Zhang et al. BMC Biology (2024) 22:99
https://doi.org/10.1186/512915-024-01895-0

BMC Biology

Open Access

®

Check for
updates

RESEARCH ARTICLE

Targeted C-G-to-T-A base editing
with TALE-cytosine deaminases in plants

Dingbo Zhang', Vanessa Pries' and Jens Boch'”

Abstract

Background TALE-derived DddA-based cytosine base editors (TALE-DACBEs) can perform efficient base editing
of mitochondria and chloroplast genomes. They use transcription activator-like effector (TALE) arrays as program-
mable DNA-binding domains and a split version of the double-strand DNA cytidine deaminase (DddA) to catalyze
C-G-to-T-A editing. This technology has not been optimized for use in plant cells.

Results To systematically investigate TALE-DACBE architectures and editing rules, we established a 3-glucuronidase
reporter for transient assays in Nicotiana benthamiana. We show that TALE-DACBEs function with distinct spacer
lengths between the DNA-binding sites of their two TALE parts. Compared to canonical DddA, TALE-DdCBEs contain-
ing evolved DddA variants (DddA6 or DddA11) showed a significant improvement in editing efficiency in Nicotiana
benthamiana and rice. Moreover, TALE-DdCBEs containing DddA11 have broader sequence compatibility for non-TC
target editing. We have successfully regenerated rice with C-G-to-T-A conversions in their chloroplast genome, as well
as N. benthamiana with C-G-to-T-A editing in the nuclear genome using TALE-DdCBE. We also found that the sponta-

neous assembly of split DddA halves can cause undesired editing by TALE-DACBEs in plants.

Conclusions Altogether, our results refined the targeting scope of TALE-DdCBEs and successfully applied them
to target the chloroplast and nuclear genomes. Our study expands the base editing toolbox in plants and further
defines parameters to optimize TALE-DdCBEs for high-fidelity crop improvement.
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Background

Genome-editing technologies are rapidly revolutionizing
plant breeding. Base editing is a significant innovation in
the genome editing field. Instead of generating double-
stranded DNA (dsDNA) breaks, base editors utilize DNA
deaminases to precisely incorporate single nucleotide
variants (SNVs) into the genome [1]. Current base edi-
tors generally contain a CRISPR-Cas nickase linked to a
single-stranded DNA (ssDNA) deaminase enzyme. Cyto-
sine base editors (CBEs) catalyze the transition mutation
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CeG-to-T+A through the deamination of deoxycytidine
to deoxyuridine. The U+G mismatch can be repaired to
U.A resulting in a T«A base pair. Conjugating the uracil
glycosylase inhibitor (UGI) to CBEs increases the editing
efficiency and purity [2—4]. In addition, C+G-to-G+C base
editors have been developed by replacing the UGI with
uracil N-glycosylase in the CBE architecture [5, 6]. Ade-
nine base editors (ABEs) catalyze the transition mutation
of A+T-to-G+C through the deamination of deoxyadeno-
sine to deoxyinosine, which is analogous to guanine (G)
in base pairing [7].

Although the CRISPR/Cas-derived base editors have
proven to provide an efficient and precise introduc-
tion of SNVs in the nuclear genome, repurposing them
for organellar (mitochondria and plastids) DNA editing
is challenging due to the lack of methods for delivering
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sgRNAs to the mitochondria and plastids. However,
protein-only genome editing systems based on DNA-
binding proteins such as zinc fingers [8] and transcrip-
tion activator-like effectors (TALE) [9] can be used as
organellar genome editors when fused to the dsDNA-
specific cytosine deaminase DddA from Burkholderia
cenocepacia [10, 11]. To generate TALE-derived DddA-
based cytosine base editors (TALE-DdCBEs), DddA
was split into two inactive halves, DddA-N and DddA-
C. The two DddA halves are fused to two TALE arrays
which bind to targeted sequences in a tail-to-tail orien-
tation to reconstitute the active DddA enzyme [12-15].
Subcellular targeting signals (nuclear localization sig-
nal or mitochondrial targeting signal) are fused to the
N-terminus and UGI is fused to the C terminus of the
TALE-DACBEs to increase the editing efficiency and
inhibit uracil-DNA glycosylase. Instead of using the split
DddA halves, non-toxic, full-length DddA variants were
developed to make monomeric TALE-DdCBEs (DddA
guided by one TALE protein) which also allow C+G-to-
TeA editing in mitochondrial DNA [16]. To improve the
deamination activity and address the rigid 5"-TC context
limitation of DddA, evolved DddA variants (DddA6 and
DddA11) with improved activity and expanded targeting
scope were created by protein engineering [17]. In plants,
TALE-DdCBEs were successfully used for editing the
plastid genome of Arabidopsis [18] and the chloroplast
and mitochondrial DNA of lettuce, rapeseed [19], and
rice chloroplasts [20]. Recently, Nakazato et al. reported
that TALE-DdCBEs, which contain a modified version of
DddA11l, exhibit a high frequency of CeG-to-T+A edit-
ing in the Arabidopsis plastid genome [21]. Besides CBEs,
TALE-based ABEs (TALEDs) have also been developed
to perform mitochondrial A+T-to-G+C base editing in
mammalian mitochondria [22] and Arabidopsis chloro-
plast genes [23].

In this study, we developed a modular cloning (MoClo)
pipeline for TALE-DdCBEs assembly and established
a simple PB-glucuronidase (GUS) reporter assay in N.
benthamiana for CeG-to-T+A editing efficiency evalua-
tion. Using this, we characterized the size of the spacer
region between TALE-DACBE binding sites and the
optimal position of the target cytosine. To validate our
TALE-DdCBEs in plants, we targeted the rice chloro-
plast gene OspsaA and the N. benthamiana nuclear gene
NbSuRB, and successfully generated chloroplast-edited
rice and nuclear-edited Nicotiana benthamiana plants,
respectively.

Results

Architecture to optimize TALE-DdCBEs editing activity

We first developed a GUS reporter system in N. bentha-
miana to quickly assess the Ce¢G-to-T+A conversion
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efficiencies of various TALE-DdCBE architectural
designs. For this, we constructed an inactive GUSS>¥
allele with a missense mutation of glutamic acid (GAA)
to glycine (GGA) in the GUS enzyme active center [24].
A CeG-to-T+A conversion reverted the glycine residue
to glutamic acid and restored GUS enzymatic activity
(Fig. 1a and Additional file 1: Fig. S1). This demonstrates
that our reporter system is suitable for analyzing TALE-
DdCBE activity.

