specific adenosine deaminase (ecTadA). The widely adopted
ABE version is 7.10 (ecTadA-ecTadAx-nCas9) [26], but recent opti-
mizations have resulted in the development of ABE8e (ecTadA8e-
nCas9). This improved version exhibits significantly enhanced
base editing efficiency and maintains a consistent editing window
during the editing process [27, 28]. To date, ABE has been suc-
cessfully applied in several plant species, including rice, cotton,
Arabidopsis, and poplar [29-33].

The optimization of BEs has primarily focused on enhanc-
ing base editing efficiency, modifying the editing window as
needed, and reduction of protospacer-adjacent motif (PAM)
sequence dependence [34, 35]. Improvements have been achieved
through the utilization of different types of deaminases or
the introduction of key amino acid mutations in existing
deaminases, such as hAPOBEC3B, TadA8e (V106W), and TadA9
[27, 36, 37]. These modifications allow for optimization of
both the base editing efficiency and the editing window.
Furthermore, the use of Cas protein variants, including Cpfl,
SpCas9-NG, and SPRY, has significantly expanded the range
of selectable PAM sequences [38-40]. These optimizations in
various components empower BE editors to become more
efficient and versatile tools for plant research and breeding
applications.

Although C-to-T and A-to-G base substitutions are well estab-
lished in various plant species through CBEs and ABEs, their
limited capability significantly restricts the application of base
editing technology in crop molecular breeding [41]. UNG is a
widely conserved enzyme found in both plant and animal cells.
It plays a crucial role in the initiation of base excision repair
(BER) by removing uracil from the DNA double-strand [42, 43].
Recent studies have shown that CGBE (C-to-G base editor) can
enhance C-to-G editing in mammalian cells by either eliminating
UGI from CBE or replacing it with UNG [43-45]. In rice plants,
the newly developed OsCGBEO3 (Anc689 (R33A)-CGBE) achieved
efficient conversion of cytosine to guanine at the target sites,
with an average frequency of 21.3%, significantly expanding the
editing potential of traditional CBE [41, 46]. Additionally, in poplar,
CGBE has been established with rAPOBEC1 (R33A) deaminase, but
it only exhibited a monoallelic editing efficiency of 6.25% in TO
lines [47]. In the case of rice, another CGBE editor composed of
evoFENRY deaminase, nCas9ING, and UNGs (human UNG and rice
UNG) was tested, revealing that the average C-to-G editing effi-
ciency without indels was slightly higher for CGBE-hUNG (8.2%)
compared to CGBE-TUNG (5.9%) in TO lines [48]. Moreover, the
N46L mutation of the TadA8e enzyme offers enhanced cytosine
deamination capability with higher C-to-G editing efficiency and
a narrower editing window, although further validation is required
before its application in plants [49]. In any case, CGBE significantly
expands the possibilities of base editing, generating a broader
range of base substitution types in crops.

Watermelon, a highly popular summer fruit globally, is
renowned for its refreshing taste and abundant nutritional value.
Previous studies on the watermelon genome and genome-wide
association study (GWAS) analysis have systematically elucidated
the molecular mechanisms underlying trait evolution [50]. These
findings suggest that SNP substitutions may play a role in the
development of traits such as flesh color and sugar content [S1,
52]. Expanding the repertoire of base editors beyond CBE holds
great potential for advancing molecular breeding in watermelon.
Moreover, the progress made in other plant species has inspired
the development of an efficient CGBE specifically tailored for
watermelon. Therefore, in this study, we have successfully
established the first CGBE editing system in watermelon. Our
findings demonstrate that the utilization of human APOBEC3A
(hA3A) deaminase and Arabidopsis UNG enables highly efficient
C-to-G/A mutations in a site-preferred manner. This breakthrough
opens up new possibilities for molecular breeding and artificial
evolution not only in watermelon but also in other dicotyledonous
plants.

Results

hA3A-CBEs induce C-to-G base substitutions
alongside C-to-T editing in watermelon

The discovery of hA3A deaminase has revolutionized CBEs by
expanding their editing windows and enhancing base editing
efficiency [53, 54]. This breakthrough has introduced a more
suitable single-base editing tool for studying saturation mutations
in target genes through artificial evolution. Furthermore, studies
have demonstrated that the choice of promoter can significantly
impact the activity of base editing systems in dicot plants [33, 55,
56]. In addition to the commonly used Ubi promoter in plant base
editing studies [32, 57], we selected the 35 s promoter, which has
been previously used in watermelon CBE experiments, for com-
parison. Furthermore, in Arabidopsis BE studies, it was observed
that CBE and ABE carrying the Ribosomal protein S5a (Rps5a)
promoter, which exhibits activity in dividing cells, achieved effi-
clent editing successfully [33, 56]. Therefore, in our pursuit of
optimizing CBE for watermelon, we aimed to investigate whether
the AtRps5a promoter would also impact CBE in watermelon. To
this end, we employed various promoters, namely AtUbi (UCBE),
2 x 35S (SCBE), and AtRpsSa, to drive the expression of fusion
proteins composed of Arabidopsis codon-optimized hA3A-nCas9
(D10A)-UGI (Fig. 1a).

