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Prime editing1, a ‘search-and-replace’ CRISPR-based genome 
editing technique, which has great potential in gene therapy2,3 
and agriculture4,5, can introduce desired base conversions, 

deletions, insertions and combination edits into target genomic 
sites. Prime editing systems consist of a fusion of Moloney murine 
leukemia virus reverse transcriptase (MMLV-RT) with the nCas9 
(H840A) nickase and a pegRNA that contains a spacer sequence, a 
primer binding site (PBS) sequence and an RT template sequence1. 
The RT template sequence encodes the desired edits to be reverse 
transcribed into DNA and inserted into the target site1. This tech-
nology has been successfully applied in animals6,7 and plants8–11. 
Off-target effects are one of the major factors affecting the applica-
tion of CRISPR-based genome editing tools and are composed of 
two types: single guide RNA (sgRNA) dependent and sgRNA inde-
pendent12–15. These effects result from similarities between on-target 
and off-target sequences and over-expression of functional elements 
in the CRISPR-based tools, respectively.

Previous work has suggested that PEs have higher sgRNA- 
dependent specificity than CRISPR-based knockout systems 
owing to the three distinct DNA complementarities required1: 
target DNA-pegRNA spacer, target DNA-pegRNA PBS and tar-
get DNA-RT template. However, the pegRNA-dependent and 
pegRNA-independent off-target effects of PEs have not been 
comprehensively evaluated1. Using previously developed plant 
PEs8 with optimized codon usage and promoters for plant appli-
cations, we performed a comprehensive and genome-wide analy-
sis of pegRNA-dependent and pegRNA-independent off-target 
effects by targeted deep sequencing and whole-genome sequenc-
ing (WGS) in rice protoplast and regenerated rice plants. We 
found that the PE system produced pegRNA-dependent off-target 
effects but not pegRNA-independent ones. An additional four 
reverse transcription-associated analyses also revealed that PEs 
do not affect the endogenous reverse transcription mechanisms 
of plant cells.

Results
PE2 tolerance to mismatches in pegRNA. We tested the tolerance 
of prime editing to mismatches in the spacer and PBS sequence 
of pegRNA in rice protoplasts by deep amplicon sequencing. We 
first selected two previously reported sites8, OsCDC48-T1 and 
OsGAPDH (Fig. 1a), and measured on- and off-editing efficien-
cies after co-transfecting mismatched pegRNAs paired with 5 μg 
of PE plasmid DNA (a saturating concentration) (Supplementary 
Fig. 1 and Table 1). We found that mismatches located in seed 
sequence regions (near the protospacer adjacent motif (PAM)) of 
the spacer greatly decreased the efficiency of prime editing (Fig. 1a). 
These results were similar to the previously published findings in 
Cas9-based knockout and base editing systems16–21. In the case of 
PBS mismatch tolerance, we found that prime editing efficiency was 
decreased by mismatches near the nicking site of nCas9 (H840A) 
(Fig. 1b). This was probably due to the absence of genomic DNA-PBS 
pairing, which would lead in failure to initiate reverse transcrip-
tion. To make the results more generalizable, we measured the 
on- and off-target editing efficiencies of prime editing with 29 addi-
tional mismatched pegRNAs at seven target sites. These pegRNAs 
harbored single mismatches at different locations in the PBS and 
spacer sequences (Fig. 1c-i). Only two of the eight pegRNAs with 
mismatches at the 5′ terminus of the PBS sequence (distal to the 
nick site) affected editing efficiencies (PBSMM01 and PBSMM02 
in Fig. 1c–f). In contrast, all of the 14 pegRNAs with nick-adjacent 
mismatches in the PBS or spacer sequence greatly reduced prime 
editing (PBSMM03 and sgMM in Fig. 1c–i). Meanwhile, all seven 
pegRNAs with mismatches in both PBS and spacer failed almost 
completely to induce any edits (illustrated as sgPBSMM in Fig. 1c-i).

