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            Abstract
Prime editing (PE) applications are limited by low editing efficiency. Here we show that designing prime binding sites with a melting temperature of 30â€‰Â°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 efficiency. 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.
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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.[image: ]


Fig. 2: Workflow of the PlantPegDesigner web application and experimental validation.[image: ]
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                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.

            

References
	Chen, K., Wang, Y., Zhang, R., Zhang, H. & Gao, C. CRISPR/Cas genome editing and precision plant breeding in agriculture. Annu. Rev. Plant Biol. 70, 667â€“697 (2019).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Jiao, R. & Gao, C. Anything impossible with CRISPR/Cas9? Sci. China Life Sci. 60, 445â€“446 (2017).
ArticleÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Anzalone, A. V. et al. Search-and-replace genome editing without double-strand breaks or donor DNA. Nature 576, 149â€“157 (2019).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Lin, Q. et al. Prime genome editing in rice and wheat. Nat. Biotechnol. 38, 582â€“585 (2020).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Tang, X. et al. Plant prime editors enable precise gene editing in rice cells. Mol. Plant 13, 667â€“670 (2020).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Li, H., Li, J., Chen, J., Yan, L. & Xia, L. Precise modifications of both exogenous and endogenous genes in rice by prime editing. Mol. Plant 13, 671â€“674 (2020).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Xu, W. et al. Versatile nucleotides substitution in plant using an improved prime editing system. Mol. Plant 13, 675â€“678 (2020).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Xu, R. et al. Development of plant prime-editing systems for precise genome editing. Plant Commun. 1, 100043 (2020).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Hua, K., Jiang, Y., Tao, X. & Zhu, J. K. Precision genome engineering in rice using prime editing system. Plant Biotechnol. J. 18, 2167â€“2169 (2020).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Butt, H. et al. Engineering herbicide resistance via prime editing in rice. Plant Biotechnol. J. 18, 2370â€“2372 (2020).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Jiang, Y. et al. Prime editing efficiently generates W542L and S621I double mutations in two ALS genes of maize. Genome Biol. 21, 257 (2020).

	Liu, Y. et al. Efficient generation of mouse models with the prime editing system. Cell Discov. 6, 27 (2020).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Surun, D. et al. Efficient generation and correction of mutations in human iPS cells utilizing mRNAs of CRISPR base editors and prime editors. Genes 11, 511 (2020).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Kaback, D. B., Angerer, L. M. & Davidson, N. Improved methods for the formation and stabilization of R-loops. Nucleic Acids Res. 6, 2499â€“2517 (1979).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Walton, R. T. et al. Unconstrained genome targeting with near-PAMless engineered CRISPRâ€“Cas9 variants. Science 368, 290â€“296 (2020).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Bhagwat, A. M. et al. multicrispr: gRNA design for prime editing and parallel targeting of thousands of targets. Life Sci. Alliance 3, e202000757 (2020).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Chow, R. D., Chen, J. S., Shen, J. & Chen, S. A web tool for the design of prime-editing guide RNAs. Nat. Biomed. Eng. 5, 190â€“194 (2020).

	Hsu, J. Y. et al. PrimeDesign software for rapid and simplified design of prime editing guide RNAs. Nat. Commun. 12, 1034 (2021).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Morris, J. A., Rahman, J. A., Guo, X. & Sanjana, N. E. Automated design of CRISPR prime editors for thousands of human pathogenic variants. Preprint at https://www.biorxiv.org/content/10.1101/2020.05.07.083444v1 (2020)

	Kim, H. K. et al. Predicting the efficiency of prime editing guide RNAs in human cells. Nat. Biotechnol. 39, 198â€“206 (2020).

	Shan, Q. et al. Targeted genome modification of crop plants using a CRISPRâ€“Cas system. Nat. Biotechnol. 31, 686â€“688 (2013).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Zong, Y. et al. Efficient C-to-T base editing in plants using a fusion of nCas9 and human APOBEC3A. Nat. Biotechnol. 36, 950â€“953 (2018).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                


Download references




Acknowledgements
This work was supported by grants from the National Transgenic Science and Technology Program of China (2019ZX08010-001 and 2019ZX08010-003), the Strategic Priority Research Program of the Chinese Academy of Sciences (Precision Seed Design and Breeding, XDA24020310 and XDA24030504) and the National Natural Science Foundation of China (31788103 and 32001060).


Author information
Author notes	These authors contributed equally: Qiupeng Lin, Shuai Jin, Yuan Zong, Hong Yu.