To evaluate the base editing efficiency of CBEs, four sgRNAs
targeting three watermelon genes (CIALS1, CIDA1, and CIEOD1)
were designed, and multiple transgenic watermelon plants were
generated. The results revealed that both the AtUbi and 2 x 35S
promoter-based CBEs achieved C-to-T editing in watermelon, with
the highest base conversion efficiencies (base conversion reads/-
total reads) recorded as 27.0% and 93.4%, respectively (Fig. S1,
see online supplementary material). Interestingly, consistent
with previous observations [53], some samples exhibited C-to-
G transversions in a few targets alongside the dominant C-to-T
edits. This occurrence is likely due to the recognition and excision
of C-to-U mutations by endogenous UNG, resulting in abasic sites
that initiate DNA repair processes and randomly generate C-to-
G/A or indel mutations [13].

We observed C-to-G mutations induced by SCBE in all four
target sites (Fig. 1b-e; Fig. 52, see online supplementary material).
Among the 31 TO plants, nine plants demonstrated successful C-
to-G substitutions (Fig. 1g), resulting in an editing efficiency of
29.0% (9/31, edited plants/total TO transgenic plants). In contrast,
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Figure 1. Efficient cytosine base editing mediated by nCas9-fused hA3A in watermelon. a lllustration of the hA3A-CBEs constructs employed in
watermelon. b-e Summary of nucleotide changes for sgRNA1 (b), sgRNA2 (c), sgRNA3 (d), and sgRNA4 (e) resulting from SCBE in watermelon TO lines.
Nucleotide changes and the PAM sequences are highlighted. f Deep sequencing results for sgRNA4 obtained using UCBE in watermelon TO lines.

g Genotyping results of TO plants edited by UCBE and SCBE.

TO plants utilizing UCBE alone yielded only 2 C-to-G edited plants
in target 4 (Fig. 1f; Fig. S2, see online supplementary material).
This suggests that the 2 x 35S promoter is more effective in pro-
moting C-to-G editing compared to the AtUbi promoter in hA3A-
CBE. The C-to-G base conversion efficiencies in SCBE and UCBE
reached 9.9% and 4.9%, respectively (Fig. le and f), which were
relatively lower compared to C-to-T mutation frequencies. Con-
versely, the AtRps5a promoter did not demonstrate any editing
evidence. While a previously reported watermelon CBE with BE3
successfully achieved C-to-T editing in the CIALS1 gene [24], its
capability for C-to-G editing remains uncertain. We speculate that
the higher occurrence of C-to-G transversions in our CBEs may
be a collateral effect of hA3A deaminase in watermelon. These
results have motivated us to further optimize the C-to-G editing
capacity of hA3A-CBEs in watermelon.

Removing UGI from CBEs greatly increased
C-to-G base conversion efficiency in watermelon
In CBE systems, the U deaminated from C can be recognized by
the endogenous UNG protein present in the cell. UNG cleaves to
the glycosidic bond between uracil and the deoxyribose backbone.
However, the presence of UGI stabilizes the C-to-T editing by
inhibiting the activity of UNG [13, 41]. Theoretically, removing UGI
from CBE editors may increase the likelihood of C-to-G transver-
sions. To address this, we eliminated UGI from our CBE systems,
resulting in the development of two new editors: UCGBE1.0 and
SCGBE1.0 (Fig. 2a).

To further investigate the editing potential of CGBE1.0 in
watermelon, stably transformed watermelon plants were utilized,
employing the same four sgRNAs as in the CBEs. The Hi-TOM deep
sequencing results (Fig. 2b) revealed that UCGBE1.0 achieved
C-to-G editing in three targets (sgRNA1, sgRNA3, and sgRNA4)
compared to UCBE (sgRNA4), but SCGBE1.0 exhibited higher
efficiency in inducing C-to-G transversions across all four targets
(Fig. 2b—e). Notably, at the C7 position of sgRNA4, SCGBE1.0

achieved a C-to-G conversion efficiency of up to 27.4%, surpassing
UCGBE1.0, which achieved 7.4% efficiency (Fig.2e). These
findings indicate that the 35S promoter-driven SCGBE1.0 is more
effective in inducing C-to-G mutations compared to UCGBE1.0.
Consequently, SCGBE1.0 was selected for further optimization.

The addition of UNG has further increased the
C-to-G editing capacity of the SCGBE editor.

To enhance the editing performance of CGBE, the Arabidopsis UNG
(AtUNG) was combined with SCGBE1.0, resulting in the develop-
ment of a new editor called SCGBE2.0 (Fig. 3a) [42, 43, 46]. In addi-
tion to the previously tested four sgRNAs, two additional targets
(sgRNAS and sgRNA6) were introduced, with PAM sequences NGG
and NAG, respectively, targeting two genes (CIACC and CIARR2). A
total of 81 TO plants were obtained, and Hi-TOM deep sequencing
analysis was performed. The results showed that 35 lines of these
plants achieved C-to-G substitutions, representing an editing effi-
ciency of 43.2% (35/81), and the highest efficiency is up to 66.7%
(8/12) in watermelon TO lines (Fig. 3b).