Zhang et al. reported that the length of the TALE
N-terminus or C-terminus could affect TALE activ-
ity [25]. Hence, we employed three different lengths
of N-terminal and six different lengths of C-terminal
domains to develop a series of TALE-DdCBEs (Fig. 1b).
The activities of these TALE-DdCBEs were examined
using the GUSS®¥ reporter through Agrobacterium-
mediated transient expression in N. benthamiana leaves.
Three different N-terminal architectures (N288, N196,
and N135) showed comparable GUS activity while cou-
pled with the same C-terminal domain (C47) (Fig. 1b).
N196 (196 amino acids in length with a deletion of 93
amino acids from the full-length N-terminus) was chosen
for all subsequent studies. Similar analyses using trunca-
tions from the C terminus demonstrated that N196/C17
(C17: C-terminal domain of 17 amino acids in length)
and N196/C96 (C96: C-terminal domain of 96 amino
acids in length) have the highest GUS activity, whereas
N196/C247 (C247: 247 amino acids in length resembling
the full-length C terminus without the native transcrip-
tional activation domain) showed the lowest GUS activ-
ity. To minimize the size of TALE-DdCBEs and maintain
its high editing efficiency, we selected N196/C17 as the
optimal TALE N-terminal and C-terminal combinations
and used these for the following experiments.

Characterization of the TALE-DACBE editing window

To further investigate how a pair of TALE-DdCBEs
should be positioned to modify a specific target base,
we constructed TALE arrays of different lengths flank-
ing the targeted cytosine in the GUSS®® reporter
(Fig. 2a). The different combinations of left and right
TALE DNA-binding domains enable the evaluation of
spacer regions ranging from 1 to 16 nt in length. The
position of the targeted cytosine within the spacer was
varied from position 1 to position 8 (C1 to C8) (Fig. 2b).
The DddA-C half was fused to the left TALE (left
TALE-DddA-C) coupled with the DddA-N half fused to
the right TALE (right TALE-DddA-N) or the opposite
way (left TALE-DddA-N and right TALE-DddA-C). We
tested the editing efficiencies of those TALE-DdCBEs
in N. benthamiana using the GUS®¥ reporter. In the
left TALE-DddA-C/right TALE-DddA-N architec-
ture, the highest efficiencies were achieved at cytosines
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Fig. 1 Establishment of TALE-DACBEs in N. benthamiana. a Schematic of the GUS®>*’ cytosine base editing reporter. The C-G-to-T-A (highlighted

in red) editing in GUS®*¥ can alter the glycine codon (GGA) to a glutamic acid codon (GAA) and restore GUS activity. TALE-binding sites are in gray
background, and the spacer region is in cyan background. b Left panel: schematic of TALE-DdCBEs containing different lengths of N- and C-terminal
domains. N288, 288 amino acids full-length N-terminus; N196, 196 amino acids length truncated from the N-terminal end; N135, 135 amino

acids length of truncated N-terminal end. C-terminal domains truncated from the C-terminal end: C247 has 247 amino acids, C96 has 96 amino
acids, C63 has 63 amino acids, C47 has 47 amino acids, C28 has 28 amino acids, and C17 has 17 amino acids. bpNLS, bipartite nuclear localization
sequence; UG, uracil glycosylase inhibitor. Right panel: C-G-to-T-A editing efficiencies of different TALE-DdCBE architectures (left TALE-DddA-C/right
TALE-DddA-N) in GUS.*¥. GUS activities were measured and normalized to 2x355:GUS (WT GUS, positive control). Values and error bars indicate

the mean+=SEM, n=4

positioned at C4, C5, or C6 across different spacer
sizes (Fig. 2c). For the left TALE-DddA-N/right
TALE-DddA-C architecture, the highest editing effi-
ciency was achieved at the targeted cytosine located at
C5 or C6 (Fig. 2d). When the targeted cytosines were
at positions C7 or C8, the editing efficiencies were
dramatically decreased using either left TALE-DddA-
C/right TALE-DddA-N or left TALE-DddA-N/right
TALE-DddA-C architectures. These results indicated

that TALE-DACBEs prefer the target cytosine to be
located at C5 or Cé6.

To further characterize the optimal spacer length for
TALE-DdCBEs, we analyzed their editing efficiencies
when targeting the cytosines located at C4, C5, or C6 in
different sizes of spacing regions. In both orientations,
the spacer lengths could be dramatically reduced, while
containing full or at least significant activity (Fig. 3a, b).
Even an extremely short spacer of only 4 nt in length
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Fig. 2 Editing windows of a pair of TALE-DACBEs. a Schematic of shifting the spacer region between a pair of TALE-DdCBEs and the position

of the target cytosine by using TALE arrays of different lengths. The binding sites of eight left TALEs and eight right TALEs are shown by arrows.

The targeted C-G base pair is in red. b Different spacer regions (from 1 to 16 nt) flanked by different left and right TALE combinations. The targeted
cytosine is in red and bold. ¢, d C-G-to-T-A editing efficiencies of TALE-DdCBEs using left TALE-DddA-C/right TALE-DddA-N architectures (c) or left
TALE-DddA-N/right TALE-DddA-C architectures (d) in the GUS®*3 reporter. GUS activities were measured and normalized to 2 x355:GUS (WT GUS,
positive control). Values and error bars indicate the mean + SEM, n=4, n.s. (not significant) using Student’s two-tailed unpaired t-test

allowed substantial editing of the C4 position (Fig. 3a).
Taken together, these findings reveal that when the
TALE-DddA-C half is binding to the DNA strand har-
boring the target cytosine and the TALE-DddA-N half
binding to the other strand, the optimal editing efficiency
is at C5 or C6 in a 9-nt spacer region.

DddA variants show high activities in plant cells
It has been reported that fusing a single-strand DNA-
binding domain from RADIATION SENSITIVE 51

(Rad51) to a cytosine base editor [26] or adenine base
editor [27, 28] could enhance the base editing capabil-
ity in mammalian cells and rice. We wondered if the
fusion of Rad51 could influence the editing efficiency
of TALE-DACBEs; therefore, we inserted the Rad51
domain before the DddA halves or before the TALE
N-terminal domain (Additional file 1: Fig. S2). GUS
reporter assays showed that by using the N196/C17 or
N196/C96 TALE architectures, the fusion of Rad51 did
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Fig. 3 Editing efficiencies of TALE-DdCBEs with different spacer lengths. a C-G-to-T-A editing efficiencies of the targeted cytosine at C4 or C5

in spacers of different lengths using left TALE-DddA-C/right TALE-DddA-N architectures in the GUS®** reporter. b C-G-to-T-A editing efficiencies

of the targeted cytosine at C5 or C6 in spacers of different lengths using left TALE-DddA-N/right TALE-DddA-C architectures in the GUS®* reporter.
GUS activities were measured and normalized to 2 x 355:GUS (WT GUS, positive control). Values and error bars indicate the mean+SEM, n=4

not increase but, in some combinations, even decreased
the editing efficiency of TALE-DdCBEs.

