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            Abstract
Phenotypic diversity and evolutionary innovation ultimately trace to variation in genomic sequence and rewiring of regulatory networks. Here, we constructed a pan-genome of the Gossypium genus using ten representative diploid genomes. We document the genomic evolutionary history and the impact of lineage-specific transposon amplification on differential genome composition. The pan-3D genome reveals evolutionary connections between transposon-driven genome size variation and both higher-order chromatin structure reorganization and the rewiring of chromatin interactome. We linked changes in chromatin structures to phenotypic differences in cotton fiber and identified regulatory variations that decode the genetic basis of fiber length, the latter enabled by sequencing 1,005 transcriptomes during fiber development. We showcase how pan-genomic, pan-3D genomic and genetic regulatory data serve as a resource for delineating the evolutionary basis of spinnable cotton fiber. Our work provides insights into the evolution of genome organization and regulation and will inform cotton improvement by enabling regulome-based approaches.
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                    Fig. 1: Evolution and demographic history of diploid Gossypium genomes.[image: ]


Fig. 2: Pan-genome and transposon amplification for diploid Gossypium species.[image: ]


Fig. 3: Evolutionary genomics of TADs in Gossypium.[image: ]


Fig. 4: Rewiring of chromatin loop-mediated regulatory networks.[image: ]


Fig. 5: eQTL mapping and discovery of candidate genes.[image: ]


Fig. 6: Genomic and regulatory innovation during fiber evolution.[image: ]
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              All raw sequencing data generated in this paper have been deposited into the National Center for Biotechnology Information database (BioProject ID: PRJNA788082, PRJNA788661, PRJNA788322). All genome assemblies are uploaded into the NCBI database (PRJNA788082). Genome assemblies, annotations, pan-gene, pan-genome, pan-3D genomes and eQTL dataset are available at the Figshare website (https://figshare.com/projects/Gossypium_pan-genomes/128336; https://figshare.com/projects/Gossypium_Pan-3D/128924; https://figshare.com/projects/Regulatory_dataset/128927). Source data are provided with this paper.
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Extended data

Extended Data Fig. 1 Assembly assessment and chromosome characterization of the 7 Gossypium genomes.
a, BUSCO assessment in 7 genomes. b, LAI evaluation for each assembled chromosome in 3â€‰Mb windows sliding 300 Kb. c, Circos plot showing chromosome-level features of the Gossypium genomes. Tracks represent chromosome length (a), gene coverage (b), TE coverage (c), LTR/non-LTR coverage (d), Gypsy, DIRS, LARD, Copia coverage (e), GC content (f), gene expression (g), A/B compartment (h), and synthetic blocks (i) in 1â€‰Mb windows sliding 200 Kb.


Extended Data Fig. 2 Composition and evolutionary history of diploid Gossypium genomes.
a, Genomic components in 7 Gossypium species. b, Phylogenetic relationships based on 3,928 single-copy orthologs from 12 diploid cotton genomes, 5 tetraploid cotton genomes, G. kirkii and T. cacao. c, Estimation of whole-genome duplication across 10 Gossypium genomes, G. kirkii and T. cacao. The distribution of Ks (Synonymous substitution rate) was calculated. d, Estimation of divergence time for species speciation.


Extended Data Fig. 3 Inferred genomic history of Gossypium.
a, Phylogenetic tree and population structure with different numbers of clusters (Kâ€‰=â€‰2, 3, and 4) in 70 Gossypium accessions. Gossypioides kirkii was used as an outgroup for Gossypium population analysis. b, Nucleotide diversity (Ï€) and fixation index divergence (Fst) across 8 karyotype groups. c, The degree of gene flow (introgression) on 13 chromosomes, with green and orange lines indicate ancient genomes introgression regions in A1 and A2 species compared to other genomes. d, The expression level of genes located in introgression and non-introgression genome regions (two-sided Wilcoxon signed-rank test, Pâ€‰<â€‰2.2â€‰Ã—â€‰10âˆ’16). center line, median; box limits, upper and lower quartiles; whiskers, 1.5Ã— interquartile range. e, Demographic history of representative Gossypium species reconstructed from genome resequencing data. The red line represents the estimated effective population size (Ne), and the gray curve represents a bootstrap estimate of 100 PSMC resampling from the original sequence. The DNA resequencing data are shown in Supplementary Table 9.