The Sanger sequencing results of sgRNA1 and sgRNA5 demon-
strated the effectiveness of SCGBE2.0 in achieving efficient C-to-G
base substitutions with indels (Fig. 3c and d), the actual efficiency
at position C7 of sgRNA1 was 31.1% (Fig. 3e), and for sgRNA5
it was 20.5% (Fig. 3f), while other C sites exhibited lower or no
editing compared to C7. Furthermore, the Sanger sequencing
chromatograms of SCBE, SCGBE1.0, and SCGBE2.0 were compared
using sgRNA4 as a representative example of our optimization
efforts (Fig. 3g). The results clearly demonstrated the superior
performance of SCGBE2.0, with the actual C-to-G conversion reads
at C7 increasing from 9.9% (SCBE) to 46.1% (SCGBE2.0) (Fig. 3h).
Although our sequencing data suggest that SCGBE2.0 may prefer
efficient editing at position C7, a few exceptional samples were
also observed. For instance, one sample (sgRNAS) exhibited an
80.2% conversion reads at C9, with no editing observed at other
C sites (Fig. S3, see online supplementary material). However, this
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Figure 2. . C-to-G base editing mediated by UCGBE1.0 and SCGBE1.0 in watermelon. a Illustration of the CGBE1.0 vectors employed for base editing.
b-e Representative deep sequencing results of four sgRNAs: sgRNA1 (b), sgRNA2 (c), sgRNA3 (d), and sgRNA4 (e) generated by CGBE1.0 s in watermelon

TO lines. The editing ratios of C-to-G and the PAM sequences are highlighted.

particular sample was excluded from the statistical analysis due
to its specificity.

To facilitate the application of CGBE in watermelon molecular
breeding, it is essential to futher determine the main editing win-
dows of SCGBEs. Because no C-to-G edits were observed at C loci
other than C3-C12in SCGBE2.0, the actual editing data for edited C
loci were analysed (Fig. 31), SCGBE2.0 demonstrated higher conver-
sion efficiencies at nearly all target sites compared to SCGBE1.0,
and the most efficient editing was achieved at position C7, reach-
ing 46.1% (Fig. 3g and h). Furthermore, the average C-to-G base
conversion efficiencies higher than 10% were considered valid
edits, thus the analysis results revealed that SCGBE2.0 could
achieve valid C-to-G substitutions at positions C5-C9 (Fig. 3j), and
the average conversion efficiencies ranged from 11.3% to 30.0%,
with the highest average editing efficiency observed at position
C7 (30.0%). These results provide clear evidence of SCGBE2.0's
broad range of effective editing capabilities and its remarkable
efficiency in converting C-to-G bases, particularly at position C7.

Further analysis revealed that 29.6% (24/81) of the TO plants
exhibited both C-to-T and C-to-G edits at the same position
when SCGBE2.0 was used. To gain a better understanding of the
increased efficiency of C-to-G editing in SCGBE2.0, a comparison
of the actual C-to-T and C-to-G conversion fractions at positions
C5-C9 was conducted among SCBE, SCGBE1.0, and SCGBE2.0
(Fig. 3k). The results indicated that the total C-to-G/T mutation
rates were highest in SCBE, with C-to-T mutations being the dom-
inant type (Fig. 3k). This may be attributed to the UGI component
stabilizing C-to-T mutations and reducing the likelihood of other
mutations in SCBE [58]. However, both SCGBE1.0 and SCGBE2.0
exhibited a higher C-to-G base conversion ratio within the total
C-to-T/G mutations, particularly at the C7 position. Additionally,
SCGBE2.0 demonstrated more advantages when compared to

SCGBE1.0 (Fig. 3k), supporting the notion that SCGBE2.0 achieved
the highest actual C-to-G conversion efficiency (Fig. 3i and j). The
results unequivocally showcase the remarkable optimization of
CGBE achieved by eliminating the UGI unit and incorporating the
UNG component in watermelon.

SCGBE2.0 achieved efficient C-to-A editing at the
position C4 of the targets

According to our results, the novel hA3A-based CGBE editors suc-
cessfully achieved C-to-G base substitutions. However, additional
C-to-A mutations also occurred at specific positions. A total of
23.5% (19/81) of the transformants containing C-to-A mutations
(Fig. 3b), primarily concentrated at position C4 (Fig. 4a and b). In
Figure 4a and 4c (sgRNA4), the predominant editing forms in this
sample were C-to-A at position C4 (45.9%) and C-to-T at position
C7, with 45.9% representing the highest C-to-A base conversion
efficlency among all analysed samples. On the other hand, in
Fig. 4b and d (sgRNA4), the predominant editing forms in the
sample were C-to-A at position C4 (14.3%) and C-to-G at position
C7. These findings suggest that C-to-A editing at the C4 position
may occur independently of other forms of C-site editing. Further
analysis was conducted to examine the C-to-A mutation pattern
of SCGBE2.0 in detail, revealing that efficient C-to-A substitutions
were not achieved at sites other than C4, with the editing effi-
ciency generally remaining below 10% (Fig. 4e). Notably, C-to-A
mutations were achieved more efficiently than C-to-G mutations
at position C4, likely due to the fact that C4 is more suitable for
mutation of C-to-A editing in hA3A-CGBE.

Meanwhile, a brief test was conducted to examine the PAM
preference of SCGBE2.0. The results demonstrated that SCGBE2.0
successfully achieved C-to-G mutations at position C7 (15.7%)
and C-to-A mutations at position C4 (15.7%) when the NAG PAM
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Figure 3. Development of SCGBE2.0 editor in watermelon. a Schematic illustration of the SCGBE2.0. b Genotyping results of TO plants edited using
SCGBE2.0. c-d Sanger sequencing chromatograms of sgRNA1 (c) and sgRNAS (d) displaying editing events. Nucleotide changes and the PAM sequences
are highlighted. e-f Deep sequencing results showing nucleotide changes caused by SCGBE2.0 in sgRNA1 (e) and sgRNAS (f) in watermelon TO lines.
The editing ratios of C-to-G and the PAM sequences are highlighted. g Typical examples of sequence chromatograms showing C-to-G base editing in
sgRNA4 using SCBE, SCGBE1.0, and SCGBE2.0. h Comparison of deep sequencing results for C-to-G base editing in sgRNA4 using SCBE, SCGBE1.0, and
SCGBE2.0. i Dot graph illustrating the C-to-G conversion frequencies of SCGBE1.0 and SCGBE2.0 at positions C3-C12. Each data point represents one
biological replicate at each target site. j Line graph showing the average C-to-G conversion efficiencies of SCGBE1.0 and SCGBE2.0. k Comparison of the
C-to-T/G conversion fractions of all targets of SCBE, SCGBE1.0, and SCGBE2.0 at positions C5-C9.

