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The CRISPR–Cas9 system has been widely applied for genome 
engineering1,2. In brief, a single guide (sg)RNA-guided Cas9 
nuclease generates chromosomal double-strand breaks 

(DSBs), which can have both blunt and staggered ends due to flex-
ible cleavage by the RuvC domain3. These DSBs are mainly repaired 
by nonhomologous end joining (NHEJ), which results in frequent 
short insertions and deletions (indels)4–7. However, the heterogene-
ity of these small indels makes it technically challenging to target 
small functional regulatory elements and domains, such as cis-acting 
elements, micro (mi)RNAs and their binding sites, and genomic 
regions encoding protein domains, which are promising targets 
for gene function studies, gene therapy and crop improvement8–12. 
Several strategies are available for generating targeted larger dele-
tions, but all have drawbacks, such as limited scope and unpredict-
ability of the deletions produced13–18. In particular, the paired guide 
RNA strategy requires two appropriately spaced and active sgRNAs, 
which limits its scope, and often generates long deletions outside the 
desired target13–15. The I-TevI:Cas9 fusion cleaves the target DNA 
strands and generates ~33- to 36-bp deletions; these are thus rela-
tively constant in length but they are hard to produce because they 
require two different recognition sites (NGG protospacer adjacent 
motif (PAM) and CNNNG motif) at a specific distance from each 
other16. Exonucleases such as Trex2 and T5 tend to excise one or 
more nucleotides randomly on either side of the Cas9-mediated 
DSB, leading to a series of unpredictable deletions17,18. The recently 
developed prime editor uses an engineered Cas9 nickase–reverse 
transcriptase fusion protein paired with an engineered prime edit-
ing guide (peg)RNA to produce desired deletions, insertions and 
nucleotide substitutions19, but its efficiency in plants needs to be 
improved, especially in the case of low-efficiency targets20. Thus, 
new strategies are required to generate predictable multi-nucleotide 
deletions over the whole genome for precision editing.

Cytosine base editors, consisting of a cytidine deaminase fused 
with a Cas9 nickase (nCas9) and the uracil glycosylase inhibitor, have 
been used to achieve C-to-T substitutions in many organisms2,21.  

When an sgRNA pairs with the target DNA strand, the nontar-
get DNA strand is left as a single-stranded bubble, and this helps 
the cytidine deaminase to catalyze C-to-U base substitutions21,22. 
In the base excision repair (BER) pathway, uracil DNA gluco-
sidase (UDG) recognizes U•G mismatches, excises uracil gen-
erated in genomic DNA and creates an abasic site that leads to 
nicking of the deaminated strand by apurinic or apyrimidinic site  
lyase (AP lyase)21,23.

Based on the mechanism of cytidine deamination and BER, we 
developed AFIDs that produce predictable multi-nucleotide-targeted 
deletions within the protospacer (Fig. 1a). In these systems, 
APOBEC, UDG and AP lyase excise the deaminated C in the 
active window and produce a single-nucleotide gap in the deami-
nated strand, and Cas9 cuts both strands, resulting in a predictable 
single-strand deletion extending from the deaminated C to the Cas9 
cleavage site (Fig. 1a). After that, unwinding of the sgRNA and the 
target strand exposes incompatible 5′-overhanging ends; these are 
then resected to blunt ends by the Artemis-like nuclease and joined 
by the DNA ligase complex4,24, generating a double-strand deletion 
extending from the deaminated C to the DSB (Fig. 1a).

Results
Design and development of AFID systems. In a previous study of 
base editing in plants, human APOBEC3A (A3A) exhibited higher 
deaminase activity than APOBEC1 (ref. 25), which was initially con-
sidered for this work. With the endogenous BER system in mind, 
we first fused A3A to the N-terminus of Streptococcus pyogenes 
Cas9 (Cas9) without and with Escherichia coli UDG fused to the 
C-terminus of Cas9, generating AFID-1 and AFID-2, respectively 
(Fig. 1b). To further increase the efficiency of AP site removal,  
E. coli AP lyase was fused with AFID-2 using the ribosomal skip-
ping peptide (P2A), to produce AFID-3 (Fig. 1b).