Recently, Mok et al. used phage-assisted continu-
ous evolution (PACE) to evolve the DddA protein and
isolated the variants DddA6 (Q1310R, S1330I, T1380I,
T1413I) and DddA11 (S1330L, A1341V, N1342S, E1370K,
T1380I, T1413I) with fourfold higher C+G-to-T+A edit-
ing efficiencies [17]. Moreover, DddA11 enabled editing
of CC, AC, and GC targets whereas the wild-type DddA
has a strict TC target preference. Hence, we replaced the
DddA-C/N halves with DddA6-C/N halves or DddA11-
C/N halves in our TALE base editors and tested them
using the GUS®® reporter. Furthermore, we combined
the point mutations of DddA6 and DddA11 and gener-
ated a new DddA variant named DddA611. GUS reporter
assays showed that the editing activities of DddAS®,
DddA1l, and DddA611 are dramatically increased in
comparison with WT DddA (Additional file 1: Fig. S3).
We would like to point out that the GUS assay is only an
approximation for the TALE-CBE activity. The GUS®>%”
reporter contains several cytosines in the spacer region
of which only one is the target for the glycine to glutamic
acid exchange that restores GUS activity. While this is
the only one in a TC context that is strongly preferred by
the wild-type DddA, we can not exclude that alternative
C-to-T transitions might compromise GUS activity.

To further characterize the targeting capabilities of
DddA, DddA6, and DddA11, we targeted the tobacco
gene (Nb-T1) and the rice genes (OsALS-T1, OsALS-T2,

and OsPDS) in protoplasts. Amplicon sequencing
showed that DddA achieved CeG-to-T+A editing effi-
ciency of approximately 2.4% of C10, while DddA6
yielded an editing efficiency of around 3.1% at the Nb-T1
locus (Fig. 4a). At the OsALS-T1 target site, both DddA
and DddA11 showed similar editing efficiency at C11 in
a TC context (Fig. 4b). For OsPDS and OsALS-T2, DddA
showed no editing efficiency within the spacer regions,
whereas DddA11 showed high editing efficiencies of
multiple cytosines in OsPDS (C3, C5, C7, C11) (Fig. 4c),
as well as in OsALS-T2 (C9, C10) (Fig. 4d). Notably,
DddA11 exhibited non-TC target editing activities of GC
(C11; 1.1%), CC (C9; 2.6%), and AC (C10; 2.5%) at these
two target sites. These results show that the three DddA
variants DddA6, DddA11, and DddA611 substantially
increase the CeG-to-T+A editing efficiency in plant cells
and DddA11 enables editing of non-TC targets.

Spontaneous assembly of the split DddA halves

TALE-DdCBE-mediated base editing in the mitochon-
dria can generate off-target editing, both in the mito-
chondria and nuclear chromosomes [29, 30]. It has been
reported that spontaneous assembly of DddA halves can
cause undesired editing in mammalian cells [31]. Here,
we profiled possible spontaneous assembly of DddA
halves in plant cells using the GUS%>% reporter. Two situ-
ations were analyzed. First, only one TALE array of the
TALE-DACBE pair binding to a given site (the GUS®>*”
reporter) while the other is not (unspecific TALE
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Fig. 4 Editing efficiencies of TALE-DACBEs in rice and N. benthamiana protoplasts. a—d C-G-to-T-A editing efficiencies of TALE-DACBEs were
determined by amplicon sequencing of target regions from N. benthamiana (a) and rice protoplasts (b—d). Targeted sequences are listed
above the panels. Values and error bars indicate the mean + SEM, n=3 independent experiments

domain), and, second, one TALE array of the TALE-
DACBE binding to the GUS®% reporter with the sec-
ond half of DAdA provided as an independent domain
(TALE-free) (Fig. 5a). GUS activities in N. benthamiana
showed that the two off-target scenarios show 55.7% (left
DddA6-N/TALE-free DddA6-C) and 75.6% (left DddA6-
N/unspecific TALE DddA6-C) activities, compared to
94% activity of the on-target situation (left DddA6-N/
right DddA6-C) (Fig. 5b). For DddA11, the off-target
scenarios showed editing efficiencies of 71% and 79%,
compared to 92% on-target activity (Fig. 5¢). These data
indicate that the spontaneous assembly of split DddA
halves is sufficient to trigger C+G-to-T+A editing at loci
where one TALE array is binding.

To avoid spontaneous assembly of split DddA halves,
a high-fidelity TALE-DdCBE was recently developed by
substituting amino acid residues at the interface between

the split DddA halves with alanine (K1389A or T1391A)
[31]. We wondered whether these high-fidelity TALE-
DdCBEs could prohibit the assembly of functional DddA
in the absence of properly placed TALE-DNA interaction
in plants. For this, the K1389A or T1391A mutation was
introduced into DddA6 (DddA6X3%°4/DddA6713*14) and
DddA11 (DAdA11¥13%94/DddA11T1314), The specifici-
ties of these high-fidelity DddA variants were analyzed
using the N. benthamiana GUS® reporter. Surpris-
ingly, DddA6X**¥4, DddA6™'*'4, DAdA11¥1%%4, and
DddA1™3%'A showed similar editing efficiencies com-
pared to DddA6 using the two off-target scenarios
(Fig. 5b, c). Together, these results indicate that unlike
those in the mitochondria [31], the high-fidelity DddA
mutants could not reduce the spontaneous assembly
of split DAdA halves as well as off-target editing in our
reporter assay in plant cells.
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TALE-binding sites are in gray background, and the spacer region is in cyan background. The targeted cytosine is located at C5 within the 9-nt
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TALE-DdCBE-mediated C-G-to-T-A conversion in plants

To demonstrate the efficiency of the TALE-DddAll
fusion in converting CeG-to-T+A in rice organelles,
we targeted the chloroplast gene OspsaA. We analyzed
three independent regenerated rice calli and found one
that contained three C+G pairs that were substituted to
TeA pairs in a 16-nt spacer region (Fig. 6a). Amplicon
deep sequencing revealed chimeric CeG-to-T+A con-
versions in callus #3 with C3, C4, C11, and C15 edited.
Specifically, C3, C4, C11, and C15 were found in a CC,
TC, GC, and TC sequence context, respectively, while the
other two calli showed nearly no editing. Moreover, we
found that one regenerated plant (T0-psa-1) showed a
light green coloring of the leaves and stem compared to

(See figure on next page.)

the wild-type plant. Sanger sequencing results indicated
nearly homoplasmic C+G-to-T+A editing of C3 and C4,
which generated a premature stop codon (TAA) from the
tryptophan codon (TGG) (Additional file 1: Fig. S4).