Extended Data Fig. 4 Structural variations among Gossypium species.
a, Genomic components of structural variation and syntenic regions in 10 genomes. b, The length of inversion (INV), deletion (DEL), duplication (DUP) and translocation (TRA). c, Identification of large inversions in Chr02, Chr04 between A1 and A1a genomes. The two heatmaps of the first panel show a chromatin interaction matrix, including mapping of Hi-C data in A1a against the A1 genome (A1a_map_A1), mapping of Hi-C data in A1 against A1 genome (A1_map_A1). The second panel shows genome sequence alignment between A1 and A1a. The validated inversions are shown by arrows. The third panel represents mapping of Hi-C data in A1 against the A1a genome (A1_map_A1a), and mapping of Hi-C data in A1a against A1a genome (A1a_map_A1a). The fourth panel represents long reads mapping of the inversion breakpoints (bk) (flanking 10 Kb regions) that supports the correct assembly of the A1a, A1 and A2 genomes. The read counts are shown for each breakpoint. At the bottom panel, gel images show PCR validation of these inversions. For c and d, the PCR experiment was performed twice independently. d, Identification of large inversions and validation in Chr04 and Chr10 between A1a, A1 and A2.
Source data


Extended Data Fig. 5 Gene-based pan-genome feature for Gossypium.
a, The number of gene families in Gossypium pan-genes. The histogram shows the number of gene families in 10 subgenomes or 12 diploid genomes with different frequencies. b, The number of core, softcore, variable and specific genes in the pan-gene analysis. c, Proportion of core, softcore, variable and specific genes with InterPro domains. d-h, Gene expression, CDS length, exon number, TE coverage of genes, and nonsynonymous/synonymous (Ka/Ks) rate. center line, median; box limits, upper and lower quartiles; whiskers, 1.5Ã— interquartile range. For d-h, two-sided Wilcoxon rank sum test, ***Pâ€‰<â€‰2.2â€‰Ã—â€‰10âˆ’16.


Extended Data Fig. 6 Characterization of shared and specific flLTR transposable elements.
a, Correlation of gene number and TE content with genome size variation in Gossypium. b, Insertion time of flLTR amplification across 15 Gossypium genomes and 2 outgroup genomes. c, Insertion time of Gypsy, Copia, DIRS and LARD. d, Phylogeny of full-length Ty3-Gypsy, DIRS, and Copia in 10 genomes. e, The number of shared and specific flLTRs in 10 genomes. f, The gene expression levels with shared and specific flLTRs. center line, median; box limits, upper and lower quartiles; whiskers, 1.5Ã— interquartile range. Two-sided Wilcoxon rank sum test, ***Pâ€‰<â€‰2.2â€‰Ã—â€‰10âˆ’16. g, GO enrichment of shared and specific flLTR inserted genes.


Extended Data Fig. 7 Characterization of compartment and TADs.
a-c, TE coverage (a), expression correlation (b) and ATAC-seq signals (c) of orthologous genes located in changed and conserved compartment, respectively. d and e, The number (d) and length (e) of TADs in 8 genomes. f, The number of conserved TADs between 8 genomes. g, Percentage of core, variable and specific genes in core, variable and specific TAD boundary. The numbers show gene number.. Fisherâ€™s exact test is used for significance test. h, TAD-separation score in TAD boundaries with different conservation degrees and random regions. i and j, The number of genes (i), and enrichment of ATAC-seq signals (j) in TAD boundaries with different conservation degrees. For a, b and i, two-sided Wilcoxon rank sum test, ***Pâ€‰<â€‰2.2â€‰Ã—â€‰10âˆ’16. For a, b, e and i, center line, median; box limits, upper and lower quartiles; whiskers, 1.5Ã— interquartile range.


Extended Data Fig. 8 Characterization of chromatin loops.
a, Chromatin loops with different conservation degrees (specific, shared in 2 genomes, shared in 3 genomes â€¦, shared in 8 genomes). b, TE coverage of loop anchors with different conservation degrees. c, Two examples show specific TE insertions leading to changes in distance between genes of B1 and G1 genomes accompanied by the formation of specific loops and differential expression of genes. The gray bands connect the orthologous segments. d-f, Differences in related loop numbers (d), expression of regulated genes (e) and distance of related loops (f) between conserved and specific CREs in 8 species. For b and d-f, two-sided Wilcoxon rank sum test, ***Pâ€‰<â€‰2.2â€‰Ã—â€‰10âˆ’16; center line, median; box limits, upper and lower quartiles; whiskers, 1.5Ã— interquartile range. g, Proportion of specific, variable, and conserved CREs with and without TE. h, Proportion of conserved and specific CREs with and without PAV. Two-sided Fisherâ€™s exact test, ***Pâ€‰<â€‰0.001. i, GO enrichment of genes involved in highly (blue) and lowly (yellow) conserved networks.


Extended Data Fig. 9 GWAS and eQTL identification.
a, Manhattan plot of GWAS for fiber length (FL). The dashed line represents the significant threshold (-log10Pâ€‰=â€‰6.15). b, QQ-plot result for the GWAS on fiber length. c, Box and Dot plots show the effects of allelic combinations for FL. Diploid cotton accessions were categorized according to the combination of different numbers of loci with favorable alleles. The considering QTLs were listed in the right. center line, median; box limits, upper and lower quartiles; whiskers, 1.5Ã— interquartile range. d-h, Dot plot of eQTLs and the corresponding eGenes at 4 DPA (d), 8 DPA (e), 12 DPA (f), 16 DPA (g) and 20 DPA (h). X-axes show the SNP position in each chromosome and y-axes show gene position in each chromosome. The color of each dot represents the significance (P-value) of each eQTL-eGene association.