was used (sgRNA®6) (Fig. 4f and g). However, no edits were detected
when sgRNA7 with the NGA PAM was employed (Fig. S4, see online
supplementary material). These findings indicate that the final
integrated SCGBE2.0 editor prefers NGG and NAG PAM sequences
over NGA PAM, allowing for site-preferred C-to-G/A conversions
and providing more possibilities for the application of SCGBE2.0
in watermelon.

Discussion

The development of CGBE opens up new
possibilities for watermelon breeding research
Base editors, including CBE for C-to-T mutations and ABE for A-
to-G mutations, have emerged as powerful gene editing tools
based on CRISPR/Cas9 [12]. These tools enable precise base
substitutions at target sites, thereby facilitating agronomic trait
improvement. However, the fixed base mutation types offered
by CBE and ABE limit their application in crops. Furthermore,
it is important to acknowledge the limitations of CBE and ABE,
which can only achieve a single type of base substitution within
the editing window. To overcome this limitation, researchers

have developed a dual-base editor by combining cytosine
and adenosine deaminases into a single vector [57]. This
groundbreaking innovation allows for the simultaneous editing
of C-to-T and A-to-G within the target site. As a result, the
introduction of CGBE is seen as a valuable enhancement to the
dual base editor, as its ability to edit C-to-G/A is particularly
relevant for studying artificial evolution in plants through
saturation mutation. Therefore, the development of CGBE editors
with C-to-G/A mutation capabilities in watermelon is highly
significant.

While high-efficiency C-to-G editors have been established in
rice, the optimization of poplar CGBE editors based on rAPOBEC1
is still needed due to their low editing efficiency in poplar TO
lines [46, 47]. In order to better utilize CGBE in watermelon and
other dicotyledonous plants, various optimizations have been
carried out specifically for watermelon CGBE in present study.
Our data demonstrate that the development and optimization
of hA3A-based CGBE editors have achieved efficient C-to-G or
C-to-A editing at specific preferential loci within the target sites.
This advancement presents a new tool for breeding agronomic
traits based on SNPs in watermelon.
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Figure 4. Main C-to-A mutation site and PAM preference in SCGBE2.0. a-b Examples of Sanger sequencing chromatograms displaying C-to-A editing at
position C4 in sgRNA4. c-d Deep sequencing results at position C4 in sgRNA4. The edited bases and the PAM sequences are highlighted. e Dot plot
illustrating the C-to-A editing frequencies of SCGBE2.0 at C3-C12 sites. Each data point represents one biological replicate at each target site. f Typical
example of Sanger sequencing chromatograms demonstrating C-to-G/A editing by SCGBE2.0 in sgRNA6 when the PAM is NAG. g Actual deep

sequencing results for sgRNAG6.

However, the edited plants obtained using SCGBE2.0 are likely
to be C to G/A/T chimeras. For chimeric mutations obtained
through SCGBE2.0 editor, the first step is to conduct screening
to identify the desired target mutations. This can be achieved
through molecular analysis techniques such as sequencing to
determine which loci possess the desired mutations. The next step
is mutation evaluation, further evaluation is performed on the
isolated homozygous individuals, including molecular analysis
and phenotypic observations. This helps validate the stability
of the mutations and assess their impact on the target traits.
Additionally, it is important to consider any unforeseen mutations
that may be introduced by chimeric mutations and conduct com-
prehensive analysis.

In summary, chimeric mutations originating from SCGBE2.0
can be harnessed for the artificial evolution of watermelon

genes, with the main goals being the enhancement of specific
traits, improvement of gene function, augmented adaptability,
or generation of novel functional variations. By engaging in
iterative cycles of editing and selection, advantageous muta-
tions can be progressively amassed, thereby facilitating gene
evolution.

Cytosine deaminase substitution may be
beneficial to the optimization of SCGBE2.0

Our findings have demonstrated that SCGBE2.0, utilizing hA3A
deaminase, enables various forms of base mutations (C-to-G/A) in
watermelon. However, the base conversion efficiency and range
of SCGBE2.0 can still be further improved due to the limita-
tions of deaminase and Cas protein types. The highest C-to-G
conversion efficiency achieved was 46.1% at target position C7,



while the highest C-to-A conversion efficiency was 45.9% at posi-
tion C4. These results indicate that there is room for enhancing
the base editing efficiency and expanding the editing scope of
SCGBE2.0.

Currently, CGBE research in dicot plants remains relatively lim-
ited, with only rAPOBEC1-CGBE being tested [46, 47]. Similar opti-
mization strategies employed in CBE and ABE could potentially be
applied to enhance CGBE. These strategies may involve exploring
alternative types of deaminases or introducing mutations in key
amino acids of deaminases. Such optimizations hold promise
for improving CGBE efficiency, adjusting the editing window, and
reducing the occurrence of indels. By employing these strategies,
further advancements can be made to maximize the potential of
CGBE in dicot plants, including watermelon.