These results show that TALE-DACBEs can efficiently
target chloroplast genes.

Nuclear genome editing using TALE-DdCBEs in plants
has not been reported before. To investigate the nuclear
genome editing ability of TALE-DdCBEs, we designed a
pair of TALE-DddA11 fusion constructs targeting the N.
benthamiana acetolactate synthase gene NbSuRB. Sanger
sequencing results showed that five out of ten regener-
ated plant lines contained an edited C+G pair in the 12-nt
spacer region (Fig. 6b). Among the five edited lines, T0-3,

Fig. 6 Organellar and nuclear DNA editing by TALE-DdCBE. TALE-DdCBEs targeting the chloroplast genome in rice and the nuclear genome in N.
benthamiana. a A pair of TALE-DddA11 targeting the rice OspsaA chloroplast gene. TALE-binding sites are in gray background, and the spacer region
is in cyan background. Amplicon deep sequencing results from regenerated calli. Frequencies and edited patterns induced by TALE-DddAT11 are
shown. b A pair of TALE-DddA11 targeting the NbSuRB nuclear gene in tobacco. TALE-binding sites are in gray background, and the spacer region

is in cyan background. Sanger sequencing chromatograms of wild-type and regenerated TO plants are shown. Base conversions are indicated in red

and marked by red triangles. Bar=1cm
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a Left TALE-DdA11-N 1 34 11 15
OspsaA 5'-THGICATTTTCCATTTCACTTGGAAAATGCAGTCGCATGTTTGGGGTACTATAA

(chloroplast) 3'-ATCAGTAAAAGGTAAAGTCAACCTTTTACGTCAGCCTACAAACCCCATGATATT edited allele
Right TALE-DddA11-C reads

5'-TAGTCATTTTCCATTTCAGTTGGAAAATGCAGTCGGATGTTTGGGGTACTATAR  98.76 %
5'-TAGTCATTTTCCATTTCAGTTAAAAAATGTAGTCGGATGTTTGGGGTACTATAA 0.02 %

5"'-TAGTCATTTTCCATTTCAGTTGGAAAATGCAGTCGGATGTTTGGGGTACTATAA  98.57 %
5'-TAGTCATTTTCCATTTCAGTTGGAAAATGTAGTCGGATGTTTGGGGTACTATAA 0.04 %

5"-TAGTCATTTTCCATTTCAGTTAAAAAATGTAGTCGGATGTTTGGGGTACTATAA 78.0 %
5"'-TAGTCATTTTCCATTTCAGTTARAAAATGCAGTCGGATGTTTGGGGTACTATAA 15.2 %
Callus #3 |5'-TAGTCATTTTCCATTTCAGTTGGAAAATGCAGTCGGATGTTTGGGGTACTATAA 3.5%
5"-TAGTCATTTTCCATTTCAGTTAAAAAATGCAGTTGGATGTTTGGGGTACTATAA 1.8 %
5'-TAGTCATTTTCCATTTCAGTTAAAAAATGTAGTTGGATGTTTGGGGTACTATAA 0.3 %

Callus #1

Callus #2

b
Left TALE-DAdA11-N 1 67 12
NbSuRB 5 ' -TGICATGCTGEETCAGATIGGAACTTCCTCTTTAGGTTGGA

(nuclear) 3'-ACAGTACGACCCAGTCTAACCTTGAAGGAGARATCCAACET
Right TALE-DAdA11-C

O T

T0-3

wild-type

35" ~TGTCATGCTGGETCAGATTRGAACTTCCTCTTTAGGTTGA
3'-ACAGTACGACCCAGTCTAAYCTTGAAGGAGRAATCCAACCT T0-6 7 T0-7

0-65 ' ~TGTCATGCTGGGTCAGATTRGAACTTCCTCTTTAGGTTGGA
3! -ACAGTACGACCCAGTCTAAXCTTGAAGGAGAAATCCAACCT

5" -TGTCATGCTGGGTCAGATTRGAACTTCCTCTTTAGGTTGGA
3! -ACAGTACGACCCAGTCTAAXCTTGAAGGAGAAATCCAACCT

TO-7 T0-10

51 - TGTCATGCTGGGTCAGATTSGAACTTCCTCTTTAGGTTGGA
31 -ACAGTACGACCCAGTCTAASCTTGAAGGAGARATCCAACCT
A

T0-9

5" -TGTCATGCTCGGTCAGATTRRAACTICC TCTTTAGGTTGGA
3'-ACAGTACGACCCAGTCTAAY VTTGAAGGAGAAATCCAACCT
AA

T0-10

R=
Y=
S=

606
00>

Fig. 6 (Seelegend on previous page.)



Zhang et al. BMC Biology (2024) 22:99

T0-6, and TO-7 harbored heterozygous CeG-to-T<A
conversions at C6 (CC context), and T0-10 contained
heterozygous CeG-to-T+A conversions at both C6 (CC
context) and C7 (TC context). Instead of a C+G-to-T+A
conversion, line TO-9 contained a heterozygous CeG-
to-G+C mutation at C6. This byproduct might have been
caused by base excision repair. To determine whether
TALE-DddA11 can induce heritable CeG-to-T+A conver-
sion events, we randomly selected two or four individual
T1 seedlings from four different TO lines for genotyping.
Sanger sequencing results showed stable inheritance of
CeG-to-T+A (T0-6, T0-7, and T0O-10) or CeG-to-G+C
(T0-9) conversions in these T1 lines. Moreover, homoal-
lelic mutations caused by segregation were detected in
the T1 populations (Additional file 1: Table S1). To ana-
lyze potential off-target editing, we sequenced the top 5
predicted TALE-dependent off-target sites in three dif-
ferent TO lines (T0-3, T0O—6, and T0-10). No off-target
editing was detected in these plants (Additional file 1:
Table S2). Together, these results demonstrate that
DddA11 enables editing of non-TC targets, and TALE-
DddA1l can generate CeG-to-T+A editing in both the
chloroplast and the nuclear genome of plants.

