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            Abstract
The molecular pathways that trigger the initiation of embryogenesis after fertilization in flowering plants, and prevent its occurrence without fertilization, are not well understood1. Here we show in rice (Oryza sativa) that BABY BOOM1 (BBM1), a member of the AP2 family2 of transcription factors that is expressed in sperm cells, has a key role in this process. Ectopic expression of BBM1 in the egg cell is sufficient for parthenogenesis, which indicates that a single wild-type gene can bypass the fertilization checkpoint in the female gamete. Zygotic expression of BBM1 is initially specific to the male allele but is subsequently biparental, and this is consistent with its observed auto-activation. Triple knockout of the genes BBM1, BBM2 and BBM3 causes embryo arrest and abortion, which are fully rescued by male-transmitted BBM1. These findings suggest that the requirement for fertilization in embryogenesis is mediated by male-genome transmission of pluripotency factors. When genome editing to substitute mitosis for meiosis (MiMe)3,4 is combined with the expression of BBM1 in the egg cell, clonal progeny can be obtained that retain genome-wide parental heterozygosity. The synthetic asexual-propagation trait is heritable through multiple generations of clones. Hybrid crops provide increased yields that cannot be maintained by their progeny owing to genetic segregation. This work establishes the feasibility of asexual reproduction in crops, and could enable the maintenance of hybrids clonally through seed propagation5,6.
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                    Fig. 1: Paternal expression of BBM1 in zygotes.[image: ]


Fig. 2: Phenotypes of bbm1Â bbm2Â bbm3 mutant embryos and haploid induction.[image: ]


Fig. 3: Characterization of asexually derived (apomictic) haploids and diploids.[image: ]
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              Whole-genome DNA sequencing data for S-Apo line 1 mother plant, the four progeny clones from two generations, and the Kitaake wild-type control are available from National Center for Biotechnology Information (NCBI) BioProject number PRJNA496208. RNA sequencing data from previously published datasets11,15 are available from the NCBI Short Read Archive as Project SRP119200 and from the NCBI Gene Expression Omnibus under accession number GSE50777.
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Extended data figures and tables

Extended Data Fig. 1 BBM1-induced somatic embryogenesis and auto-activation.
a, Schematic of binary construct between T-DNA borders used for ectopic expression (BBM1-ox). b, Somatic embryo-like structures induced by BBM1 ectopic expression in rice leaves (nÂ =Â 14/20 transgenic lines). Scale bar, 1 cm. Inset, magnified view of a somatic embryo; scale bar, 0.5 mm. Fourteen of the twenty transgenic plants raised showed the development of such embryo-like structures observed on adult seedlings from the fourth leaf onwards. c, Confirmation by RTâ€“PCR of ectopic BBM1 expression in leaf tissues of transgenic lines. BBM1 is not expressed in wild-type leaves (nÂ =Â 2 independent replicates). d, RTâ€“PCR of embryo marker genes to confirm the embryo identity of somatic embryos induced by BBM1 overexpression. OsH1, O. sativa HOMEOBOX1; LEC1, LEAFY COTYLEDON1 (nÂ =Â 2 independent biological replicates). e, Schematic of plasmid construct for DEX-inducible BBM1â€“GR expression system. f, Schematic showing primer combinations to distinguish between endogenous BBM1 and BBM1-GR fusion transcripts. g, RTâ€“qPCR for fold changes in BBM1-GR fusion transcript in samples treated for 24 h with the indicated reagents, showing essentially no differences between treatments. nÂ =Â 2 independent biological replicates (seeÂ Methods), data are meanÂ Â±Â s.e.m. and each data point represents the average fold change from three replicates. h, Autoactivation of BBM1 in samples treated with DEX for 24 h, detected by RTâ€“qPCR. nÂ =Â 2 independent biological replicates (seeÂ Methods), data are meanÂ Â±Â s.e.m. and each data point represents the average fold change (measured as log2(change in expression)) from three replicates.