Using Cas-OFFinder22, we identified 8 endogenous sites with 
one or two mismatches to the spacers for 12 pegRNAs and 8,428 
endogenous sites with three, four or five mismatches to these spac-
ers (Supplementary Table 2). There are two on-target sites for the 
OsCDC48-T1-pegRNA located at chromosomes 3 and 10. The same 
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Fig. 1 | effect of mismatched pegRNa on prime editing in rice protoplasts. a, b, Activities of PEs paired with on-target pegRNA or mismatched pegRNA 
at the target sites OsCDC48-T1 and OsGAPDH-T1 in rice protoplasts. Mismatches in the spacer region (a) and PBS sequence (b) were tested. c–i, Activities 
of PEs paired with on-target pegRNA or one base-mismatched pegRNA at seven target sites in rice protoplasts. Mismatched nucleotides are shown in red. 
The endogenous on-target sequences are shown in black. PAM sequences are shown in bold. Frequencies (means ± s.e.m.) were calculated from three 
independent experiments (n = 3) in a–i.
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pegRNA can not only install (+1−6 CTCCGG del) edit at the target in 
chromosome 3 (On-target site 1) but also install (+1−7 CTCAGGG 
del & + T ins) (a combined edit) at the target in chromosome 10 
(On-target site 2) (Supplementary Table 2). All 8 sites with one or 
two mismatches, as well as 171 endogenous sites with three, four 
or five mismatches, were amplified and sequenced from protoplasts 
treated with PE2 constructs (Fig. 2 and Supplementary Table 3). 
Deep sequencing revealed that the PEs induced low levels of editing 
(0.00~0.02%) at the 8 off-target sites with one or two mismatches 
(Fig. 2a–h). Editing efficiencies at the 171 off-target sites with three, 
four or five mismatches were extremely low (0.00~0.23%) (Fig. 2i). 
Only 3 of the 179 endogenous off-target sites showed significantly 
higher off-target editing efficiencies than the untreated control. 
Furthermore, these three off-target editing efficiencies remained 
extremely low (Supplementary Fig. 2 and Supplementary Table 4). 
These results are consistent with our finding that the presence of 
two or more PAM-adjacent spacer mismatches or nick-adjacent 
PBS mismatches markedly reduces prime editing efficiency.

Genome-wide analysis of pegRNA-dependent off-target effects. 
To investigate whether overexpression of PEs could induce unde-
sired edits at the genome-wide level, we evaluated their off-target 
effects in rice by WGS. We used five plant PE constructs8—namely 
OsALS-PE3, OsCDC48-PE2, OsCDC48-PE3, OsGAPDH-PE3 
and OsLDMAR-PE3—targeting the corresponding rice genes 
(Fig. 3a and Supplementary Table 5). We delivered these PE 
constructs with pegRNA expression cassettes into rice calli via 
Agrobacterium-mediated transformation (Fig. 3b) and obtained 21 
regenerated T0 heterozygous plants with the desired edits, includ-
ing three independent plants with accompanying byproducts 
(Supplementary Table 6). The genotypes of these plants were con-
firmed by polymerase chain reaction (PCR) and Sanger sequencing 
(Supplementary Fig. 3). These 21 mutant plants were named the PE 
group (Fig. 3b). Eight regenerated plants that had been transformed 
with PE vectors without pegRNA expression cassettes were named 
the PE−pegRNA group (Fig. 3b). In addition, eight plants transformed 
with a vector expressing only nCas9 (H840A) nickase were used 
as negative controls and were named the control group (Fig. 3b), 
whereas five plants (the BE3 group) treated with pH-CBE (a plant 
codon-optimized version of BE3) vector, which has been reported 
to induce genome-wide C-to-T off-target edits12,23, served as posi-
tive controls (Fig. 3b). All groups were analyzed by WGS. Thirteen 
wild-type (WT) plants with the same genetic background were 
also sequenced to filter background mutations (Fig. 3b). All the 
plants were sequenced at 50× depth, and, for most of the samples, 
the mapping ratio (%) of qualified reads exceeded 99.5%, and 95% 
of the genome was covered by at least 20 non-redundant mapped 
reads (Supplementary Table 7). Three variant callers—GATK24, 
LoFreq25 and Strelka226—were used to call single-nucleotide vari-
ants (SNVs) (Supplementary Fig. 4 and Supplementary Table 8), 
and two, GATK27 and Strelka226, were used to call insertions/dele-
tions (indels) (Supplementary Fig. 5 and Supplementary Table 9).