Discussion

In this study, we further characterized TALE-DdCBE
architectures and applied them in plants. We determined
the optimal length of the spacer as well as the preferen-
tial position of the target cytosine. These results have
the potential to improve the precision and efficiency of
TALE-DdCBEs in plants. To streamline these experi-
ments, we developed a MoClo system to allow a variable
assembly of TALE-DdCBEs using Golden Gate Cloning
[32] and established a GUS reporter as a simple way to
quantify their C+G-to-T+A editing efficiencies in plant
cells.

Using this, we tested different architectures of N- and
C-terminal TALE domains. The N-terminal 152 amino
acids can be deleted from TALEs without abolishing their
function inside eukaryotic cells [33], and many biotech-
nological uses of TALEs, e.g., as TALEN, apply this trun-
cated N-terminal domain (N135). Deleting larger regions
interferes with the non-specific DNA-binding region in
the N-terminal domain [34]. On the other hand, a slightly
larger region (N196) was shown to confer enhanced
DNA-binding activity without residual transcriptional
activation activity [35, 36]. In contrast, the C-terminal
domain of TALEs does not contribute to DNA bind-
ing and can be truncated to short fragments (C17) [37].
Based on our GUS reporter results, we recommend the
use of N196 and C17 as N- and C-terminal combinations,
respectively, in TALE-DdCBE architectures to minimize
protein size without sacrificing activity.
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Defining the appropriate editing window is crucial
when employing TALE-DdCBEs, which corresponds to
the space length between the two TALE-binding sites and
the target cytosine position within this spacer. In mam-
malian cells, the TALE-DACBEs (G1397-split DddA)
preferentially edited TCs that were located approximately
4-7 (C4-C7) nucleotides upstream of the 3" end of spacer
regions ranging from 14 to 18 nt in mitochondrial DNA
[10] or 11 to 17 nt in nuclear targets [38]. TALE-DdCBEs
containing either WT DddA or DddA6/DddA11 showed
similar editing windows [17]. In our GUS reporter exper-
iments, we found that the orientations of G1397-split
DddA halves (the DddA-N and DddA-C halves fused
either to the left or right TALE, respectively) slightly
affected the editing window. The window ranged from
C3 to C6 or C4 to C7, dependent on the orientations. In
conclusion, we suggest targeting the C5 and C6 positions
upstream of the 3" end of the spacer region as the pre-
ferred choice.

Furthermore, we detected significant base editing
activity of TALE-DACBEs at spacer regions which are
significantly shorter than the originally anticipated 14 to
18 nt [10]. The GUS assay detected editing activity down
to a minimal spacer of 4 nt, but for optimal activity, a
spacer no shorter than 8 nt should be used. A 9-nt spacer
for target cytosines at position C5 or C6 appears to be
optimal.

TALE-DdCBEs containing WT DddA have a strong
preference for editing TC contexts [10] which limits pos-
sible targets of TALE-DACBEs in plant genome editing.
Consistent with previous studies in mammalian cells [17],
we show that the utilization of DddA variants (DddAS6,
DddA11l) enhances the TALE-DdCBEs editing activity
at TC targets also in plant cells. Furthermore, DddA11
enabled efficient editing of non-TC targets in plant
cells which significantly expands the targeting scope of
TALE-DACBEs. As a less restricted alternative, it was
recently reported that a DddA homolog from Simiaoa
sunii (Ddd_Ss) can efficiently deaminate cytosine at non-
TC targets [39]. It will be helpful to compare the editing
capabilities of DddA11 and Ddd_Ss in future studies of
TALE-DdCBEs in plants.

TALE-DdCBEs directed to the mitochondria have been
reported to result in off-target editing in the mitochon-
dria and the nucleus [29, 30]. The occurrence of off-target
editing on nuclear DNA suggests that a mitochondrial
targeting signal (MTS) is ineffective in preventing the
entry of TALE-DdCBEs into the nucleus of mammalian
cells. It has been proposed that the addition of a nuclear
export signal (NES) to TALE-DdCBEs could mitigate
off-target editing in the nuclear genome [15, 30]. Off-
target editing of TALE-DACBEs can be attributable to
two main factors: non-specific TALE-DNA interactions
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and spontaneous reassembly of the split DddA halves.
The former is dependent on TALE proteins and target
sequence selection, as some TALE binding sites may
share similar sequences in the genome. Meanwhile, the
latter represents a more pervasive issue. We analyzed
five predicted TALE-dependent off-target sites in three
independent TO plants and did not detect any off-target
editing. Nevertheless, in agreement with previous studies
in mammalian cells [30, 31], we show that the undesired
editing can be caused by spontaneous assembly of DddA
halves guided by one TALE array in our GUS**” reporter
studies in plant cells. DddA and its variants DddA6 and
DddA11 containing K1389A or T1391A point mutations
have been reported to restrict the spontaneous assem-
bly of DddA halves and limit off-target editing in human
mitochondrial DNA [31]. However, we found that these
variants did not show a significant decrease in unspe-
cific editing using our GUSS®* reporter. This conflicting
result might be due to experimental differences between
the mitochondrial DNA and our plant transient reporter
system. It is possible that the GUS reporter is more sensi-
tive and might, therefore, overestimate the actual editing
events.

In this study, we demonstrate that TALE-DdCBE con-
taining the DddA11 variant can efficiently target both the
chloroplast genome and the nuclear genome in plants.
Our studies show for the first time that it is possible to
obtain full plants carrying target edited sites. Hence, the
TALE-DdCBE system can be considered as an alterna-
tive to the CRISPR/Cas-CBE system for inducing C.G-
to-TeA conversions in the nuclear genome of plants.
Nevertheless, we identified only heterozygously edited
TO plants when targeting the nuclear genome. TALE-
DdCBEs, in contrast to nickase-Cas9 cytosine base edi-
tors, are unable to induce a nick in the non-deaminated
DNA strand. Accordingly, TALE-CBEs do not trigger the
activation of cellular repair mechanisms that selectively
replace the nicked strand and utilize the deaminated
strand as a template for repair. Recently, researchers teth-
ered a nickase to a TALE-deaminase. This TALE-nickase
base editor was shown to be highly active in mammalian
cells [40] and rice protoplasts [41]. Future studies will
show if an additional nickase can also enhance the edit-
ing rate of genomic sites in regenerated plants. The use
of CRISPR/Cas-based base editors has been successful
in accurately and effectively introducing single nucleo-
tide variants (SN'Vs) into the nuclear genome. However,
adapting this technology for editing DNA in organelles
such as mitochondria and plastids is not possible because
there are no established methods for delivering sgRNAs
to these organelles. However, TALE-DdCBEs, the pro-
tein-only genome editing systems can be used for orga-
nellar genome editing. Moreover, TALEs can be placed
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more flexibly than Cas nucleases because they do not
require the presence of a PAM sequence at a given dis-
tance to the target cytosine.