Exploring Cas protein variants presents another
avenue for optimizing CGBE in plants

Our experiments using SCGBE2.0, which incorporates nCas9, suc-
cessfully edited all targets with PAM sequences NGG and NAG.
However, no editing was observed for targets with the NGA PAM
sequence. The fixed PAM sequences pose a significant limita-
tion to the application of CGBE in plants. To overcome this lim-
itation, the utilization of Cas9 variants, such as SpCas9-VQR
(NGA) and ScCas9 (NNG), which have been successfully employed
in traditional base editing studies in plants, could expand the
range of PAM selections for CGBE [59, 60]. Incorporating these
Cas variants into the CGBE system holds potential for broaden-
ing the scope of target sites that can be edited. Furthermore,
additional optimization of the CGBE vector is still necessary to
effectively implement CGBE in watermelon breeding and future
applications.

Conclusions

In conclusion, we conducted a two-step optimization process
based on hA3A-CBE to develop a CGBE editor more suitable for
watermelon research and molecular breeding. Our results demon-
strated that the removal of UGI and the addition of AtUNG to
SCBE effectively enhanced the efficiency of C-to-G conversion.
The final SCGBE2.0 editor exhibited high editing efficiencies for
C-to-G mutations within the C5-C9 editing window, with the high-
est 46.1% efficiency observed at C7 (Fig. 3g and h). Additionally,
SCGBE2.0 achieved highly efficient C-to-A mutations at the C4
position, with an efficiency of up to 45.9% (Fig. 4a and c). Mean-
while, SCGBE2.0 may produce the C-to-G/A/T edited chimeric TO
plants, making it an effective gene editing tool for screening SNPs
that affect gene function or for site-directed saturated mutage-
nesis. However, our data revealed that 28.4% (23/81) of the TO
plants contained varying degrees of indels (Fig. 3b). Therefore,
future optimizations of SCGBE2.0 should focus on narrowing the
editing window, reducing indel formation, and further increasing
base editing efficiency [2, 61]. These improvements will enhance
the precision and efficiency of SCGBE2.0 for watermelon genome
editing.

Materials and methods
Watermelon material

The watermelon material used in this study was ‘TC’ (Tongchuan),
which was collected and maintained by our research group. ‘TC’
plants were grown under natural conditions, and mature seeds
were collected. Cotyledons were used as explants for watermelon
transformation.
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Vector design and plasmid construction

To construct CBE and CGBE vectors, we performed a BLAST search
on the Arabidopsis website (Tair: https://www.arabidopsis.org/
index.jsp) to obtain the nucleotide sequences of AtUNG (sequence
ID: AT3G18630), AtUbi (sequence ID: AT3G52590), and AtRpsSa
(sequence ID: AT3G11940). The NLS, hA3A, and nCas9 protein
sequences were then optimized according to the codon preference
of Arabidopsis (IDT: https://sg.idtdna.com/pages) and chemically
synthesized by Sangon Biotech Co. Ltd (Shanghai, China). The
fusion protein sequences were cloned into the pBSE402 vector
backbone, which already contained a 35S-GFP expression cassette
(62, 63].

Construction of CBE vectors

The pBSE402 vector was digested with BamHI/Sacl, and the
synthetic UGI and NLS fragments were amplified and inserted
into the pBSE402 vector to generate UGI-NLS-E9T [64]. After
digestion with Ascl, the nCas9 fragment was amplified and
inserted into UGI-NLS-E9T to obtain the vector: nCas9-UGI-
NLS-E9T. Subsequently, the NLS-hAPOBEC3A-nCas9-UGI-NLS-
E9T vector was obtained by amplifying and inserting the NLS-
hAPOBEC3A fragment into nCas9-UGI-NLS-E9T. Finally, the
promoters AtUbi, 2x35S, and AtRps5a were added to produce
UCBE, SCBE, and RCBE vectors, respectively.

Construction of CGBE1.0 vectors

The pBSE402 vector was digested with BamHI/Sacl, and the
synthetic nCas9 and NLS fragments were amplified and inserted
into the pBSE402 vector to generate nCas9-NLS-E9T. After
digestion with Ascl, the NLS-hAPOBEC3A fragment was amplified
and inserted into nCas9-NLS-E9T to obtain the vector: NLS-
hAPOBEC3A-nCas9-NLS-E9T. Finally, the promoters AtUbi and
2x35S were added to the above vector to obtain UCGBE1.0 and
SCGBE1.0 vectors, respectively.

Construction of SCGBE2.0 vector

The pBSE402 vector was double-digested with BamH]I/Sacl, and
the AtUNG fragment carrying NLS was amplified and inserted
into the pBSE402 vector to obtain the vector: UNG-NLS-EST.
After digestion with Ascl, the nCas9 fragment was amplified and
inserted into UNG-NLS-E9T to obtain the vector: nCas9-UNG-NLS-
E9T. Subsequently, the NLS-hAPOBEC3A fragment was amplified
and inserted into nCas9-UNG-NLS-E9T to obtain the vector: NLS-
hAPOBEC3A-nCas9-UNG-NLS-E9T. Finally, the 2x35S promoter
was added to the above vector to obtain the vector: SCGBE2.0.