Authors and Affiliations
	State Key Laboratory of Plant Cell and Chromosome Engineering, Center for Genome Editing, Institute of Genetics and Developmental Biology, Innovation Academy for Seed Design, Chinese Academy of Sciences, Beijing, China
Qiupeng Lin,Â Shuai Jin,Â Yuan Zong,Â Zixu Zhu,Â Yanpeng WangÂ &Â Caixia Gao

	College of Advanced Agricultural Sciences, University of Chinese Academy of Sciences, Beijing, China
Qiupeng Lin,Â Shuai Jin,Â Zixu Zhu,Â Guanwen Liu,Â Yanpeng Wang,Â Jiayang LiÂ &Â Caixia Gao

	State Key Laboratory of Plant Genomics, and National Center for Plant Gene Research, Institute of Genetics and Developmental Biology, Innovation Academy for Seed Design, Chinese Academy of Sciences, Beijing, China
Hong Yu,Â Liquan KouÂ &Â Jiayang Li

	State Key Laboratory of Plant Genomics, Institute of Microbiology, Chinese Academy of Sciences, Beijing, China
Guanwen LiuÂ &Â Jin-Long Qiu

	CAS Center for Excellence in Biotic Interactions, University of Chinese Academy of Sciences, Beijing, China
Jin-Long Qiu


Authors	Qiupeng LinView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Shuai JinView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Yuan ZongView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Hong YuView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Zixu ZhuView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Guanwen LiuView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Liquan KouView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Yanpeng WangView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Jin-Long QiuView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Jiayang LiView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Caixia GaoView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Contributions
Q.L., S.J., Y.Z., J.Q., J.L. and C.G. designed the project. Q.L., Y.Z., S.J., Z.Z., G.L. and Y.W. performed the experiments. H.Y., S.J. and L.K. developed the web application. Q.L., S.J., Y.Z., J.Q., J.L. and C.G. wrote the manuscript. J.L. and C.G. supervised the project.
Corresponding authors
Correspondence to
                Jiayang Li or Caixia Gao.


Ethics declarations

              
                Competing interests

                The authors have submitted a patent application based on the results reported in this paper.

              
            

Additional information
Peer review information Nature Biotechnology thanks the anonymous reviewers for their contribution to the peer review of this work.
Publisherâ€™s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


Supplementary information

Supplementary Information
Supplementary Figs. 1â€“7, Tables 1â€“7 and Notes 1â€“4


Reporting Summary




Rights and permissions
Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this article under a publishing agreement with the author(s) or other rightsholder(s); author self-archiving of the accepted manuscript version of this article is solely governed by the terms of such publishing agreement and applicable law.
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Lin, Q., Jin, S., Zong, Y. et al. High-efficiency prime editing with optimized, paired pegRNAs in plants.
                    Nat Biotechnol 39, 923â€“927 (2021). https://doi.org/10.1038/s41587-021-00868-w
Download citation
	Received: 22 August 2020

	Accepted: 22 February 2021

	Published: 25 March 2021

	Issue Date: August 2021

	DOI: https://doi.org/10.1038/s41587-021-00868-w


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Precise genome-editing in human diseases: mechanisms, strategies and applications
                                    
                                

                            
                                
                                    	Yanjiang Zheng
	Yifei Li
	Yimin Hua


                                
                                Signal Transduction and Targeted Therapy (2024)

                            
	
                            
                                
                                    
                                        A prime editor that makes space for insertions
                                    
                                

                            
                                
                                Nature Methods (2024)

                            
	
                            
                                
                                    
                                        Precise integration of large DNA sequences in plant genomes using PrimeRoot editors
                                    
                                

                            
                                
                                    	Chao Sun
	Yuan Lei
	Caixia Gao


                                
                                Nature Biotechnology (2024)

                            
	
                            
                                
                                    
                                        Prime editing using CRISPR-Cas12a and circular RNAs in human cells
                                    
                                

                            
                                
                                    	Ronghong Liang
	Zixin He
	Caixia Gao


                                
                                Nature Biotechnology (2024)

                            
	
                            
                                
                                    
                                        Genome editing based trait improvement in crops: current perspective, challenges and opportunities
                                    
                                

                            
                                
                                    	Surender Singh
	Roni Chaudhary
	Siddharth Tiwari


                                
                                The Nucleus (2024)

                            


                

            

        
    

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    Prime editing progress
                

                
	Lei Tang



                
    
        
            Nature Methods
        
        Research Highlight
        
        
            07 Jun 2021
        
    


            

        

    


                        

                    
                        
                            
    
        
            
                
                    Optimized prime editing in monocot plants using PlantPegDesigner and engineered plant prime editors (ePPEs)
                

                
	Shuai Jin
	Qiupeng Lin
	Caixia Gao



                
    
        
            Nature Protocols
        
        Protocol
        
        
            25 Nov 2022
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    Reviews & Analysis
                                
                            
	
                                
                                    News & Comment
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Collections
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Aims & Scope
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Editorial Policies
                                
                            
	
                                
                                    Content Types
                                
                            
	
                                
                                    Web Feeds
                                
                            
	
                                
                                    Posters
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Research Cross-Journal Editorial Team
                                
                            
	
                                
                                    Reviews Cross-Journal Editorial Team
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    Submission Guidelines
                                
                            
	
                                
                                    For Reviewers
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature Biotechnology (Nat Biotechnol)
                
                
    
    
        ISSN 1546-1696 (online)
    
    


                
    
    
        ISSN 1087-0156 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing: Translational Research]
                    Sign up for the Nature Briefing: Translational Research newsletter â€” top stories in biotechnology, drug discovery and pharma.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get what matters in translational research, free to your inbox weekly.
            Sign up for Nature Briefing: Translational Research
            
        


    









    [image: ]







[image: ]