Conclusions

In summary, we refined the targeting scope of TALE-
DdCBEs and successfully applied them to target the chlo-
roplast and nuclear genomes. The nuclear mutations in
N. benthamiana were inherited by the next generation.
These protein-only base editing tools broaden the plant
genome editing toolbox and provide a valuable resource
for plant organellar and nuclear DNA editing.

Methods

Plasmid construction

The TALE-DACBE plasmids were generated using the
modular cloning (MoClo) syntax [32, 42, 43]. All the
components were subcloned into individual modules that
can be assembled using Golden Gate Cloning [44]. The
details of the cloning procedures are listed in Additional
file 1: Fig. S5. The plasmid modules used in this study are
listed in Additional file 1: Tables S3 and S4 and Supple-
mental Sequences.

Nicotiana benthamiana infiltration and GUS reporter assay
GUS reporter assays were performed as previously
described [9]. Briefly, Agrobacterium tumefaciens GV3101
strains containing a TALE-DdCBE construct and the GUS
reporter construct were mixed 1:1 with an ODg, of 0.8 and
inoculated into N. benthamiana leaves. After 2 to 3 days,
two leaf discs (diameter 0.8 cm) were harvested from the
inoculation spot. Leaf tissues were homogenized and incu-
bated with 4-methyl-umbelliferyl-B-p-glucuronide. GUS
activities were measured using a TECAN reader (360 nm
excitation and 465 nm emission). Proteins were quantified
by NanoDrop" One (Thermo Fisher Scientific).

Protoplast isolation and transformation

Rice cultivar Kitaake leaves were used to prepare proto-
plasts. Rice protoplast and N. benthamiana protoplast
isolation and transformation were performed as previ-
ously described [45, 46]; 10 pg plasmid DNA per con-
struct was introduced into protoplasts by PEG-mediated
transfection. The transfected protoplasts were incubated
at room temperature. After 48 h, the protoplasts were
collected and the genomic DNA extracted.

Plant transformation

Rice cultivar Kittake was used for A. tumefaciens-mediated
stable transformation, as previously described [47]. Briefly, A.
tumefaciens strains EHA105, containing left and right TALE-
DdCBEs, as well as a ygromycin resistance gene as a selec-
tion marker, were used to transform calli. The transformed
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calli were transferred to plates containing 50 mg/l hygro-
mycin for selection. Regenerated calli were then subjected
to genotyping. Stable transformation of N. benthamiana
was done as previously described [48]. Two A. tumefaciens
GV3101 strains, one containing left TALE-DddA11-N and
the hygromycin resistance gene as a selection marker, the
other containing right TALE-DddA11-C and the neomycin
phosphotransferase II resistance gene as a selection marker,
were mixed in a 1:1 ratio prior to transformation of leaf cuts.
The leaf explants were transferred to MS plates containing
25 mg/l hygromycin and 100 mg/l kanamycin for selection.
Regenerated shoots were genotyped.

DNA extraction and amplicon sequencing

We used the innuPREP Plant DNA Kit (Analytik Jena)
to extract plant genomic DNA. The targeted sequences
were amplified with specific primers (Additional file 1:
Table S5), and the amplicons were purified with the
GeneJET Gel Extraction Kit (Thermo Fisher Scientific)
then quantified using a Qubit" 1X dsDNA High Sen-
sitivity Kit (Thermo Fisher Scientific). Oligos used in
this study are listed in Additional file 1: Table S5. Equal
amounts of PCR products were pooled and sequenced
(GENEWIZ, AMPLICON-EZ). Amplicon deep sequenc-
ing was performed three times for each target location
using genomic DNA isolated from three different pro-
toplast transformation experiments. The target sites in
the sequenced reads were analyzed for mutations using
CRISPResso2 (Additional file 1: Table S6) [49].

Off-target site prediction

Off-target sites were predicted by the online tool TALE-
Noffer [50] with parameters set to a minimum and maxi-
mum distance of 4 and 20 between the TALEs. Based
on the off-target score, the top 5 predicted off-target
sites were selected as potential off-target sites (Addi-
tional file 1: Table S2). Site-specific primers were used to
amplify the potential off-target sites. The PCR products
were purified and Sanger sequenced.

Plant growth condition

Nicotiana benthamiana plants were grown in a green-
house with 16 h of light, a relative humidity of 40-60%,
and temperatures of 23 °C and 19 °C during day and
night, respectively. Four- to 6-week-old plants were used
for A. tumefaciens inoculation experiments.

Statistical analysis

All values are shown as means+SEM (standard error
of the mean). Statistical differences between the values
were tested using two-tailed unpaired Student’s ¢-tests by
GraphPad (Prism; www.graphpad.com).
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Abbreviations

TALE Transcription activator-like effector
TALE-DACBEs  TALE-derived DddA-based cytosine base editors
DddA Double-strand DNA cytidine deaminase

GUS -Glucuronidase

SNVs Single nucleotide variants
dsDNA Double-stranded DNA
sSDNA Single-stranded DNA
CBEs Cytosine base editors
ABEs Adenine base editors

UGl Uracil glycosylase inhibitor
MoClo Modular cloning

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/512915-024-01895-0.

Additional file 1. Fig. S1. Schematic of the GUS®*¥ cytosine base editing
reporter. Fig. S2. Editing efficiency of TALE-DACBEs with fusion of Rad51.
Fig. $3. DddA variants showed enhanced editing in the GUS®* reporter.
Fig. S4. TALE-DdCBE11- induced C-G-to-T-A editing in the rice chloroplast
genome. Fig. S5. Schematic illustration for assembling TALE-DdCBEs.
Table S1. Inheritance of mutations in T1 lines. Table S2. Analyzing
potential off-target editing of TALE-DACBE11 in TO N. benthamiana plants.
Table S3. Plasmids used in this study. Table S4. TALE binding sequences
and corresponding RVDs. Table S5. Oligos used in this study. Table S6.
Alignment of amplicon sequencing results. Supplemental Sequences.
Amino acid sequences of TALE-DdCBE architectures.