Construction of sgRNA expression plasmids:

For each gene target site, sgRNA expression plasmids were con-
structed by amplifying the pCBC-DT1T2(Cm) vector and inserting
it into the BE vectors after digestion with Bsal. SgRNA1-4 were
then assembled into the CBEs, UCGBE1.0, and SCGBE1.0 vectors,
respectively, while sgRNA1-7 were assembled into the SCGBE2.0
vector [63].

All PCR fragments for plasmid construction were amplified
using Phanta Max 505 Super-Fidelity DNA Polymerase (Vazyme,
China). The sequences of all BE vectors and primers used in the
construction can be found in Tables S1 and S2 (see online supple-
mentary material), and all vectors are available upon request.

Transformation of watermelon

Genetic transformation of watermelon was achieved by incubat-
ing cotyledons in diluted bacterial medium (final
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OD600=0.08-0.1) for 14 minutes and providing with 40 mg/L
acetosyringone. Subsequently, infected cotyledon explants were
grown in the dark on MS solid medium containing 1.5 mg/L 6-BA
for 3 days. Then, cotyledon fragments were transferred to shoot
elongation medium with 200 mg/L Tilmicin and 1.5 mg/L 6-BA,
which were kept in normal photoperiod conditions (28°C, 16 h
daylight and 8 h dark) for 3 weeks, and transferred to the same
fresh medium every 10 days. Plants were screened for successful
transformation using a hand-held lamp.

Genotyping of transgenic watermelon lines

Genomic DNA was extracted from each TO transgenic callus line
using the hexadecyltrimethylammonium bromide (CTAB) method
[65]. PCR amplification of the targeted genomic region was per-
formed using specific primers listed in Table S2 (see online sup-
plementary material), and the PCR products were subjected to
Sanger sequencing. Additionally, a subset of PCR products with
high-quality sequencing data was selected for deep sequencing
on the Hi-Tom platform [66], the Hi-TOM strategy streamlines
the construction of a multisample hybrid sequencing library to
just two common PCR steps. In the initial PCR, target-specific
primers with common bridging sequences (5'-ggagtgagtacggtgtgc-
3’ and 5'-gagttggatgctggatgg-3') were used, with the detection site
located within 10-100 bp of the primer and an amplification
length ranging from 100-300 bp. The first-round PCR products
were subsequently barcoded during the second round of PCR.
The second-round PCR employed common primers consisting of
a platform-specific adaptor sequence, a fixed barcode sequence,
and a bridging sequence. Through analysis using the Hi-TOM
platform (http://www.hi-tom.net/hi-tom/), detailed information
on mutation types and positions of each sample is provided,
including read numbers, ratios, mutation types, mutation bases,
and DNA sequences. Additionally, the genotype of each sample is
analysed and summarized.

Acknowledgements

We thank Dr Huanbin Zhou for his technical advisement and
support. This work was supported by the National Youth Talent
Program (A279021801), Earmarked Fund for China Agriculture
Research System (CARS-25), Key-Area R&D Program of Guang-
dong Province (2022B0202060001), Key R&D Program of Shaanxi
province (2023-YBNY-008), the Natural Science Foundation of
Shaanxi Province (2022JM-112), the Fundamental Research Funds
for the Central Universities(2452022111) and the Science and
Technology Innovation Team of Shaanxi (2021TD-32).

Author contributions

LY. conceived the study. DW, Y.C,, T.Z., JW, M.L,, ST. and JW.
executed the experiments. L.Y. and D.W. wrote the manuscript.

Data availability statement

All data generated in this study are presented in the paper or
the supplementary material. Additional data related to this paper
may be requested from the authors.

Conflict of interests

We declare that we do not have any commercial or associative
interest that represents a conflict of interest in connection with
the work submitted.

Supplementary data

Supplementary data is available at Horticulture Research online.

References

1. Zhang Y, Malzahn AA, Sretenovic S et al. The emerging and
uncultivated potential of CRISPR technology in plant science.
Nat Plants. 2019;5:778-94

2. Zhu H, Li C, Gao C. Author correction: applications of CRISPR-
Cas in agriculture and plant biotechnology. Nat Rev Mol Cell Biol.
2020;21:782

3. Jiang F, Doudna JA. CRISPR-Cas9 structures and mechanisms.
Annu Rev Biophys. 2017;46:505-29

4. Hsu PD, Lander ES, Zhang F. Development and applications of
CRISPR-Cas9 for genome engineering. Cell. 2014;157:1262-78

5. Konishi S, Izawa T, Lin SY et al. An SNP caused loss of
seed shattering during rice domestication. Science. 2006;312:
1392-6

6. Oren E, Tzurl G, Vexler L et al. The multi-allelic APRR2 gene
is associated with fruit pigment accumulation in melon and
watermelon. ] Exp Bot. 2019;70:3781-94

7. Xing S, Chen K, Zhu H et al. Fine-tuning sugar content in straw-
berry. Genome Biol. 2020;21:230

8. Wang H, He Y, Wang Y et al. Base editing-mediated targeted
evolution of ACCase for herbicide-resistant rice mutants. ] Integr
Plant Biol. 2022;64:2029-32

9. Kuang,LiS, Ren B et al. Base-editing-mediated artificial evolu-
tion of OsALS1 in planta to develop novel herbicide-tolerant rice
germplasms. Mol Plant. 2020;13:565-72

10. Gaudelli NM, Komor AC, Rees HA et al. Programmable base
editing of a*T to GxC in genomic DNA without DNA cleavage.
Nature. 2017;551:464-71

11. Lee HK, Willi M, Miller SM et al. Targeting fidelity of adenine
and cytosine base editors in mouse embryos. Nat Commun.
2018;9:4804