Extended Data Fig. 10 Characterization of eQTL and fine-mapping.
a, The number of cis-eGenes that were shared by eQTLs in at least two developmental stages or specifically found in only one stage. b, Distribution of the distance between cis-eQTL and transcription start site (TSS) of the regulated gene. c, Genomic annotations of cis-eQTLs at each developmental stage. d, The number of trans-eGenes at each developmental stage. The bars are colored by the number of trans-eQTLs for each gene. e, Functional enrichment of independent cis-eQTLs and trans-eQTLs. Odds ratio larger than 1 means that eQTLs are associated with higher odds of variants in specific genomic regions. Bars indicate meanâ€‰Â±â€‰SD across 5 stages. f, The number of stage-specific cis-eQTLs. g, Pearson correlation between cis-eQTL effect size and cis-eGene expression level across stages. â€˜Uninterpretableâ€™ means the directions of effect sizes of cis-eQTL are different among stages. â€˜Low expr.â€™ means not used for correlation test owing to low expression. h, A representative example of chromatin loop-supported genetic regulation between eQTL and eGene. i, Comparison of fiber length (FL) between cotton accessions in Group-1 and Group-2, related to Fig. 5j. Two-sided Wilcoxon rank sum test, P-value = 0.047. center line, median; box limits, upper and lower quartiles; whiskers, 1.5Ã— interquartile range. j, Manhattan plot of transcriptome-wide association analysis (TWAS) of FL at 4 DPA (circle), 8 DPA (square), 12 DPA (diamond), 16 DPA (up-triangle) and 20 DPA (down-triangle). The red dashed line represents Bonferroni-corrected P-value of 0.05 and the black dashed line represents FDR threshold of 0.05. k, Colocalization of FL-associated GWAS loci and cis-eQTLs. PP.H4 from COLOC is shown. Red color means the gene expression level is positively correlated with fiber length, while blue color represents a negative correlation. l, The Hi-C interaction matrices at 5 Kb resolution. Small purple boxes indicate chromatin loops that connect the eQTL and target gene and yellow boxes indicate other loops, related to Fig. 5n.





Supplementary information
Supplementary Information
This file contains Supplementary Figures 1â€“11, Results and Methods.


Reporting Summary

Peer Review File

Supplementary Table 1
This file contains Supplementary Tables 1â€“30.





Source data
Source Data Extended Data Fig. 4
Unprocessed gels for Extended Data Fig. 4.





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
Wang, M., Li, J., Qi, Z. et al. Genomic innovation and regulatory rewiring during evolution of the cotton genus Gossypium.
                    Nat Genet 54, 1959â€“1971 (2022). https://doi.org/10.1038/s41588-022-01237-2
Download citation
	Received: 10 January 2022

	Accepted: 20 October 2022

	Published: 06 December 2022

	Issue Date: December 2022

	DOI: https://doi.org/10.1038/s41588-022-01237-2


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

                
                    	
                            
                                
                                    
                                        Technology-enabled great leap in deciphering plant genomes
                                    
                                

                            
                                
                                    	Lingjuan Xie
	Xiaojiao Gong
	Longjiang Fan


                                
                                Nature Plants (2024)

                            
	
                            
                                
                                    
                                        Plant pangenomes for crop improvement, biodiversity and evolution
                                    
                                

                            
                                
                                    	Mona Schreiber
	Murukarthick Jayakodi
	Martin Mascher


                                
                                Nature Reviews Genetics (2024)

                            
	
                            
                                
                                    
                                        Dipterocarpoidae genomics reveal their demography and adaptations to Asian rainforests
                                    
                                

                            
                                
                                    	Rong Wang
	Chao-Nan Liu
	Xiao-Yong Chen


                                
                                Nature Communications (2024)

                            
	
                            
                                
                                    
                                        Cotton pedigree genome reveals restriction of cultivar-driven strategy in cotton breeding
                                    
                                

                            
                                
                                    	Shang Liu
	Dongyun Zuo
	Guoli Song


                                
                                Genome Biology (2023)

                            
	
                            
                                
                                    
                                        A review of the pangenome: how it affects our understanding of genomic variation, selection and breeding in domestic animals?
                                    
                                

                            
                                
                                    	Ying Gong
	Yefang Li
	Lin Jiang


                                
                                Journal of Animal Science and Biotechnology (2023)

                            


                

            

        
    

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    Reviews & Analysis
                                
                            
	
                                
                                    News & Comment
                                
                            
	
                                
                                    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
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Editorial Policies
                                
                            
	
                                
                                    Content Types
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    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 Genetics (Nat Genet)
                
                
    
    
        ISSN 1546-1718 (online)
    
    


                
    
    
        ISSN 1061-4036 (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: ]