Acknowledgements
The authors want to thank Beate Meyer for technical assistance.

Authors’ contributions

D.Z.and J.B. designed the experiments. D.Z. and V.P. performed the experi-
ments. D.Z. analyzed the data. D.Z. and J.B. wrote the manuscript. All authors
read and approved the final manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL. This work was sup-
ported by a grant from the Deutsche Forschungsgemeinschaft (DFG; BO 1496/9-1).

Availability of data and materials
The amplicon sequencing data have been deposited in an NCBI BioProject
database: PRJINA950930 [51].

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 20 October 2023 Accepted: 18 April 2024
Published online: 29 April 2024

References

1. Gu S, Bodai Z, Cowan QT, Komor AC. Base editors: expanding the types
of DNA damage products harnessed for genome editing. Gene and
Genome Editing. 2021;1:100005.


http://www.graphpad.com
https://doi.org/10.1186/s12915-024-01895-0
https://doi.org/10.1186/s12915-024-01895-0

Zhang et al. BMC Biology

20.

21.

22.

23.
24.

25.

26.

27.

(2024) 22:99

Komor AC, Kim YB, Packer MS, Zuris JA, Liu DR. Programmable editing of
a target base in genomic DNA without double-stranded DNA cleavage.
Nature. 2016;533:420-4.

Nishida K, Arazoe T, Yachie N, Banno S, Kakimoto M, Tabata M, et al.
Targeted nucleotide editing using hybrid prokaryotic and vertebrate
adaptive immune systems. Science. 2016;353:8729.

Anzalone AV, Koblan LW, Liu DR. Genome editing with CRISPR-Cas nucleases,
base editors, transposases and prime editors. Nat Biotechnol. 2020;38:824-44.
Kurt IC, Zhou R, lyer S, Garcia SP, Miller BR, Langner LM, et al. CRISPR C-to-
G base editors for inducing targeted DNA transversions in human cells.
Nat Biotechnol. 2021,39:41-6.

Zhao D, Li J, Li S, Xin X, Hu M, Price MA, et al. Glycosylase base editors
enable C-to-A and C-to-G base changes. Nat Biotechnol. 2021;39:35-40.
Gaudelli NM, Komor AC, Rees HA, Packer MS, Badran AH, Bryson DI, et al.
Programmable base editing of A«T to G-C in genomic DNA without DNA
cleavage. Nature. 2017;551:464-71.

Urnov FD, Rebar EJ, Holmes MC, Zhang HS, Gregory PD. Genome editing
with engineered zinc finger nucleases. Nat Rev Genet. 2010;11:636-46.
Boch J, Scholze H, Schornack S, Landgraf A, Hahn S, Kay S, et al. Breaking
the code of DNA binding specificity of TAL-type Il effectors. Science.
2009;326:1509-12.

Mok BY, de Moraes MH, Zeng J, Bosch DE, Kotrys AV, Raguram A, et al. A
bacterial cytidine deaminase toxin enables CRISPR-free mitochondrial
base editing. Nature. 2020,583:631-7.

. Willis JCW, Silva-Pinheiro P, Widdup L, Minczuk M, Liu DR. Compact zinc

finger base editors that edit mitochondrial or nuclear DNA in vitro and

in vivo. Nat Commun. 2022;13:7204.

Sabharwal A, Kar B, Restrepo-Castillo S, Holmberg SR, Mathew ND, Kend-
all BL, et al. The FUSX TALE Base Editor (FUSXTBE) for rapid mitochondrial
DNA programming of human cells in vitro and zebrafish disease models
in vivo. CRISPR J. 2021,4:799-821.

Silva-Pinheiro P, Nash P, Van Haute L, Mutti CD, Turner K, Minczuk M.

In vivo mitochondrial base editing via adeno-associated viral delivery to
mouse post-mitotic tissue. Nat Commun. 2022;13:750.

Silva-Pinheiro P, Mutti CD, Van Haute L, Powell C, Nash P, Turner K, et al. A
library of base editors for the precise ablation of all protein-coding genes
in the mouse mitochondrial genome. Nat Biomed Eng. 2022;7:692-703.
Lee S, Lee H, Baek G, Namgung E, Park JM, Kim S, et al. Enhanced
mitochondrial DNA editing in mice using nuclear-exported TALE-linked
deaminases and nucleases. Genome Biol. 2022;23:211.

Mok YG, Lee JM, Chung E, Lee J, Lim K, Cho S+, et al. Base editing in human cells
with monomeric DAdA-TALE fusion deaminases. Nat Commun. 2022;13:4038.
Mok BY, Kotrys AV, Raguram A, Huang TP, Mootha VK, Liu DR. CRISPR-free
base editors with enhanced activity and expanded targeting scope in
mitochondrial and nuclear DNA. Nat Biotechnol. 2022;40:1378-87.
Nakazato I, Okuno M, Yamamoto H, Tamura Y, Itoh T, Shikanai T, et al.
Targeted base editing in the plastid genome of Arabidopsis thaliana. Nat
Plants. 2021;7:906-13.

Kang B-C, Bae S-J, Lee S, Lee JS, Kim A, Lee H, et al. Chloroplast and mito-
chondrial DNA editing in plants. Nat Plants. 2021;7:899-905.

Li R, Char SN, Liu B, Liu H, Li X, Yang B. High-efficiency plastome base edit-
ing in rice with TAL cytosine deaminase. Mol Plant. 2021;14:1412-4.
Nakazato I, Okuno M, Itoh T, Tsutsumi N, Arimura S. Characterization

and development of a plastid genome base editor, ptpTALECD. Plant J.
2023;115:1151-62.

Cho S+, Lee S, Mok YG, Lim K, Lee J, Lee JM, et al. Targeted A-to-G base
editing in human mitochondrial DNA with programmable deaminases.
Cell. 2022;185:1764-1776.e12.

Mok YG, Hong S, Bae S-J, Cho S-I, Kim J-S. Targeted A-to-G base editing of
chloroplast DNA in plants. Nat Plants. 2022;8:1378-84.

Islam MR, Tomatsu S, Shah GN, Grubb JH, Jain S, Sly WS. Active site resi-
dues of human B-glucuronidase. J Biol Chem. 1999,274:23451-5.

