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Prime editing (PE) applications are limited by low editing effi-
ciency. Here we show that designing prime binding sites with 
a melting temperature of 30 °C leads to optimal performance 
in rice and that using two prime editing guide (peg) RNAs in 
trans encoding the same edits substantially enhances PE effi-
ciency. Together, these approaches boost PE efficiency from 
2.9-fold to 17.4-fold. Optimal pegRNAs or pegRNA pairs can 
be designed with our web application, PlantPegDesigner.

Introducing desired mutations into plant genomes could pro-
vide considerable economic benefits for agriculture1,2. The newly 
developed prime editors can generate all types of base conversions 
and also small insertions and deletions3–13. PE uses CRISPR–Cas9 
nickase (H840A)-reverse transcriptase (RT) fusion proteins pro-
grammed with pegRNAs that also contain a prime binding site 
(PBS) sequence and an RT template. The PBS sequence hybridizes 
with the 3′ end of the protospacer adjacent motif (PAM)-containing 
strand and is nicked by the PE–pegRNA complex. The desired edits 
in the RT template are then reverse transcribed and inserted into 
the target site3. However, the efficiency of prime editors is low and 
needs improving, especially in the case of low-efficiency targets4–10. 
Previous studies demonstrated that the efficiency of prime editors is 
strongly affected by the design of the pegRNA3,4,12, but the reason for 
this is unclear. Here we show that PE efficiency can be improved by 
optimizing the melting temperature (Tm) of the PBS and by using a 
dual-pegRNA strategy in plants. We also describe a web application, 
PlantPegDesigner, that simplifies the design of pegRNAs based on 
these principles.

Because Tm is important for the stability of DNA, RNA and DNA/
RNA duplexes14, we hypothesized that the Tm of the PBS sequence 
(referred to as PBS Tm) is an important parameter for plant prime 
editors (PPEs)4. Previous studies4,5,8–11 showed that the plant prime 
editor PPE2 has similar editing efficiency in plants to PPE3, whereas 
the latter needs a second single guide RNA to nick the non-edited 
strand. Therefore, in this study, we used PPE2 (referred to hereafter 
as PPE) to evaluate editing efficiency. We first assessed the effects 
of Tm-controlling PBS length on PE in plants based on published 
data4 (Fig. 1a). The results indicated that PPEs were most efficient 
when PBS Tm approached 30 °C (30 °C in OsCDC48-T1, 28 °C in 
OsCDC48-T2 and 30 °C in OsALS-T1) (Fig. 1a). We, therefore, eval-
uated the editing efficiencies of PPE at four targets—OsACC-T1, 
OsEPSPS-T1, OsCDC48-T3 and OsPDS-T1—in rice protoplasts 
using PBS Tm ranging from 18 °C to 52 °C (corresponding to PBS 

lengths ranging from 6 nt to 17 nt) (Fig. 1b and Supplementary 
Table 1). We found that pegRNAs had much higher activities when 
the PBS Tm was around 30 °C (24–30 °C in OsACC-T1, 26–34 °C in 
OsEPSPS-T1, 28–36 °C in OsCDC48-T3 and 30 °C in OsPDS-T1) 
(Fig. 1b); at these PBS Tm temperatures, they were 1.5-fold to 
4.3-fold higher than at other PBS Tm temperatures. When we tested 
11 more targets, we found that nine of the 11 targets (the excep-
tions being OsEPSPS-T2 and OsNRT1.1B-T1) behaved in the same 
way (Fig. 1b). We then normalized and compared the overall editing 
efficiency of PPEs at different PBS Tm temperatures at all 18 targets. 
The results indicated that PE efficiencies obeyed a normal distribu-
tion (P > 0.1) (Fig. 1c) and generally were maximal at PBS Tm 30 °C, 
followed by PBS Tm 32 °C and 28 °C, and decreased on either side of 
these PBS Tm temperatures (Fig. 1c and Supplementary Fig. 1). We 
conclude that the Tm of the PBS sequence is strongly related to PPE 
editing efficiency (Fig. 1c) and is likely to be a major factor influ-
encing the design of plant pegRNAs. Thus, we recommend using a 
30 °C PBS Tm with PPE.