The quality of our variant calling results was confirmed by the 
fact that all the desired on-target mutations in the 21 edited plants 
were detected by WGS analysis (Supplementary Table 10). To fur-
ther check the quality of the calling results, 25 identified variants 
were randomly selected from the intersection of three variant callers 
for Sanger sequencing, and all but one of these variants were con-
firmed (Supplementary Figs. 6 and 7 and Supplementary Table 11). 
We also assessed the accuracy of the datasets identified by one and 
two, but not all three, of the variant callers. A total of 63 SNVs and 
17 indels were randomly selected for Sanger sequencing, and only 
14.3% of the SNVs and 47.1% of the indels not in the intersection 
of the variant callers were verified (Supplementary Fig. 8). Hence, 
for the pegRNA-independent off-target analysis, we used the inter-
section of these calls as true variants to reduce false positives. For 

detecting pegRNA-dependent off-target effects, false-positive vari-
ants can be filtered by the mutation type and by failure to match the 
RT template. Hence, both the intersection and union of these calls 
were used for pegRNA-dependent off-target analysis.

We employed Cas-OFFinder22 to predict off-target sites (up 
to five mismatches) in the reference genome and identified 475 
potential off-target sites for the five pegRNAs and 1,458 for the 
four nicking sgRNAs (Fig. 3c,d and Supplementary Table 2). Only 
two mutations were detected at these sites for the five pegRNAs 
in the union of these calls, and no mutation was detected in the 
intersection of these calls (Fig. 3d). We checked these two muta-
tions by Integrative Genomics Viewer28 and found that they were 
background mutations with no relation to the RT template sequence 
and were not located in the RT template region (Supplementary Fig. 
9). We found only one on-target non-homologous end joining indel 
(OsCDC48-PE3-T0–3) (Supplementary Fig. 3c,10) but no mutation 
at 1,458 off-target sites identified by Cas-OFFinder (Supplementary 
Table 12).

We also envisioned that a different type of off-target event 
might be induced by pairing between genomic DNA and the PBS 
and RT template sequences of the pegRNA, which is independent 
of the spacer sequence. We predicted such pegRNA PBS-RT tem-
plate sequence-like off-target sites using at least five continuous 
base pairs and BLAST with default parameters between the PBS-RT 
template sequence and off-target sites. Using the two strategies, we 
identified 21,703 and 67 potential sites, respectively. We did not 
detect any off-target events at all PBS-RT template sequence-like 
off-target sites, whereas all on-target events were identified (Fig. 2i 
and Supplementary Tables 13 and 14).

Analysis of genome-wide pegRNA-independent off-target 
effects. We also investigated the pegRNA-independent off-target 
effects of PEs using WGS data. We first focused on the ensemble 
of SNVs that could be identified by WGS analysis across the PE, 
BE3 and control groups (Fig. 4a). As expected12,23, significantly 
more SNVs were identified in the BE3 group than the control group 
(averages of 547 and 370, respectively; P = 0.0031**), whereas the 
number of SNVs in the PE group was not significantly different 
from that in the control group (averages of 380 and 370, respec-
tively; P = 0.8424) (Fig. 4a). In addition, total SNVs in the PE groups 
with and without pegRNAs were not different from the number in 
the control group (Fig. 4b). When we analyzed the mutation types 
of these SNVs, the PE group contained similar mutation types as the 
control group, whereas those in the BE3 group were mainly C-to-T 
(G-to-A) transitions (average proportion, 44.3%), a significantly 
higher proportion than in the control group (P = 0.0016**) (Fig. 4c 
and Supplementary Fig. 11), in agreement with our previous find-
ings12,23. The number of C-to-T SNVs in the PE group did not differ 
significantly from that in the control group (averages of 105 and 
103, respectively; P = 0.8352), whereas the number in the BE3 group 
was significantly higher than in the control group (averages of 240 
and 103, respectively; P = 0.0016**) (Fig. 4d). Also, the numbers of 
C-to-T SNVs in the PE−pegRNA group and the plants prime edited by 
the various pegRNAs were also similar to the numbers in the con-
trol group (Fig. 4e). All these results agree in demonstrating that the 
PE system does not induce genome-wide off-target SNV changes 
in plants.