12. Rees HA, Liu DR. Base editing: precision chemistry on the
genome and transcriptome of living cells. Nat Rev Genet. 2018;19:
770-88

13. Zong Y, Gao CX. Progress on base editing systems. Yi Chuan.
2019;41:777-800

14. Komor AC, Kim YB, Packer MS et al. Programmable editing of
a target base in genomic DNA without double-stranded DNA
cleavage. Nature. 2016;533:420—4

15. Wu'Y, Xu W, Wang F et al. Increasing cytosine base editing scope
and efficiency with engineered Cas9-PmCDA1 fusions and the
modified sgRNA in rice. Front Genet. 2019;10:379

16. Ren B, Yan F, Kuang Y et al. Improved base editor for efficiently
inducing genetic variations in rice with CRISPR/Cas9-guided
hyperactive hAID mutant. Mol Plant. 2018;11:623-6

17. Kouno T, Silvas TV, Hilbert BJ et al. Crystal structure of
APOBEC3A bound to single-stranded DNA reveals structural
basis for cytidine deamination and specificity. Nat Commun.
2017;8:15024

18. Ren B, Yan F, Kuang Y et al. A CRISPR/Cas9 toolkit for efficient
targeted base editing to induce genetic variations in rice. Sci
China Life Sci. 2017;60:516-9

19. Zong Y, Wang Y, Li C et al. Precise base editing in rice, wheat
and maize with a Cas9-cytidine deaminase fusion. Nat Biotechnol.
2017;35:438-40

20. Li C, Zong Y, Wang Y et al. Expanded base editing in rice and
wheat using a Cas9-adenosine deaminase fusion. Genome Biol.
2018;19:59


https://academic.oup.com/hortresjournal/article-lookup/doi/10.1093/hortresjournal/uhad155#supplementary-data
http://www.hi-tom.net/hi-tom/
https://academic.oup.com/hortresjournal/article-lookup/doi/10.1093/hortresjournal/uhad155#supplementary-data

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Chen Y, Wang Z, Ni H et al. CRISPR/Cas9-mediated base-editing
system efficiently generates gain-of-function mutations in Ara-
bidopsis. Sci China Life Sci. 2017;60:520-3

Qin L, Li J, Wang Q et al. High-efficient and precise base editing
of C+G to Txa in the allotetraploid cotton (Gossypium hirsutum)
genome using a modified CRISPR/Cas9 system. Plant Biotechnol J.
2020;18:45-56

Shimatani Z, Kashojiya S, Takayama M et al. Targeted base edit-
ing in rice and tomato using a CRISPR-Cas9 cytidine deaminase
fusion. Nat Biotechnol. 2017;35:441-3

Tian S, Jiang L, Cui X et al. Engineering herbicide-resistant water-
melon variety through CRISPR/Cas9-mediated base-editing.
Plant Cell Rep. 2018;37:1353-6

Liu Z, Lu Z, Yang G et al. Efficient generation of mouse models
of human diseases via ABE- and BE-mediated base editing. Nat
Commun. 2018;9:2338

Yang L, Zhang X, Wang L et al. Increasing targeting scope of
adenosine base editors in mouse and rat embryos through
fusion of TadA deaminase with Cas9 variants. Protein Cell. 2018;9:
814-9

Yan D, Ren B, Liu L et al. High-efficiency and multiplex ade-
nine base editing in plants using new TadA variants. Mol Plant.
2021;14:722-31

Lapinaite A, Knott GJ, Palumbo CM et al. DNA capture by
a CRISPR-Cas9-guided adenine base editor. Science. 2020;369:
566-71

Hua K, Tao X, Yuan F et al. Precise a.t to G.C Base editing in the
rice genome. Mol Plant. 2018;11:627-30

Nakazato I, Okuno M, Yamamoto H et al. Targeted base editing
in the plastid genome of Arabidopsis thaliana. Nat Plants. 2021;7:
906-13

Wang G, Xu Z, Wang F et al. Development of an efficient and
precise adenine base editor (ABE) with expanded target range in
allotetraploid cotton (Gossypium hirsutum). BMC Biol. 2022;20:45
Li G, Sretenovic S, Eisenstein E et al. Highly efficient C-to-T and
A-to-Gbase editing in a Populus hybrid. Plant Biotechnol J. 2021;19:
1086-8

Kang BC, Yun JY, Kim ST et al. Precision genome engineering
through adenine base editing in plants. Nat Plants. 2018;4:427-31
Koblan LW, Doman JL, Wilson C et al. Improving cytidine and
adenine base editors by expression optimization and ancestral
reconstruction. Nat Biotechnol. 2018;36:843-6

Wang M, Wang Z, Mao Y et al. Optimizing base editors for
improved efficiency and expanded editing scope in rice. Plant
Biotechnol J. 2019;17:1697-9

Ooms M, Krikoni A, Kress AK et al. APOBEC3A, APOBEC3B, and
APOBEC3H haplotype 2 restrict human T-lymphotropic virus
type 1.] Virol. 2012;86:6097-108

Rees HA, Wilson C, Doman JL et al. Analysis and minimization
of cellular RNA editing by DNA adenine base editors. Sci Adv.
2019;5:eaax5717

Li X, Wang Y, Liu Y et al. Base editing with a Cpfl-cytidine
deaminase fusion. Nat Biotechnol. 2018;36:324-7