To optimize PE, we developed a dual-pegRNA strategy using 
separate pegRNAs in trans encoding the same edits for the forward 
and reverse for each of the DNA strands simultaneously (referred 
to as NGG-pegRNA and CCN-pegRNA, respectively) (Fig. 1d). We 
chose 15 targets in nine rice genes and designed a dual-pegRNA 
for each (Supplementary Table 2). We then compared the PE activi-
ties of the NGG-pegRNA only, the CCN-pegRNA only and the 
dual-pegRNA at the same sites. We found that the dual-pegRNA 
strategy gave the highest activities at most of the targets (13 of 15); 
they generated C-to-A, G-to-A, G-to-T, A-to-G, T-to-A, C-to-G 
and CT-to-AG point mutations, 1-bp (T) or 2-bp (AT) deletion 
and 1-bp (A) insertion, with maximal editing efficiencies reaching 
24.5% (Fig. 1e). The PE efficiency of the dual-pegRNA for all tested 
sites was about 4.2-fold higher (maximum 27.9-fold for OsNRT1.1B 
(A ins)) than that created by the individual NGG-pegRNAs and 
1.8-fold on average (maximum 7.2-fold for OsALS (A-to-G)) higher 
than that produced by the individual CCN-pegRNAs (Fig. 1e,f). In 
particular, PE by the dual-pegRNA strategy was greatly improved 
at OsNRT1.1B (A ins), OsNRT1.1B (G-to-A) and OsODEV 
(CT-to-AG) (up to 2.7%), at which the NGG-pegRNAs produced 
virtually no corresponding editing events (Fig. 1e). Note that the 
proportion of byproducts, including undesired indels, was not 
higher using the dual-pegRNAs than the single pegRNAs (Fig. 1e 
and Supplementary Fig. 2).
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We also sought to expand the targeting scope of PPEs and fur-
ther increase the utility of dual-pegRNAs using the SpG, variant of 
SpCas9 (ref. 15) (Supplementary Table 3). We found that SpG-PPE 
had a relatively broad ability to prime edit NG PAM sequences, with 
efficiencies of up to 1.9% (Supplementary Fig. 3a). In addition, we 
examined editing efficiencies at another two NG PAM target sites 
using the dual-pegRNA strategy. Not surprisingly, editing by the 
dual-pegRNAs was much more efficient than by their individual 
component pegRNAs (Supplementary Fig. 3b). These findings 
show that the dual-pegRNA strategy markedly increases PE activity.

Computational analysis of the rice reference genome 
(Os-Nipponbare reference IRGSP-1.0) revealed that dual-pegRNA 
could theoretically target 21.5% of genomic bases when the PE  
window was defined as extending from +1 to +15 and the canoni-
cal SpCas9 was used (Supplementary Fig. 4). However, when  
combined with the SpG variant with an NG PAM, the dual-pegRNA 
strategy could potentially target 89.2% of the rice bases 
(Supplementary Fig. 4).

Although there are some web applications that aim to simplify 
the design of pegRNAs, their design strategies are based on gen-
eral pegRNA design principles and require potential pegRNAs 
to be tested experimentally16–19. In this study, we developed 
PlantPegDesigner, a user-friendly web application (http://www.
plantgenomeediting.net/) based on the principles detailed above: 
optimizing Tm-directed PBS length design, using dual-pegRNA 
and excluding the first C in the 3′ extension of the RT template 
(Supplementary Fig. 5 and Supplementary Table 4), together  
with some other published general design principles concerning  
RT template length, PBS GC content and PE window3,20 (see details 
in Supplementary Note 1). PlantPegDesigner provides precise  
guidance on details of any intented PE experiment in plants,  
making recommendations concerning the on-target spacer, PBS 
sequence, RT template sequence and primers for vector construc-
tion (Fig. 2a).

For any given PPE experiment, PlantPegDesigner needs  
only a single input sequence, including the reference and edited 
sequence (Supplementary Fig. 6a and see details in Supplementary 
Note 2). PlantPegDesigner provides a variety of choices of parame-
ters to meet the different needs of users (see details in Supplementary 
Note 1).

PlantPegDesigner first screens the forward/reverse strand of the 
input sequence of the spacer sequence and PAM (spacer-PAM) to 
check if the desired edits are correctly positioned in the user-defined 
PE window (Fig. 2a and Supplementary Fig. 6a). The dual-pegRNA 
model will then be recommended if the spacer-PAM sequences 
can be found in both the forward and reverse strands (Fig. 2a). 
PlantPegDesigner displays all possible candidate PBS and RT 
template sequences of varying length (Fig. 2a and Supplementary  
Fig. 6b). It then recommends the PBS sequences with user-defined 

optimal PBS Tm (default to 30 °C, based on experimental data for 
Tm-directed PBS length) and an RT template sequence based on 
previously published design principles3,17 (Supplementary Fig. 
6b and see details in Supplementary Note 2). For each pegRNA, 
PlantPegDesigner designs the primer sets for a one-step polymerase 
chain reaction (PCR) strategy for vector construction and also sup-
ports the batch design for multiple input sequences (see details in 
Supplementary Notes 3 and 4).