We first measured the indel and base-editing activities of the 
three AFID systems in rice and wheat protoplasts using amplicon 
deep sequencing, with Cas9 as a control. Eight target sites were 
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selected—three in rice genes (OsAAT, OsNRT1.1B and OsCDC48) 
and five in wheat genes (TaF3H, TaGASR6, TaMYB10, TaPMK and 
TaVRN1)—and sgRNAs were designed for each (see Supplementary 
Table 1). The AFID systems, especially AFID-3, had significantly 
higher deletion efficiencies at these targets than Cas9 (P = 0.0019–
0.0344) and produced far fewer insertions (Fig. 1c,d). AFID-3 gave 
the highest deletion rates (4.1–33.1%), 1.4- to 14.6-fold higher than 
those created by Cas9, 1.2- to 3.3-fold higher than AFID-1 and up to 
1.6-fold higher than AFID-2 (Fig. 1c). It is interesting that AFID-3 
greatly increased the rates of those deletions that were inefficiently 
generated by Cas9, such as those at the TaF3H and TaPMK targets 
(Fig. 1c,d). We also found that AFID-1 produced a small number of 

C-to-T conversions at all eight targets with frequencies of 0.4–5.5%, 
whereas such base substitutions were at the background level for 
AFID-2 and AFID-3 (Fig. 1e). Evidently, the presence of UDG is 
essential for obtaining an efficient AFID system, and AP lyase also 
tends to bias editing events toward deletions.

AFIDs induce predictable deletions in protoplasts. We then com-
pared the genetic changes induced by Cas9 and AFIDs 1–3 at the 
tested targets. Consistent with previous reports6,12, the Cas9-induced 
changes were mainly 1-bp insertions or ~1- to 3-bp deletions, 
together with a few random deletions of >3 bp (Fig. 2a,b and 
Supplementary Figs. 1 and 2). In contrast, the deletions induced by 
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Fig. 1 | Characterization of the AFID system. a, Schematic representation of the AFID system. APOBEC deaminase converts cytidine to uridine on the 
nontarget strand and UDG then excises uracil from the uridine to generate an AP site, which is removed by AP lyase; Cas9 cuts both strands to  
form a DSB, leading via the NHEJ repair pathway to ‘predictable’ deletions extending from the deaminated C to the DSB. b, Structures of AFIDs 1–3.  
c,d, Comparison of deletion rates (c) and insertion rates (d) produced by Cas9 and AFIDs 1–3 at targets in rice and wheat protoplasts. Significant 
differences between Cas9 and AFIDs were tested using two-tailed Student’s t-tests. e, Comparison of base-editing activities produced by Cas9 and AFIDs 
1–3 at targets in rice and wheat protoplasts. Frequencies (mean ± s.e.m.) are based on three biologically independent experiments (n = 3) in c–e.
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AFID-1 were larger (mostly >3 bp), but it occasionally introduced 
some undesired C-to-T substitutions (Fig. 2a,b and Supplementary 
Figs. 1 and 2). As expected, the proportion of predictable deletions 
generated by the various editors at the eight target sites increased 
from Cas9 (average 6.1%) to AFID-1 (average 17.8%) to AFID-2 
(average 31.9%), and finally to AFID-3 (average 32.7%) (Fig. 2a,b  

and Supplementary Figs. 1 and 2). Evidently, deletion length 
depends strongly on the position of the 5′-deaminated C and its 
susceptibility to deamination, for instance, the C-to-T conversion 
activity of A3A–PBE at C10 (61.5%) was higher than at C2 (15.2%) 
at the OsNRT1.1B target; correspondingly, the most frequent dele-
tions induced by AFID-3 extended from C10 to the DSB (41.5%) 
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rather than from C2 to the DSB (Fig. 2a,b and Supplementary  
Figs. 1–3). In addition, we used AFID-3 to target four miRNA 
genes (TamiR160, TamiR319, TamiR396 and TamiR444a) and three 
cis-acting elements (the G-box of TaVRN1-B1 and the TALE- and 
NAC-binding elements of TaPDS-A1), with Cas9 as the control. 
AFID-3 generated a larger number of longer deletions (~3–17 bp), 
including predictable deletions, than Cas9, and these deletions were 
more effective in preventing the formation of pre-miRNAs and dis-
rupting cis-acting elements12 (see Supplementary Fig. 4). In sum-
mary, AFID-3 yielded many more predicted deletions of >3 bp in 
length at all 15 target sites including 4 miRNA genes and 3 cis-acting 
elements (average 30.8%, highest 54.5% at the TaF3H target) than 
Cas9, average 4.8% (Fig. 2c and Supplementary Figs. 1, 2 and 4).