Ren B, Liu L, Li S et al. Cas9-NG greatly expands the targeting
scope of the genome-editing toolkit by recognizing NG and other
atypical PAMs in Rice. Mol Plant. 2019;12:1015-26

Wu Y, Ren Q, Zhong Z et al. Genome-wide analyses of PAM-
relaxed Cas9 genome editors reveal substantial off-target effects
by ABES8e in rice. Plant Biotechnol J. 2022;20:1670-82

LiJ,Zhang C,He Y et al. Plant base editing and prime editing: the
current status and future perspectives. J Integr Plant Biol. 2023;65:
444-67

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Wangetal. | 9

Chen L, Park JE, Paa P et al. Programmable C:G to G:C genome
editing with CRISPR-Cas9-directed base excision repair proteins.
Nat Commun. 2021;12:1384

Kurt IC, Zhou R, Iyer S et al. CRISPR C-to-G base editors for induc-
ing targeted DNA transversions in human cells. Nat Biotechnol.
2021;39:41-6

Cao T, Liu S, Qiu Y et al. Generation of C-to-G transversion in
mouse embryos via CG editors. Transgenic Res. 2022;31:445-55
Molla KA, Qi 'Y, Karmakar S et al. Base editing landscape extends
to perform transversion mutation. Trends Genet. 2020;36:899-901
Tian Y, Shen R, Li Z et al. Efficient C-to-G editing in rice using an
optimized base editor. Plant Biotechnol J. 2022;20:1238-40
Sretenovic S, Liu S, Li G et al. Exploring C-To-G Base editing in
rice, tomato, and poplar. Front Genome Ed. 2021;3:756766

Zeng D, Zheng Z, Liu Y et al. Exploring C-to-G and A-to-Y base
editing in rice by using new vector tools. IntJ Mol Sci. 2022;23:7990
Chen L, Zhu B, Ru G et al. Re-engineering the adenine deaminase
TadA-8e for efficient and specific CRISPR-based cytosine base
editing. Nat Biotechnol. 2023;41:663-72

Guo S, Zhao S, Sun H et al. Resequencing of 414 cultivated and
wild watermelon accessions identifies selection for fruit quality
traits. Nat Genet. 2019;51:1616-23

Ren Y, Li M, Guo S et al. Evolutionary gain of oligosaccharide
hydrolysis and sugar transport enhanced carbohydrate parti-
tioning in sweet watermelon fruits. Plant Cell. 2021;33:1554-73
Zhang J, Sun H, Guo S et al. Decreased protein abundance of
lycopene beta-cyclase contributes to red flesh in domesticated
watermelon. Plant Physiol. 2020;183:1171-83

ZongY, Song Q, Li C et al. Efficient C-to-T base editing in plants
using a fusion of nCas9 and human APOBEC3A. Nat Biotechnol.
2018;36:950-3

Liu Z, Chen S, Shan H et al. Efficient and precise base editing
in rabbits using human APOBEC3A-nCas9 fusions. Cell Discov.
2019;5:31

Niu Q, Wu S, Xie H et al. Efficient A.T to G.C base conversions in
dicots using adenine base editors expressed under the tomato
EFlalpha promoter. Plant Biotechnol J. 2023;21:5-7

Choi M, Yun JY, Kim JH et al. The efficacy of CRISPR-mediated
cytosine base editing with the RPS5a promoter in Arabidopsis
thaliana. Sci Rep. 2021;11:8087

Li C, Zhang R, Meng X et al. Targeted, random mutagenesis of
plant genes with dual cytosine and adenine base editors. Nat
Biotechnol. 2020;38:875-82

Wang L, Xue W, Yan L et al. Enhanced base editing by co-
expression of free uracil DNA glycosylase inhibitor. Cell Res.
2017;27:1289-92

Yamamoto A, Ishida T, Yoshimura M et al. Developing heritable
mutations in Arabidopsis thaliana using a modified CRISPR/-
Cas9 toolkit comprising PAM-altered Cas9 variants and gRNAs.
Plant Cell Physiol. 2019;60:2255-62

Xu'Y, Meng X, Wang J et al. ScCas9 recognizes NNG protospacer
adjacent motif in genome editing of rice. Sci China Life Sci.
2020;63:450-2

Azameti MK, Dauda WP. Base editing in plants: applications,
challenges, and future prospects. Front Plant Sci. 2021;12:664997
Xin T, Zhang Z, Li S et al. Genetic regulation of ethylene dosage
for cucumber fruit elongation. Plant Cell. 2019;31:1063-76

Xing HL, Dong L, Wang ZP et al. A CRISPR/Cas9 toolkit for
multiplex genome editing in plants. BMC Plant Biol. 2014;14:
327

Tian S, Jiang L, Gao Q et al. Efficient CRISPR/Cas9-based gene
knockout in watermelon. Plant Cell Rep. 2017;36:399-406



10 | Horticulture Research, 2023, 10: uhad155

65. Stewart CN Jr, Via LE. A rapid CTAB DNA isolation technique 66. Liu Q, Wang C, Jiao X et al. Hi-TOM: a platform for high-
useful for RAPD fingerprinting and other PCR applications. throughput tracking of mutations induced by CRISPR/Cas sys-
BioTechniques. 1993;14:748-50 tems. Sci China Life Sci. 2019;62:1-7



	 Developing a highly efficient CGBE base editor in watermelon
	 Introduction
	 Results
	 Discussion
	 Conclusions
	 Materials and methods
	 Acknowledgements
	 Author contributions
	 Data availability statement
	 Conflict of interests
	 Supplementary data