Extended Data Fig. 2 BBM1 expression in zygotes and gametes.
a, Five SNPs sequenced after RTâ€“PCR amplification (red arrows), showing expression only from the male allele in hybrid (J, japonica; I, indica) 2.5 HAP zygotes (nÂ =Â 2 biological replicates). b, Schematic of the BBM1-GFP binary construct. c, Immunohistochemistry showing expression from both male and female BBM1 alleles in isogenic 6.5 HAP zygote nuclei (nÂ =Â 20), as compared to male-specific expression at 2.5 HAP (Fig.Â 1a). Scale bars, 25 Âµm. d, Holistic view of a 6.5 HAP embryo sac showing BBM1â€“GFP expression in the zygote nucleus (left), while in the same embryo sac expression is not detected in the dividing endosperm (right). zg, zygote. nÂ =Â 20. Scale bar 100 Âµm. e, BBM1â€“GFP expression in globular-stage rice embryos (white arrowhead, nÂ =Â 30). Differential interference contrast image (left); fluorescence image (right panel). Scale bars, 200 Âµm. f, RTâ€“PCR showing BBM1 expression in sperm cells; however, the transcript is not detected in egg cells (nÂ =Â 2 independent biological replicates). Primers used for detecting BBM1 transcript span an intron (seeÂ Methods). g, BBM1â€“GFP expression in sperm cells (white arrowhead points to sperm nuclei, nÂ =Â 20). Differential interference contrast image (left) and fluorescent image (right) of a germinating pollen grain showing BBM1â€“GFP expression in the two sperm cell nuclei.


Extended Data Fig. 3 Parthenogenesis induction by expression of BBM1 in the egg cell.
a, Schematic showing wild-type expression pattern of BBM1. b, Sketch of T-DNA region of the binary vector used for BBM1 expression in the egg cell. c, Schematic representation of the hypothesis that the expression of BBM1 in the egg cell can induce parthenogenesis. d, A degenerating parthenogenetic embryo (BBM1-ee) at 9 days after emasculation (red arrowhead). No endosperm development (black arrow) is observed in emasculated carpels, leading to the abortion of embryos (nÂ =Â 12/98). Scale bar, 100 Âµm.


Extended Data Fig. 4 CRISPRâ€“Cas9 edited mutations in BBM1, BBM2 and BBM3 in rice.
a, DNA sequences of mutations in bbm1/bbm1 bbm3/bbm3 plants. b, DNA sequences of mutations in bbm2/bbm2 bbm3/bbm3 plants. a and b were chosen as parents for crosses to generate the bbm1 bbm2 bbm3 triple homozygous mutants shown in c and d. c, Mutations in the F1 progeny plant. It is heterozygous for BBM1 and BBM2, and biallelic for BBM3. d, Mutations in the F2 progeny plant used for genetic analysis. The plant is heterozygous for BBM1 with a 1-bp deletion. The BBM2 locus has a homozygous 25-bp deletion and 1-bp substitution, and the BBM3 locus is a homozygous mutant with 1-bp insertion. e, Genotyping of non-germinating seeds (nÂ =Â 8). The 1-bp deletion mutation in BBM1 results in disruption of an SphI restriction site. f, Seed lethality in bbm1 bbm2 bbm3 triple homozygous plants. Top, germinating one-week-old wild-type seeds (nÂ =Â 30). Scale bars, 1 cm. A magnified view is shown on the right. Bottom, non-germinating seeds of bbm1 bbm2 bbm3 triple homozygous plants (nÂ =Â 70). A zoomed-in image of a non-germinating bbm1 bbm2 bbm3 seed, one week after plating, is shown on the bottom right. No seedling emerged from the embryo site (red arrowhead). g, Additional image of a BBM1/bbm1 heterozygous bbm2/bbm2 bbm3/bbm3 homozygous 10 DAP embryo (nÂ =Â 3/53) showing no organ formation, similar to triple homozygote phenotype (see Fig.Â 2a). Scale bar, 100 Âµm.