We used previously published data to validate the 
PlantPegDesigner design algorithm with default parameters4. We 
found that PlantPegDesigner performed well along with recom-
mended PBS Tm and RT template length at three previously pub-
lished, randomly selected rice sites (Supplementary Fig. 7). We 
also used PlantPegDesigner to design eight different pegRNAs 
and compared their editing efficiencies in rice protoplasts with 
the manual-designed pegRNAs with ~13-nt PBS sequences cre-
ated by following previously published general design guidelines3  
(Fig. 2b). The results indicated that the algorithm-designed 
pegRNAs had markedly higher editing efficiencies than the 
manual-designed ones across five targets and three targets using 
dual-pegRNA (Fig. 2b,c and Supplementary Table 5). To further 
test the design algorithm experimentally, we compared the PE effi-
ciencies of pegRNAs designed with PlantPegDesigner and those 
designed with three other web applications: multicrispr16, peg-
Finder17 and PrimeDesign18 (Supplementary Table 6). We found 
that pegRNAs designed by PlantPegDesigner had higher editing 
efficiencies at each of the sites tested than the other pegRNAs (Fig. 
2d). Notably, the PlantPegDesigner-recommended dual-pegRNAs 
were much more efficient than the pegRNAs designed by the other 
web applications when editing the same edits; the data in Fig. 2e 
show that they were, on average, 1.8-, 16.3- and 45.8-fold higher at 
OsCDC48, OsNRT1.1B and OsALS targets. These results provided 
experimental confirmation of the usefulness of PlantPegDesigner.

In conclusion, we showed that a design strategy based on 
Tm-directed PBS length design and using a dual-pegRNA strategy 
remarkably increases PE efficiencies, and we developed a web appli-
cation, PlantPegDesigner, based on these principles. This approach 
should greatly facilitate the application of PE in plants.
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Fig. 1 | Comparison of the effects on PE in rice protoplasts of varying Tm-directed PBS lengths and forms of pegRNA. a, b, Comparison of the effect 
on PE of varying Tm-directed PBS lengths at three target sites using published data4 (a) and at 15 new target sites using newly obtained data (b) in rice 
protoplasts. c, Normalized PE frequencies with different PBS melting temperatures. The average editing efficiencies of three repeats of the highest editing 
efficiency obtained at each target was normalized to 1, and the frequencies obtained at the other PBS Tm were adjusted accordingly (18 target sites, n = 3 
independent experiments). The red column represents the average of the normalized editing efficiencies. The efficiencies were found to follow a normal 
distribution (shown by the blue line) using the Kolmogorov–Smirnov test. The fitted curve equation is y = 0.8523 × exp(−0.5 × ((x − 30.37)/8.415)2) 
(R2 = 0.8101). d, Diagram of PE using the dual-pegRNA strategy. The 3′ flap containing the desired edits is reverse transcribed by the prime editor. 
Equilibration between the edited 3′ flap and the unedited 5′ flap, followed by DNA repair, result in stably edited DNA. The dual-pegRNA creates the edits 
simultaneously in both DNA strands. e, Comparison of the efficiencies of PPEs induced by the NGG-pegRNA, CCN-pegRNA and dual-pegRNA strategies 
at 15 target sites. The edits were referred to the base on the DNA forward strand. f, Overall editing frequencies induced by PPEs containing NGG-pegRNA, 
CCN-pegRNA and dual-pegRNA. The editing frequencies using dual-pegRNAs for each target were normalized to 1, and the frequencies using 
NGG-pegRNA and CCN-pegRNA for each target were adjusted accordingly (15 target sites, n = 3 independent experiments). Frequencies (mean ± s.e.m.) 
in a and b and e and f were calculated from three independent experiments (n = 3). P values were obtained using two-tailed Student’s t-tests in e and f. 
*P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.
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Fig. 2 | Workflow of the PlantPegDesigner web application and experimental validation. a, Schematic representation of the PlantPegDesigner workflow 
for designing pegRNAs. The user can provide a single input sequence or a file containing multiple input sequences to PlantPegDesigner. It screens and 
ranks the spacer-PAM sequences for installing the edits in the user-defined PE window, and the dual-pegRNA model is recommended if the spacer-PAM 
sequences can be found in both the forward and reverse strands for the input sequence. For each spacer-PAM sequence, PlantPegDesigner reports 
and recommends PBS sequences and RT template sequences based on PBS Tm and user-defined RT length, respectively. It also provides primers for 
pegRNA vector construction with appropriate plasmid vector scaffolds. b, c, Comparison of the editing efficiencies of PlantPegDesigner-designed and 
manual-designed (b) NGG-pegRNA or CCN-pegRNA and (c) dual-pegRNA in rice protoplasts. d, Comparison of the editing efficiencies of pegRNAs 
designed by PlantPegDesigner and three other web applications in rice protoplasts. e, Comparison of the editing efficiencies for the same edits using 
PlantPegDesigner-recommended dual-pegRNAs and three other web application-recommended single pegRNAs in rice protoplasts. The edits are referred 
to the base on the DNA forward strand in c and e. Frequencies (mean ± s.e.m.) in b–e are calculated from three independent experiments (n = 3). P values 
were obtained using two-tailed Student’s t-tests. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.
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Methods
Plasmid construction. The pegRNA constructs were made as reported previously4. 
NGG-pegRNA (NG-pegRNA) and CCN-pegRNA (CN-pegRNA) were cloned into 
the pOsU3 (digested with BsaI and HindIII) and pTaU3 vectors (digested with 
Eps3I and NcoI), respectively. The nSpG(H840A) was codon optimized for cereal 
plants and synthesized commercially (GENEWIZ), and the nSpG(H840A)-M-MLV 
fusion protein sequences were cloned into the vector pJIT163 backbone yielding 
the pSpG-PPE using a ClonExpress II One Step Cloning Kit (Vazyme). The 
pH-nCas9-PPE-V2 vector was modified from pH-nCas9-PPE4 by blocking the 
HindIII site upstream of the OsU3 promoter, which can be used for one-step 
pegRNA construction by digesting with BsaI and HindIII. PCR was performed 
using TransStart FastPfu DNA Polymerase (TransGen Biotech). All the primers 
were synthesized at the Beijing Genomics Institute.