We also investigated whether PEs induce off-target indels (Fig. 4f).  
To this end, we compared the number of genome-wide indels in 
the PE, BE3 and control groups (Fig. 4f). The three groups had a 
similar number of indels (PE, BE3 and control: averages of 142, 159 
and 162, respectively; P = 0.7378 and 0.7545) (Fig. 4f). Numbers 
of indels in the PE groups with and without pegRNA were also 
similar to the control group (Fig. 4g). The PE and BE3 groups  
also contained the same ratio of insertions to deletions as the con-
trol group (Fig. 4h and Supplementary Fig. 12). Because BE3 was  
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previously shown to preferentially induce off-target edits in tran-
scribed regions, in which single-stranded DNA is exposed23,29, we 
tested whether prime editing tended to generate undesired edits 
in highly transcribed regions; C-to-T variant analysis confirmed 
this expectation (Fig. 4i–n). We also performed an analysis of the 
enrichment of the total number of SNVs and indels. This showed 
that SNVs in genic and highly transcribed regions were enriched 
only in the BE3 group (Fig. 4i–n). Collectively, these results show 
that the PE system does not induce detectable genome-wide 
pegRNA-independent off-target edits in plants.

Because the level of Cas9 protein has been shown to influence 
the off-target activity of CRISPR editing16,17, we used western blot-
ting to assess six regenerated PE plants and five control BE3 plants 
for protein expression levels. In the BE3 group, it appears that the 
protein levels are correlated with the numbers of C-to-T SNVs 
(Supplementary Fig. 13a). In contrast, there was no obvious correla-
tion between protein expression level and number of detected SNVs 
or indels in the PE plants (Supplementary Fig. 13b), even though PE 
protein levels differed considerably (Supplementary Fig. 13b). This 
result further supports the conclusion that prime editing does not 
produce genome-wide off-target effects in plant cells.

Reverse transcription-associated off-target effects. Because 
MMLV-RT is a core element of the PE system, it was unclear whether 
overexpressing MMLV-RT could interfere with natural reverse tran-
scription mechanisms in the cell. We evaluated the activities of ret-
rotransposons and telomerase in PE plants (Fig. 5a–d). To obtain 
more convincing results, we included previously published samples 
to expand the sample size of the analysis12,23. OsTos17 is an exten-
sively studied retrotransposon in rice and has been shown to be acti-
vated during tissue culture30,31. There are four copies of OsTos17 in 
the genome of rice variety Zhonghua11 used in this study. First, all 
the raw reads were mapped into the OsTos17 gene sequence with the 
BWA-mem program32. Then, mapped reads containing the 5′ and 3′ 
terminal sequences of OsTos17 were re-mapped into the reference  

genome to identify their points of insertion in the genome, and 
their copy numbers were calculated. The AGL1 group, in which the 
plants went through the transformation process but with no inte-
grated foreign DNA, was used as positive control (Fig. 5a). All the 
PE, BE3, control and AGL1 groups contained increased numbers 
of OsTos17 copies (average increase, 1.3, 1.1, 0.8 and 1.2, respec-
tively) compared to the WT group (average increase, 0.4) (Fig. 5a), 
confirming that OsTos17 is activated in the tissue culture process. 
However, the average number of increased OsTos17 copies in the 
PE group was similar to those in the BE3 and AGL1 groups (Fig. 
5a), and the pattern of OsTos17 distribution was not changed in the 
PE plants in comparison to the plants in the AGL1 group (0.73 and 
0.79, respectively) (Supplementary Fig. 14). We further analyzed the 
fidelity of reverse transcription of OsTos17 by comparing the error 
rates in the OsTos17 region in the different groups (Supplementary 
Fig. 15). Although error frequencies were extremely low, they were 
similar in the PE and AGL1 groups (Supplementary Fig. 15). These 
results suggested that the activity of OsTos17 was unaffected by 
ectopic expression of MMLV-RT (Fig. 5a).

We also examined whether the telomerase-mediated process 
was affected by expressing MMLV-RT. The telomere repeats (TRs) 
and their variants (Methods) were used as telomere region mark-
ers33, and reads with at least five or at least ten TRs were marked as 
telomere reads. As expected, the telomere reads were found to be 
enriched at both ends of rice chromosomes (Fig. 5b), confirming the 
accuracy of the telomere analysis. The numbers of at least five telo-
mere reads (363.2, 317.7, 326.5, 319.8 and 336.4, respectively) or ten 
telomere reads (269.2, 249.3, 257.0, 247.6 and 266.8, respectively) 
per million raw reads for each plant were calculated (Fig. 5c,d) and 
revealed that all four groups (PE, BE3, WT and control) had similar 
average numbers of telomere reads compared to the AGL1 group. 
We also estimated the error rates in telomeric regions for each plant 
by comparing numbers of TR variants (Supplementary Fig. 16). 
As expected, the PE group showed a similar number of telomere 
variants as the AGL1 group (Supplementary Fig. 16). These results  
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suggested that the activity of telomerase was also unaffected by 
ectopic expression of the MMLV-RT.