It is interesting that we found that, compared with the AFID-
3-generated, predictable deletion types, a considerable percent-
age of the other deletion types induced by AFID-3 harbored 1-bp 
insertions that were identical to the nucleotide adjacent to either 
the 3′-Cas9-cleavage site (average 8.4%) or the 5′-deaminated site 
(average 15.7%), or at both sites (average 2.6%) (see Supplementary 
Fig. 5a). We reasoned that the former occurred mainly because 
of flexible cleavage by the RuvC domain and its sliding one base 
upstream (distal to the PAM), followed by filling in of the resulting 
sticky end by DNA polymerase6,15,26,27, whereas the 1-bp templated 
cytidylate insertions at 5′-deaminated sites were possibly due to 
competitive filling in by DNA polymerase, using the incompletely 
resected overhanging strand as a template4,15 (see Supplementary 
Fig. 5b).

AFID-3-induced deletions recovered in regenerated plants. To  
see whether AFID-3 could induce predictable multi-nucleotide- 
targeted deletions in regenerated wheat and rice plants, we 
selected two sites (TamiR396 and TaGASR6) in wheat, using  
particle bombardment, and two (OsCDC48-T2 and OsSPL14) in 
rice, using Agrobacterium-mediated transformation. In regenerated 
wheat plants, we obtained three predictable deletion mutants of 
TamiR396 that prevented the formation of pre-miRNA and mature 
miRNA12, at a frequency of 37.5% (Fig. 2d and Supplementary  
Fig. 6). Similarly, in rice plants AFID-3 generated predictable dele-
tion mutants at frequencies of up to 55.8%, far surpassing the fre-
quencies for Cas9 (Fig. 2d and Supplementary Fig. 7). Thus, AFID-3 
can indeed induce predictable, targeted deletions in plants.

Multi-nucleotide deletions for blight resistance in rice. Rice 
OsSWEET14 is induced by the transcription activator-like (TAL) 
effectors AvrXa7 and PthXo3 of Xanthomonas oryzae pv. oryzae 
(Xoo) to facilitate infection28. AvrXa7 and PthXo3 have similar 
effector-binding elements, which overlap with the TATA box in the 
promoter of OsSWEET14 (Fig. 2e). We attempted to create predict-
able multi-nucleotide-targeted deletions using AFID-3, with Cas9 
as a control. As expected, most of the Cas9-induced mutants were 
~1- to 3-bp deletions, whereas >80% of the AFID-3-generated 
mutants were long deletions (>3 bp), with the proportion of pre-
dicted mutants reaching 22.2% (Fig. 2d). Subsequently, we assessed 
the bacterial blight resistance of these mutants, and found that the 
predictable deletion mutants had significantly smaller blight lesions 
than the mutants with ~1- to 2-bp indels (P = 0.0027) (Fig. 2e). 
Thus, the predictable multi-nucleotide-targeted deletions generated 
by AFID-3 outside the TATA box in the effector-binding element 
conferred enhanced resistance to bacterial blight without affecting 
plant growth29,30.