Extended Data Fig. 5 Haploid induction and synthetic apomixis.
Haploids shown are derived from BBM1-ee diploids by parthenogenesis. a, A control diploid sibling panicle with fertile florets (nÂ =Â 442 plants). Scale bar, 1 cm. b, A haploid panicle with infertile florets (nÂ =Â 113 plants). Scale bar, 1 cm. c, Differences in floret and floral organ sizes between haploid and control diploid. Left, BBM1-ee haploid; right, wild-type control (nÂ =Â 20). Scale bars, 1 mm. d, Pollen viability in haploids as assessed by Alexander staining. Top, control wild-type anther with viable pollen (nÂ =Â 10). Bottom, BBM1-ee haploid anther with non-viable pollen (nÂ =Â 20). Scale bars, 0.5 mm (left) and 200 Âµm (right). e, f, Sexual reproduction compared with asexual reproduction through seed (synthetic apomixis). e, Schematic representation of sexual reproduction. Gametes form by meiotic recombination and division; fertilization and gamete fusion give rise to diploid progeny. f, Synthetic apomixis. MiMe omits meiosis and gives an unrecombined and unreduced (2n) egg cell. The 2n egg cell is converted parthenogenetically into a clonal embryo by BBM1-ee. The endosperm forms in both pathways by fertilization of central cell (homodiploid in wild type, tetraploid in synthetic apomicts) by a sperm cell (haploid in wild type, diploid in synthetic apomicts). The maternal:paternal genome ratio of 2:1 is maintained in the endosperm in both the pathways, ensuring normal seed development.


Extended Data Fig. 6 Asexual propagation through seed in rice.
a, Top, schematic of the CRISPRâ€“Cas9 plasmid construct used for genome editing of the three MiMe rice genes. Bottom, schematic of genome-integrated pDD45::BBM1 in the BBM1-ee plants. b, DNA histogram of flow cytometric peak showing 4n ploidy in T1 progeny (nÂ =Â 33/33 tested) of a control T0 MiMe plant. c, Left, panicle of a control T0 diploid MiMe plant with fertile seeds. Middle, a tetraploid T1 MiMe panicle, exhibiting complete infertility; that is, no seed filling, and larger flowers (note scale bars), with awns (white arrowhead). Awns are normally suppressed in most japonica rice cultivars including Kitaake. All T1 MiMe progeny (nÂ =Â 139) were scored for the phenotype of complete infertility and presence of awns, including 33 plants that were additionally confirmed in b by flow cytometry. Right, panicle of an S-Apo haploid plant showing fertile seeds (nÂ =Â 45). Scale bars, 2 cm. d, Wild-type and S-Apo haploid anthers, showing viable pollen (nÂ =Â 15). Scale bars, 0.2 mm (top) and 100 Âµm (bottom). e, Comparison of panicles from wild type (left), with diploid clonal progeny (57/381) and sexual tetraploid progeny (nÂ =Â 324/381) from a diploid S-Apo plant (right). The white arrowheads show awns in tetraploid. Scale bars, 2 cm. f, Size comparison of progeny seeds from control wild type, a synthetic S-Apo haploid, a control MiMe, a synthetic S-Apo diploid clone, and an infrequent (3%) filled seed produced by the sexual tetraploid progeny of an S-Apo diploid (nÂ =Â 100 for each genotype). Scale bar, 2 mm. g, Comparison of seed size between control MiMe, diploid S-Apo line 1, diploid S-Apo line 5 and double-haploid S-Apo line DH2 (nÂ =Â 100 for each transgenic line). No noticeable variation in seed size is observed. Scale bars, 2 mm.