The MMLV-RT is derived from the RNA virus Moloney 
murine leukemia virus34,35; this retrovirus reverse transcribes its 
RNA genome sequence into DNA for integration into the host 
genome34,35. We envisioned that over-expression of the RT might 
increase the risk of random reverse transcription of messenger 
RNAs (mRNAs) and insertion of the resulting products into the 
rice genome. We checked for such possible off-target effects of PEs 
by analyzing pegRNA and mRNA insertions. For the mRNA inte-
gration analysis, we determined whether MMLV-RT could reverse 
transcribe highly transcribed mRNAs and integrate their corres-
ponding sequences into the plant genome. Because the nCas9  
and HPT (hygromycin B phosphotransferase used for selection) 

transgene transcripts were driven by constitutive promoters (the 
maize ubiquitin-1 promoter and a 2× 35S promoter, respectively)27,36 
(Fig. 3a), we compared the ratios of mapped reads of these two cod-
ing regions with those for the whole transfer DNA (T-DNA) region 
in the PE and control groups (Fig. 5e and Supplementary Fig. 17)  
and found no significant enrichment for the nCas9 and HPT 
sequences (P = 0.1049 and 0.4418, respectively) (Fig. 5e). For the 
pegRNA integration analysis, raw reads for each plant were mapped 
to the various pegRNA sequences (Supplementary Sequences) with 
the BWA-mem algorithm32, and any successful hits were mapped to 
the reference genome (Fig. 5f). Only one pegRNA insertion event 
was identified in the 21 prime edited plants analyzed (Fig. 5g), and 
that event could have been due to duplication of the RT template 
inserted at the target sites (Supplementary Fig. 3).
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Discussion
Rice (Oryza sativa L., 2n = 2x = 24) has a relatively small genome 
(~0.4 Gb) in comparison with the mouse (2.5 Gb) and humans 
(2.9 Gb)23. Hence, more rice individuals can be sequenced at 
the same cost. In addition, rice is self-pollinated, which reduces 
the genetic heterogeneity of the progeny of a given population. 
Moreover, edited plants can be regenerated from calluses derived 
from a single plant. Therefore, the problem of population hetero-
geneity is easier to overcome in regenerated rice plants when using 
WGS. All these factors combined make rice an ideal model organ-
ism for assessing the specificity of genome editing tools in higher 
eukaryotic cells.

In this study, we used rice to evaluate off-target effects and to 
provide genome-wide insight into the specificity of PEs. WGS-based 
specificity assessment in edited plants provides an efficient method for 
comprehensive evaluation of off-target effects in vivo. Nevertheless, 
WGS of individuals is not as sensitive as other in vitro or cell-level 
methods (Supplementary Table 15), such as Digenome-seq20 and 
Guide-seq37, for detecting pegRNA-dependent off-target effects. 
For this reason, we used mismatch pegRNA analysis and examina-
tion of endogenous off-target effects in rice protoplasts to comple-
ment and support our WGS analyses (Figs. 1 and 2). We found that 
plant PEs showed tolerance to single mismatch in the 5′ terminal 
regions of spacer sequences and to multiple mismatches in the 5′ 
termini of PBSs, and PEs did not induce detectable genome-wide 
pegRNA-independent off-target SNVs and small indels.

It is conceivable that ectopically expressed MMLV-RT might 
interfere with endogenous reverse transcription mechanisms in 

plant cells or lead to various RT-mediated insertion events34,35. 
However, we observed that numbers of copies of the OsTos17  
retrotransposon and of telomere reads were not affected by PEs. It 
is also possible that MMLV might interact with abundant cellular 
RNA sequences. It has been previously reported that prime editing 
did not markedly alter the transcriptome at the whole-cell level1. 
In this study, we examined the possibility of reverse transcription 
of abundant RNAs (that is, mRNAs and pegRNAs) and subsequent 
insertion of their complementary DNAs into the rice genome, but 
no such events were detected, further indicating that the MMLV-RT 
in PEs does not have non-specific effects in plant cells.