Truncated APOBEC3B for uniform AFID deletions. Consistent 
with the wide deamination window of A3A25, the AFID-3-induced 
predictable deletions varied in length (Fig. 2a,b and Supplementary 
Figs. 1–3). We found that A3Bctd displayed not only a higher 
base-editing efficiency but also a narrower window than other 

APOBEC deaminases, including APOBEC1 (refs. 22,31), A3A25, eA3A32  
and A3B33,34 (Fig. 3a). To engineer AFIDs producing more uniform  
products, we therefore replaced A3A in AFID-3 with A3Bctd,  
generating the enhanced AFID-3 system (eAFID-3) (Fig. 3b).  
We found that eAFID-3 had higher overall deletion activity (average  
17.2%) than Cas9 (average 6.4%) and AFID-3 (average 10.9%)  
(Fig. 3c), and generated a higher proportion of predictable deletions 
(average 32.6%) than AFID-3 (average 24.6%) and Cas9 (average  
4.0%) over all tested target sites (Fig. 3d,e and Supplementary  
Figs. 8 and 9).

More importantly, when we compared the proportions of pre-
dictable deletion types extending from AC, TC, CC and GC motifs, 
the proportion of eAFID-3-generated, predictable deletions ini-
tiated from TC was on average 2.6-fold (maximum 5.4-fold for 
OsCDC48-T2) higher than in the case of AFID-3 (Fig. 3f), indicat-
ing that A3Bctd endowed eAFID-3 with an enhanced preference for 
TC motifs over AC, CC and GC motifs. On average, 71.3% of the 
predictable deletions generated by eAFID-3 over the eight tested 
target sites extended from the preferred TC motif to the DSB, com-
pared with 46.8% for AFID-3 (Fig. 3g).

Given the promising characteristics of eAFID-3, we attempted 
to use it to obtain predictable in-frame, multi-nucleotide tar-
get deletions at two miRNA-binding sites in rice protoplasts. The 
eAFID-3-generated substantial numbers of predicable in-frame 
deletions at the miR156-binding site of OsIPA1 (OsIPA1-miRT, 
15.7%) and the miR396h-binding site of OsGRF1 (OsGRF1-miRT, 
30.2%), far higher than AFID-3 (7.0% at OsIPA1-miRT and 19.2% 
at OsGRF1-miRT) and Cas9 (none at either site). Such dele-
tions might prevent the corresponding miRNAs from binding 
to the coding regions of positive regulator genes, and might thus 
improve plant growth and development by reducing transcription 
inhibition10,35 (Fig. 3h,i and Supplementary Fig. 9). These findings 
underscore the usefulness of the AFID systems for manipulating  
regulatory DNAs.

Discussion
In the present study, we systematically combined Cas9, A3A/A3Bctd, 
UDG and AP lyase to create deletion systems (AFIDs) that generate 
predictable, multi-nucleotide-targeted deletions within the proto-
spacer. In most cases, Cas9 nuclease creates blunt-end cuts, which 
can be efficiently ligated without any change by Ku-XRCC4-ligase 
IV in the NHEJ pathway, which limits its editing efficiency4,16. 
However, the presence of the additional deaminase, UDG and 
AP lyase can induce the AFID to generate noncompatible DNA 
ends at target sites; these help to avoid unproductive DNA repair  
and bias more of the editing events toward deletion mutagenesis 
(Fig. 1a,c,d). We have also shown that endogenous UDG activity 
is insufficient to remove all the generated uracils, so that it is very  
necessary to introduce an exogenous UDG from E. coli, humans, 
and so on, and overexpress it with Cas9. In contrast, overexpres-
sion of AP lyase increases deletion efficiency only to a limited extent 
(Fig. 1c), indicating that the endogenous AP lyase activity in rice 
and wheat cells is more or less adequate, and the more limited com-
bination of APOBECs, Cas9 and UDG is also a good alternative 
when limited by carrier capacity.