Zhang F, Cong L, Lodato S, Kosuri S, Church GM, Arlotta P. Efficient con-
struction of sequence-specific TAL effectors for modulating mammalian
transcription. Nat Biotechnol. 2011;29:149-53.

Zhang X, Chen L, Zhu B, Wang L, Chen C, Hong M, et al. Increasing the
efficiency and targeting range of cytidine base editors through fusion of a
single-stranded DNA-binding protein domain. Nat Cell Biol. 2020;22:740-50.
Tan J, Zeng D, Zhao Y, Wang Y, LiuT, Li S, et al. PhieABEs: a PAM-less/free
high-efficiency adenine base editor toolbox with wide target scope in
plants. Plant Biotechnol J. 2022;20:934-43.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47

48.

49.

50.

51.

Page 12 of 12

Xue N, Liu X, Zhang D, Wu Y, Zhong Y, Wang J, et al. Improving adenine
and dual base editors through introduction of TadA-8e and Rad51DBD.
Nat Commun. 2023;14:1224.

WeiY, Li Z, Xu K, Feng H, Xie L, Li D, et al. Mitochondrial base editor DdCBE
causes substantial DNA off-target editing in nuclear genome of embryos.
Cell Discov. 2022;8:1-4.

Lei Z, Meng H, Liu L, Zhao H, Rao X, Yan Y, et al. Mitochondrial base editor
induces substantial nuclear off-target mutations. Nature. 2022,606:804-11.
Lee S, Lee H, Baek G, Kim J-S. Precision mitochondrial DNA editing with
high-fidelity DddA-derived base editors. Nat Biotechnol. 2022;41:378-86.
Weber E, Engler C, Gruetzner R, Werner S, Marillonnet S. A modular clon-
ing system for standardized assembly of multigene constructs. PLoS ONE.
2011,6:216765.

Szurek B, Rossier O, Hause G, Bonas U. Type lll-dependent translocation of the
Xanthomonas AvrBs3 protein into the plant cell. Mol Microbiol. 2002;46:13-23.
Gao H, Wu X, Chai J, Han Z. Crystal structure of a TALE protein reveals an
extended N-terminal DNA binding region. Cell Res. 2012,22:1716-20.
SchreiberT, Sorgatz A, List F, Bltiher D, Thieme S, Wilmanns M, et al.
Refined requirements for protein regions important for activity of the
TALE AvrBs3. PLoS ONE. 2015;10:e0120214.

Schreiber T, Prange A, Hoppe T, Tissier A. Split-TALE: a TALE-based two-
component system for synthetic biology applications in planta. Plant
Physiol. 2019;179:1001-12.

Mussolino C, Alzubi J, Fine EJ, Morbitzer R, Cradick TJ, Lahaye T, et al.
TALENS facilitate targeted genome editing in human cells with high
specificity and low cytotoxicity. Nucleic Acids Res. 2014;42:6762-73.
Boyne A, Yang M, Pulicani S, Feola M, Tkach D, Hong R, et al. Efficient
multitool/multiplex gene engineering with TALE-BE. Frontiers Bioeng
Biotechnol. 2022;10:1033669.

Mi L, Shi M, Li Y-X, Xie G, Rao X, Wu D, et al. DddA homolog search and
engineering expand sequence compatibility of mitochondrial base edit-
ing. Nat Commun. 2023;14:874.

Yi Z, Zhang X, Tang W, Yu Y, Wei X, Zhang X, et al. Strand-selective base editing
of human mitochondrial DNA using mitoBEs. Nat Biotechnol. 2024;42:498-509.
Hu J, SunY, Li B, Liu Z, Wang Z, Gao Q, et al. Strand-preferred base editing
of organellar and nuclear genomes using CyDENT. Nat Biotechnol. 2023.
https://doi.org/10.1038/s41587-023-01910-9.

GeiBler R, Scholze H, Hahn'S, Streubel J, Bonas U, Behrens S-E, et al.
Transcriptional activators of human genes with programmable DNA-
specificity. PLoS ONE. 2011;6:219509.

Grutzner R, Marillonnet S. Generation of MoClo standard parts using
golden gate cloning. Methods Mol Biol. 2020;2205:107-23.

Engler C, Kandzia R, Marillonnet S. A one pot, one step, precision cloning
method with high throughput capability. PLoS ONE. 2008;3:3647.

Li J-F, Norville JE, Aach J, McCormack M, Zhang D, Bush J, et al. Multi-
plex and homologous recombination-mediated genome editing in
Arabidopsis and Nicotiana benthamiana using guide RNA and Cas9. Nat
Biotechnol. 2013;31:688-91.

Shan Q Wang, Li J, Gao C. Genome editing in rice and wheat using the
CRISPR/Cas system. Nat Protoc. 2014;9:2395-410.

Sallaud C, Meynard D, van Boxtel J, Gay C, Bés M, Brizard JP, et al. Highly
efficient production and characterization of T-DNA plants for rice (Oryza
sativa L) functional genomics. Theor Appl Genet. 2003;106:1396-408.
Ordon J, Espenhahn H, Kretschmer C, Stuttmann J. Stable transformation
of Nicotiana benthamiana. Protocols io. 2019;30:10.

Clement K, Rees H, Canver MC, Gehrke JM, Farouni R, Hsu JY, et al. CRIS-
PResso2 provides accurate and rapid genome editing sequence analysis.
Nat Biotechnol. 2019;37:224-6.

Grau J, Boch J, Posch S. TALENoffer: genome-wide TALEN off-target
prediction. Bioinformatics (Oxford Print). 2013;29:2931-2.

TALE-DdCBEs editing in rice and N. benthamiana. NCBI BioProject acces-
sion PRINA950930. 2023 https://www.ncbi.nlm.nih.gov/bioproject/PRINA
950930.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1038/s41587-023-01910-9
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA950930
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA950930

	Targeted C•G-to-T•A base editing with TALE-cytosine deaminases in plants
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Results
	Architecture to optimize TALE-DdCBEs editing activity
	Characterization of the TALE-DdCBE editing window
	DddA variants show high activities in plant cells
	Spontaneous assembly of the split DddA halves
	TALE-DdCBE-mediated C•G-to-T•A conversion in plants

	Discussion
	Conclusions
	Methods
	Plasmid construction
	Nicotiana benthamiana infiltration and GUS reporter assay
	Protoplast isolation and transformation
	Plant transformation
	DNA extraction and amplicon sequencing
	Off-target site prediction
	Plant growth condition
	Statistical analysis

	Acknowledgements
	References