In summary, our data reveal that PEs do not induce detectable 
pegRNA-independent off-target edits in plants. However, they do 
generate pegRNA-dependent off-target edits, and the frequency 
of these might be reduced by engineering the pegRNA and/or 
Cas9 (refs. 38,39) or designing pegRNAs with reduced numbers of 
off-target sites40–43.
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Methods
Plasmid construction. The pegRNA constructs were made as reported previously8 
by amplifying the spacer-scaffold-RT-PBS fragment by one-step PCR and 
cloning it into OsU3-sgRNA vectors using a ClonExpress II One Step Cloning 
Kit (Vazyme Biotech). The binary vectors were used for Agrobacterium-mediated 
transformation. The PE and BE3 plant expression vectors used were pH-CBE12 
and pH-nCas9-PPE8. To construct the pH-nCas9 (H840A) vector for the control 
group, the M-MLV sequence of pH-nCas9-PPE was removed using a ClonExpress 
II Cloning Kit. The PE3 constructs were made as reported previously8. To construct 
PE2, the pegRNA expression cassette was integrated into Hind III-digested 
pH-nCas9-PPE by ClonExpress II One Step Cloning. PCR was performed using 
TransStart FastPfu DNA Polymerase (TransGen Biotech). The primers used in this 
study were synthesized by the Beijing Genomics Institute (Supplementary Data 1).

PEG-mediated transformation of rice protoplasts. Zhonghua11 (a Japonica rice 
variety) was used for protoplast isolation and transformation. Transformation of 
isolated rice protoplasts was described previously44; plasmids were introduced by 
PEG-mediated transfection. The mean transformation efficiency was 28–45%. 
Transfected protoplasts were incubated at 26 °C for 48 h. After incubation, genomic 
DNA was extracted with a DNAquick Plant System (Tiangen Biotech) and used for 
deep amplicon sequencing. The transformation efficiencies are normally arranged 
from 30% to 50% as analyzed by flow cytometry8,23,44,45. For each transformation, 
about 5 × 105 edited cells are sequenced45.

Agrobacterium-mediated transformation of rice callus cells. DNA of binary 
vector plasmids (plasmids with cis-acting T-DNA border sequences and 
trans-acting virulence function (vir) genes in two separate replicons) was 
introduced into the Agrobacterium tumefaciens strain AGL1 by electroporation 
(1 μg per transformation). Agrobacterium-mediated transformation of callus cells 
of Zhonghua11 was performed as reported previously44,46. Hygromycin (50 μg ml−1) 
was used to select transgenic plants.

Flow cytometry analysis. An FACSAria III (BD Biosciences) was used for flow 
cytometry as previously reported45. Rice protoplasts were transfected with pegRNA 
expression plasmids, fluorophore expression plasmids and PE expression plasmids. 
The percentage of green fluorescent protein-positive cells was calculated for each 
sample. Gating of all samples can be found in Supplementary Data 2.

DNA extraction. A leaf was removed from each plant (10 × 5 mm) after 4–5 weeks 
of regeneration, and genomic DNA was extracted with a DNAquick Plant System 
(Tiangen Biotech). The extracted genomic DNA was quantified with a NanoDrop 
2000 spectrophotometer (Thermo Fisher Scientific).

Deep sequencing. Target regions were amplified from protoplast genomic DNA 
with site-specific primers using nested PCR. Forward and reverse barcodes 
for library construction were added to the ends of the PCR products in the 
second-round PCR. Equal amounts of PCR product were pooled and sequenced 
commercially (Novogene) using the NovaSeq platform, and the pegRNA target 
sites in the sequenced reads were examined for desired edits and indels. Amplicon 
sequencing was repeated three times for each target site using genomic DNA 
extracted from three independent protoplast samples. Prime editing processivity 
and indels were analyzed as previously described8.

Prediction of pegRNA spacer-like off-target edits. PegRNA spacer-like off-target 
sites were predicted with an offline version of Cas-OFFinder22. The high-quality 
Zhonghua11 genome was used as reference genome23. The maximum mismatch 
was set at five.