Differing from predicting Cas9-induced outcomes using the 
machine-learning models including inDelphi36, FORECasT37 and 
SPROUT38, AFID-induced outcomes can be predicted from the 
composition of the protospacer sequences in a more intuitive way, 
because they are strongly determined by the deamination activ-
ity and window of the loading deaminase. In this situation, the 
high deamination efficiency is the primary factor generating the 
5′-deaminated C bases and subsequent single-nucleotide gaps for 
the final products, and the narrow deamination window depen-
dent on base preference ensures the uniformity of the predictable 
products.
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After screening the deamination activity of different cytosine 
deaminases in protoplasts, we finally selected A3A and A3Bctd 
as the most promising deaminases for AFID constructions in the 
present study. As the wide deamination window of A3A, AFID-3 
produced a variety of predictable deletions extending from the 
5′-deaminated C to the Cas9 cleavage site; when using A3Bctd 
with enhanced TC preference to replace A3A, eAFID-3 generated 
larger numbers of predictable and uniform products from the pre-
ferred TC motif to the Cas9-generated DSB. Therefore, given the 
excellent performance of eAFID-3, we should be able to further 
modify A3Bctd in eAFID-3 using structure-guided, directed evolu-
tion approaches34,39, to obtain variants with adequate activities and 
unique preferences for AC, CC, GC or TC motifs.

Many small regulatory elements, including miRNAs, miRNA- 
binding sites and cis-acting elements, comprise only about 
~5–24 nucleotides; hence AFID-induced predictable deletions 
are superior to the mutants induced by current tools such as Cas9 
(short indels), dual-Cas9 (>30-bp deletions), TevCas9 (33- to 36-bp 
deletions), Trex2-Cas9 and T5exo-Cas9 (random and unpredictable 
deletions)13–18, for disrupting these regulatory elements and remov-
ing domains of a given gene in-frame, as well as for high-throughput 
screening of regulatory elements and domains; they might even 
be used to facilitate protein evolution40. Thus, AFIDs promise 
to provide robust deletion tools for basic research and genetic 
improvement.
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Methods
Plasmid construction. To construct vectors for the AFID systems, the E. coli 
UDG, AP lyase and A3Bctd deaminase sequences were obtained from the National 
Center for Biotechnology Information (NCBI) (GenBank ID: AMB53293.1, 
WP_115209270.1 and NM_004900.5, respectively), codon optimized for cereal 
plants and synthesized commercially (Genewiz). Cereal codon-optimized A3A 
deaminase sequence25 was fused to the N-terminus of Cas9 with the XTEN linker 
in AFID-1, and codon-optimized UDG was fused to the C-terminus of AFID-1 
by a 21-bp linker in AFID-2. The codon-optimized AP lyase was co-expressing 
with AFID-2 using P2A in AFID-3. In addition, A3A of AFID-3 was replaced by 
the A3Bctd deaminase sequence for constructing eAFID-3. All fusion protein 
sequences were cloned into the pJIT163 backbone for PEG-mediated protoplast 
transformation, and particle bombardment of immature wheat embryos. To 
construct the binary vector for Agrobacterium-mediated rice transformation, 
AFID-3 and the sgRNA expression cassettes were integrated into the pHUE411 
backbone41 using a ClonExpressII One Step Cloning Kit (Vazyme). The coding 
sequences of all AFID constructs are listed in Supplementary sequences. 
The constructs pOsU3-sgRNA and pTaU6-sgRNA were made as previously 
described42,43, and all the sgRNA target sites and oligonucleotide sequences used 
in this work are listed in Supplementary Table 1 and were synthesized by Beijing 
Genomics Institute.

PEG-mediated protoplast transformation. We used the winter wheat variety 
Kenong199 and the Japonica rice variety Zhonghua11 to prepare protoplasts. 
Protoplast isolation and transformation were performed as described42,43. Cas9, 
PBE, A3A–PBE, eA3A–PBE, A3B–PBE, A3Bctd–PBE, AFID-1, AFID-2, AFID-3 
and eAFID-3 were co-transformed into protoplasts with sgRNA vectors (1:1), and 
three biologically independent experiments were performed for each target site. 
Transformed protoplasts were incubated at 26 °C for 48 h, and then collected for 
extraction of genomic DNA.

DNA extraction and PCR amplification. Genomic DNA was extracted from 
protoplasts using the cetrimonium bromide method. The genomic region flanking 
the sgRNA target site was amplified with TransStart FastPfu DNA polymerase 
(TransGen Biotech) using site-specific primers (see Supplementary Table 2) in the 
first-round PCR. In the second round, the amplicons were amplified using nested 
PCR primers with different barcodes (see Supplementary Table 2). The amplicons 
were then fractionated by 2% agarose gel electrophoresis and purified with an 
AxyPrep DNA Gel Extraction kit (Axygen Biosciences) for library construction.