Calculation of PBS Tm. The algorithm for computing the PBS Tm of pegRNAs was 
referred to the Oligo Analysis Tool (https://www.eurofinsgenomics.eu/en/ecom/
tools/oligo-analysis/) when PBS length ≤ 15 nt. The formula used is

Tm = 4NG:C + 2NA:T

where NG:C and NA:T are the numbers of G:C and A:T base pairs in the PBS 
sequence, respectively.

Protoplast transfection. We used the japonica rice variety Zhonghua11 to 
prepare protoplasts. Protoplast isolation and transformation were performed 
as previously described21,22. Plasmids (10 µg per construct) were introduced by 
PEG-mediated transfection, with a mean transformation efficiency of 30–40%. 
Transfected protoplasts were incubated at 23 °C, and, after 48 h, they were collected 
and genomic DNA was extracted with the DNAquick Plant System (TIANGEN 
Biotech) used for deep amplicon sequencing (see below).

DNA extraction. Genomic DNA was extracted with a DNAquick Plant System. 
The targeted sequences were amplified with specific primers, and the amplicons 
were purified with an EasyPure PCR Purification Kit (TransGen Biotech) and 
quantified with a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific).

Amplicon deep sequencing and data analysis. Genomic DNA was extracted 
from protoplasts 48 h after transfection and used as template. In the first round of 
PCR, the target region was amplified from the protoplast DNA with site-specific 
primers (Supplementary Table 7). In a second round, both forward and reverse 
barcodes were added to the ends of the PCR products for library construction 
(Supplementary Table 7). Equal amounts of PCR products were pooled and 
sequenced commercially (Novogene) using the NovaSeq platform, and the 
pegRNA target sites in the sequenced reads were examined for substitutions 
and indels. Amplicon sequencing was repeated three times for each target site 
using DNA extracted from three independent protoplast samples. Analyses of PE 
processivity and byproducts were performed as previously described4.

Development of the PlantPegDesigner algorithm and web server. The 
PlantPegDesigner algorithm was developed in Perl, and the web portal was 
implemented in PHP and JavaScript.

Statistical analysis. GraphPad Prism 8 software was used to analyze the data. All 
numerical values are presented as mean ± s.e.m. Differences between control and 
treatments were tested using two-tailed Student’s t-tests. The efficiency in Fig. 1c was 
shown to follow a normal distribution according to the Kolmogorov–Smirnov test.

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 its 
supplementary figures and tables or can be obtained from the corresponding 
authors upon reasonable request. For sequence data, rice locus identifiers (http://
rice.plantbiology.msu.edu/) are as follows:
LOC_Os01g55540 (OsAAT), LOC_Os05g22940 (OsACC), LOC_Os03g54790 
(OsALS), LOC_Os03g05730 (OsCDC48), LOC_Os09g26999 (OsDEP1), 
LOC_Os06g04280 (OsEPSPS), LOC_Os08g39890 (OsIPA1); LOC_Os10g40600 
(OsNRT1.1B), LOC_Os08g03290 (OsGAPDH), LOC_Os03g08570 (OsPDS) and 
LOC_Os06g35970 (OsROC5). The deep sequencing data have been deposited in 
a National Center for Biotechnology Information BioProject database (accession 
code PRJNA702010). Plasmids pSpG-PPE, pOsU3, pTaU3 and pH-nCas9-PPE-V2 
will be available through Addgene.

Code availability
The PlantPegDesigner web application code is available at GitHub (https://github.
com/JinShuai001/PlantPegDesigner). The web portal server is accessible at http://
www.plantgenomeediting.net for non-profit use.
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