Prediction of pegRNA PBS-RT template-like off-target edits. We assessed the 
specificity of pegRNA PBS-RT template-like based on sequence alignment by two 
strategies. The first strategy was based on BLAST (v2.2.25). The PBS-RT sequences 
(Supplementary Sequences) were aligned with the reference genome using BLAST 
(v2.2.25) with the default parameters. For the second strategy, we randomly 
selected five continuous base pairs in PBS-RT sequence to simulate as ‘PBS seed 
sequence’ and compared the 5-nt flanking of the sequence at the variants identified 
by WGS. If the PBS seed sequence was identical to either side of the flank sequence, 
and the variation and the other side of the flank sequence could also match the 5-nt 
RT template sequence, it would be treated as a PBS-RT-dependent off-target event.

Sanger sequencing. PCR and Sanger sequencing was used to verify on-target 
mutations, pegRNA-dependent off-target mutations, and mutants identified by 
WGS analysis. National Center for Biotechnology Information (NCBI) primer 
blast was used to design specific primers (https://www.ncbi.nlm.nih.gov/tools/
primer-blast/). Target sequences were amplified with 2× Rapid Taq Master Mix 
(Vazyme Biotech), and amplicons were purified with an EasyPure PCR Purification 
Kit (TransGen Biotech) and sequenced by the Beijing Genomics Institute.

WGS and variant calling. A total of 55 plants, including 13 WT, 8 control, 5 BE3, 
8 PE-sgRNA and 21 PE plants with pegRNA-induced mutations, were used to 

analyze genome-wide variants. They were sequenced using a NovaSeq platform 
(Novogene). An average of 22 Gb of data (~50×) was generated per plant. Raw 
reads were processed with BIGpre (v2.0.2)47 and mapped to the Zhonghua11 
assembly with BWA-mem (v0.7.15)32. Picard (v1.119) (https://github.com/
broadinstitute/picard) was used to mark duplicated reads, which were then 
realigned by the RealignerTargetCreator and IndelRealigner modules in GATK 
(v3.8.1)24. Three variant callers—GATK (v4.1.6.0)24, LoFreq (v2.1.2)25 and Strelka2 
(v2.9.10)26—were used to call the variants with default parameters. To obtain the 
possible variants more extensively and accurately, we used the HaplotypeCaller 
module to integrate candidate variants of all individuals but not the previous 
population-based UnifiedGenotyper module24. We uploaded more notes 
about this method to https://github.com/ReiGao/GWSBE/blob/master/Script/
globCallUseGATK.pl. Genomic regions with depth >100 or <20, and genomic 
regions overlapping with background variants from the WT plants, were excluded. 
Indels with ≥30% alternate (ALT) allele frequencies were used for further analysis. 
The intersections of the three programs (GATK/LoFreq/Strelka2) were considered 
high-confidence SNVs, whereas the intersections of two programs (GATK/
Strelka2) were considered high-confidence indels. A simple binomial probability 
calculation showed that only mutations occurring at frequencies >5.9% would 
be detected with >95% probability at a WGS coverage of 50×. We checked our 
WGS results and found only one indel variant occurring at a frequency <5.9% 
(Supplementary Table 16); this variant was filtered out and did not show up in our 
high-confidence indels when ‘Indels with ≥30% ALT allele frequencies’ were used 
in further analysis.

RNA-seq data analysis. Leaves of WT plants were used for RNA extraction and 
RNA sequencing (RNA-seq) library construction. After sequencing by NovaSeq, 
the raw reads were processed with BIGpre (v2.0.2) and mapped to the Zhonghua 
11 assembly using HISAT2 (v2.0.4)48. Samtools was used to sort the SAM format 
alignment results and output base resolution depth information. Genes for which 
>10% of the exonic regions were covered by at least 100 RNA-seq reads were 
considered to be highly transcribed genes.