DNA library construction and amplicon deep sequencing. The amplicons were 
quantified with a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific), 
and equal amounts (50 ng per sample) were pooled as separate libraries. The DNA 
libraries were constructed using a Second Generation Sequencing Rapid DNA 
Library kit (Illumina), and sequenced using an Illumina NovaSeq 6000 platform 
(Novogene). The sgRNA target sites in the sequenced reads were examined to 
analyze mutations type and rates. Analyses of base-editing processivity and indels 
were performed as previously described22.

Biolistic transformation of immature wheat embryo cells. Plasmids AFID-3  
and pTaU6-sgRNA were simultaneously delivered into immature embryos 
of Kenong199 via particle bombardment, as previously described43. After 
bombardment, the embryos were cultured on medium without a selective agent to 
regenerate plantlets.

Agrobacterium-mediated transformation of rice callus cells. The binary vectors 
pH-Cas9 and pH-AFID-3 were transformed into A. tumefaciens strain AGL1 by 
electroporation. Callus cells of Zhonghua11 were used for Agrobacterium-mediated 
transformation, with hygromycin selection of transgenic plants42,44.

Mutant identification by PCR-RE and Sanger sequencing. PCR-RE assays and 
Sanger sequencing were used to identify rice and wheat mutants with indels in 
target regions, as described previously42,43.

Inoculation of rice and evaluation of bacterial blight resistance. All rice mutants 
were grown under 13-h light (28 °C):11-h dark (26 °C) conditions in a plant growth 
chamber. The TAL-free PH strains harboring the TAL effector AvaXa7 were grown 
in PS medium at 28 °C overnight, washed and resuspended to in sterile distilled 
water with an absorbance at 600 nm of 0.5 for inoculation. Leaves of 8-week-old, 
rice-regenerated plants were cut with scissors, and dipped in the bacterial 
suspensions. Lesion lengths were recorded at 13-d post-inoculation.

Statistical analysis. All numerical values are presented as mean ± s.e.m. Significant 
differences between controls and treatments were evaluated using two-tailed 
Student’s t-tests.

Reporting summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
NGS data have been deposited in the NCBI Sequence Read Archive database 
(accession no. PRJNA630559). Two plasmids encoding AFID-3 and eAFID-3 
in the present study will be available through Addgene. All data supporting the 
findings of the present study are available in the article and its supplementary 
figures and tables, or from the corresponding author on request. For sequence 
data, OsAAT (LOC_Os01g55540), OsACC (LOC_Os05g22940), OsCDC48 
(LOC_Os03g05730), OsEV (LOC_Os02g11010), OsNRT1.1B (LOC_Os10g40600), 
OsSPL14/OsIPA1 (LOC_Os08g39890) and OsSWEET14 (LOC_Os11g31190) 
are from Rice Genome Annotation Project (http://rice.plantbiology.msu.edu); 
TaMYB10 (AB191458.1, AB191459.1, AB191460.1) and TaVRN1 (AY747603.1, 
AY747604.1, AY747605.1) are from the NCBI (https://www.ncbi.nlm.nih.gov); 
TaF3H (TraesCS2A02G493500, TraesCS2B02G521500, TraesCS2D02G493400), 
TaGASR6 (TraesCS1A02G270100, TraesCS1D02G270100), TaPDS 
(TraesCS4A02G004900, TraesCS4B02G300100, TraesCS4D02G299000) and 
TaPMK (TraesCS5A02G449000, TraesCS5B02G453800, TraesCS5D02G455500) 
are from the International Wheat Genome Sequencing Consortium (https://
urgi.versailles.inra.fr); and tae-Pri-miR160, tae-Pri-miR319, tae-Pri-miR396 and 
tae-Pri-miR444a are from miRBase (http://www.mirbase.org).
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