Extended Data Fig. 7 MiMe mutations and confirmation of clonal progeny from S-Apo plants.
a, Sequence chromatograms at mutation sites of MiMe genes in wild-type, T0 diploid S-Apo mother plant and two diploid progeny from each of T1, T2 and T3 generations of S-Apo line 1 (nÂ =Â 7). Red arrows point to mutation sites. PAIR1 and REC8 are biallelic whereas OSD1 is homozygous. b, Sequences of the T0 S-Apo mother plant and five T1 S-Apo diploid progeny at MiMe mutation sites and one heterozygous SNP in apomixis line 5 (nÂ =Â 6). Red arrows show the mutation sites or SNP. All three MiMe mutationsâ€”OSD1, PAIR1 and REC8â€”are biallelic. All progeny across different generations in both the S-Apo lines have same mutations as the T0 mother plants, indicating absence of segregation and thus clonal propagation.


Extended Data Fig. 8 Confirmation of SNPs by PCR.
Sequence chromatograms of 11 SNPs are shown for wild-type, T0 diploid S-Apo mother plant and two diploid S-Apo progeny from each of the T1, T2 and T3 generations for line 1 (nÂ =Â 7). All the 11 SNPs were found to be present in the T0 mother plant and all the progeny across different generations, confirming that there is no segregation; thus clonal propagation. The red arrows show the location of the SNP. Chr, chromosome; the numbers indicate the position on the respective chromosome.


Extended Data Table 1 Functional characterization of BBM genes in riceFull size table


Extended Data Table 2 Haploid induction and clonal propagation in riceFull size table





Supplementary information
Supplementary Information
This file contains Supplementary Figure 1, which contains images of the uncropped agarose gels used in this study and Supplementary Table 1, which contains details of the 57 heterozygous SNPs identified in diploid S-Apo line#1.


Reporting Summary




Rights and permissions
Reprints and permissions


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



Cite this article
Khanday, I., Skinner, D., Yang, B. et al. A male-expressed rice embryogenic trigger redirected for asexual propagation through seeds.
                    Nature 565, 91â€“95 (2019). https://doi.org/10.1038/s41586-018-0785-8
Download citation
	Received: 08 June 2018

	Accepted: 29 October 2018

	Published: 12 December 2018

	Issue Date: 03 January 2019

	DOI: https://doi.org/10.1038/s41586-018-0785-8


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

                
                    	
                            
                                
                                    
                                        Integrated metabolomics and transcriptomics analysis highlight key pathways involved in the somatic embryogenesis of Darjeeling tea
                                    
                                

                            
                                
                                    	Vivek Kumar Awon
	Debabrata Dutta
	Gaurab Gangopadhyay


                                
                                BMC Genomics (2024)

                            
	
                            
                                
                                    
                                        CRISPR-Cas9 based molecular breeding in crop plants: a review
                                    
                                

                            
                                
                                    	Muhammad Ikram
	Abdul Rauf
	Maryam Tahira


                                
                                Molecular Biology Reports (2024)

                            
	
                            
                                
                                    
                                        One-line hybrid rice with high-efficiency synthetic apomixis and near-normal fertility
                                    
                                

                            
                                
                                    	Junhao Dan
	Yumei Xia
	Mengliang Cao


                                
                                Plant Cell Reports (2024)

                            
	
                            
                                
                                    
                                        Potential gene editing targets for developing haploid inducer stocks in rice and wheat with high haploid induction frequency
                                    
                                

                            
                                
                                    	Lakshay Goyal
	Mehardeep Kaur
	Dharminder Bhatia


                                
                                3 Biotech (2024)

                            
	
                            
                                
                                    
                                        Harnessing the potential of mutation breeding, CRISPR genome editing, and beyond for sustainable agriculture
                                    
                                

                            
                                
                                    	Nelissa Maisara Nor Aâ€™azizam
	Sakshi Chopra
	Jamilah Syafawati Yaacob


                                
                                Functional & Integrative Genomics (2024)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


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


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    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 (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (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]
                    Sign up for the Nature Briefing newsletter â€” what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


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

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