Identification of Tos17 insertion events. The sequence of OsTos17 (NCBI 
accession numbers AP005292 and AE017097) was used to locate the positions 
of OsTos17 insertions in the Zhonghua11 genome using BLAST (v2.2.25), and 
the results showed that the Zhonghua11 genome has four copies of OsTos17 
(chr1:19,357,676–19,361,790, chr2:985,831–989,945, chr7:28,258,047–28,262,161 
and chr10:15,748,265–15,752,468). Paired-end raw reads of WGS data were mapped 
to the OsTos17 sequence using BWA-mem (v0.7.15), and the overhanging reads 
(reads partially mapped to the terminal end of OsTos17 or unmapped paired reads 
with one read completely mapped to OsTos17) were mapped to the genome using 
BLASTN. Events with at least four overhanging reads mapped within 500-bp 
genomic regions were taken as OsTos17 insertion events. Insertions into all four 
copies of OsTos17 in the reference genome could be detected in all samples with this 
pipeline. The error rates of OsTos17 were analyzed by Samtools ‘stats’ command.

Detection of telomere reads. The TRs (TTTAGGG) and their variants 
(ATTAGGG, CTTAGGG, GTTAGGG, TATAGGG, TTCAGGG and TTGAGGG) 
were taken as rice telomere markers. For the Zhonghua11 genome, the sequence 
of each chromosome was divided into overlapping 150-nt ‘reads’ (window size = 
150 nt; step size = 10 nt), and numbers of TRs and their variants were counted for 
each ‘read’ and positionally plotted across the chromosome. For raw reads of each 
sample, the numbers of telomere reads (with ≥5 or ≥10 TRs) were counted per 
million raw reads.

Analysis of pegRNA insertion. Raw reads of each plant were mapped to the 
pegRNA sequence using BWA-mem (v0.7.15). Then, the mapped reads were 
mapped onto the reference genome to identify their insertion points using BLAST 
(v2.2.25).

Analysis of mRNA integration. The T-DNA sequences between the left border 
and right border in all PE vectors and control vectors include nCas9 and HPT 
expression cassettes (Fig. 1a). These expression cassettes are driven by two 
constitutive promoters: maize ubiquitin-1 and 2× 35S, respectively. The ratios of 
reads mapped to these two coding regions to reads in the whole T-DNA region 
were compared in the control and PE groups.

Protein extraction and immunoblotting. Rice tissue and protoplasts were 
thoroughly ground in liquid nitrogen, and total protein was extracted as 
previously described49. Immunoblotting was performed by standard procedures. 
Antibodies used were as follows: anti-plant actin (ABclonal, cat. no. AC009, 
1:2,000 dilution), anti-Cas9 (Millipore, cat. no. MAC133, 1:2,000 dilution) and 
peroxidase-conjugated goat anti-mouse IgG secondary antibody (Sigma-Aldrich, 
cat. no. A4416, 1:10,000 dilution).

T-A cloning and sequencing. The extracted rice genomic DNA was PCR amplified 
and purified. Then, the purified PCR products were ligated into pEASY-Blunt 
vector (TransGen Biotech) by T4 DNA ligase. Next, the recombinant plasmid 
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DNA was transformed into Escherichia coli-competent cells and cultivated in 
ampicillin-resistant LB medium (100 μg ml−1) at 37 °C for 16 h. The monoclonal 
colonies were selected and sequencing to confirm their genotype. Ampicillin 
(100 μg ml−1) was added into the LB medium.

Statistical analysis. All numerical values are presented as means ± s.d. Significant 
differences between controls and treatments were tested using the two-sided 
Mann–Whitney test. P < 0.05 was considered statistically significant, and P < 0.01 
was considered statistically extremely significant.

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

Data availability
All data supporting the findings of this study are available in the article and 
supplementary figures and tables or are available from the corresponding author 
upon reasonable request. For sequence data, rice LOC_Os identifiers (http://
rice.plantbiology.msu.edu/) are as follows: LOC_Os03g54790 (OsALS), LOC_
Os03g05730 (OsCDC48), LOC_Os08g03290 (OsGAPDH), LOC_Os01g55540 
(OsAAT), LOC_Os05g22940 (OsACC), LOC_Os09g26999 (OsDEP1), 
LOC_Os06g04280 (OsEPSPS), LOC_Os08g39890 (OsIPA1), LOC_Os08g03290 
(OsGAPDH) and LOC_Os03g08570 (OsPDS). The NCBI GenBank identifiers are 
AP005292 and AE017097 (OsTos17). The deep sequencing and genome sequencing 
data have been deposited in two NCBI BioProject databases (accession codes 
PRJNA702625 and PRJNA636219). Source data are provided with this paper.
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