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            Abstract
The colour patterns decorating butterfly wings provide ideal material to study the reciprocal interactions between evolution and development. They are visually compelling products of selection, often with a clear adaptive value, and are amenable to a detailed developmental characterization1. Research on wing-pattern evolution and development has focused on the eyespots of the tropical butterfly Bicyclus anynana2. There is quantitative variation for several features of eyespot morphology3,4,5 but the actual genes contributing to such variation are unknown. On the other hand, studies of gene expression patterns in wing primordia have implicated different developmental pathways in eyespot formation6,7,8,9,10,11. To link these two sets of information we need to identify which genes within the implicated pathways contribute to the quantitative variation accessible to natural selection. Here we begin to bridge this gap by demonstrating linkage between DNA polymorphisms in the candidate gene Distal-less (Dll) and eyespot size in B. anynana.
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                    Figure 1: Bicyclus anynana selection lines divergent for the size of the dorsal forewing eyespots.[image: ]


Figure 2: Test for an association between alleles at the Dll locus and dorsal eyespot size in B. anynana.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Dominance mechanisms in supergene alleles controlling butterfly wing pattern variation: insights from gene expression in Heliconius numata
                                        
                                    

                                    
                                        Article
                                        
                                         16 December 2022
                                    

                                

                                Héloïse Bastide, Suzanne V. Saenko, … Violaine Llaurens

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Distinct genetic architectures underlie divergent thorax, leg, and wing pigmentation between Drosophila elegans and D. gunungcola
                                        
                                    

                                    
                                        Article
                                        
                                         18 September 2021
                                    

                                

                                Jonathan H. Massey, Jun Li, … Patricia J. Wittkopp

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Co-option of wing-patterning genes underlies the evolution of the treehopper helmet
                                        
                                    

                                    
                                        Article
                                        
                                         09 December 2019
                                    

                                

                                Cera R. Fisher, Jill L. Wegrzyn & Elizabeth L. Jockusch

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                References
	Nijhout, H. F. The Development and Evolution of Butterfly Wing Patterns (Smithsonian Institute, Washington DC, 1991).

                    Google Scholar 
                

	Brakefield, P. M. The evolution–development interface and advances with the eyespot patterns of Bicyclus butterflies. Heredity 80, 265–272 (1998).
Article 
    
                    Google Scholar 
                

	Monteiro, A. F., Brakefield, P. M. & French, V. The evolutionary genetics and developmental basis of wing pattern variation in the butterfly Bicyclus anynana. Evolution 48, 1147–1157 (1994).
Article 
    
                    Google Scholar 
                

	Monteiro, A. F., Brakefield, P. M. & French, V. Butterfly eyespots: the genetics and development of the color rings. Evolution 51, 1207–1216 (1997).
Article 
    
                    Google Scholar 
                

	Monteiro, A. F., Brakefield, P. M. & French, V. The genetics and development of an eyespot pattern in the butterfly Bicyclus anynana: response to selection for eyespot shape. Genetics 146, 287–294 (1997).
CAS 
    PubMed 
    
                    Google Scholar 
                

	Carroll, S. B. et al. Pattern formation and eyespot determination in butterfly wings. Science 265, 109–114 (1994).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Carroll, S. B. Developmental regulatory mechanisms in the evolution of insect diversity. Development (Suppl.) 217–223 (1994).

	Brakefield, P. M. et al. Development, plasticity and evolution of butterfly eyespot patterns. Nature 384, 236–242 (1996).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Keys, D. N. et al. Recruitment of a hedgehog regulatory circuit in butterfly eyespot evolution. Science 283, 532–534 (1999).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Weatherbee, S. D. et al. Ultrabithorax function in butterfly wings and the evolution of insect wing patterns. Curr. Biol. 9, 109–115 (1999).
Article 
    CAS 
    
                    Google Scholar 
                

	Brunetti, C. R. et al. The generation and diversification of butterfly eyespot color patterns. Curr. Biol. 11, 1578–1585 (2001).
Article 
    CAS 
    
                    Google Scholar 
                

	Palopoli, M. F. & Patel, N. H. Neo-Darwinian developmental evolution: can we bridge the gap between pattern and process? Curr. Opin. Gen. Dev. 6, 502–508 (1996).
Article 
    CAS 
    
                    Google Scholar 
                

	Stern, D. L. Perspective: evolutionary developmental biology and the problem of variation. Evolution 54, 1079–1091 (2000).
Article 
    CAS 
    
                    Google Scholar 
                

	Mackay, T. F. C. Quantitative trait loci in Drosophila. Nature Rev. Genet. 2, 11–20 (2001).
Article 
    CAS 
    
                    Google Scholar 
                

	Brakefield, P. M. & French, V. Butterfly wings: the evolution of development of colour patterns. BioEssays 21, 391–401 (1999).
Article 
    
                    Google Scholar 
                

	Nijhout, H. F. Pattern formation on lepidopteran wings: determination of an eyespot. Dev. Biol. 80, 267–274 (1980).
Article 
    CAS 
    
                    Google Scholar 
                

	French, V. & Brakefield, P. M. Eyespot development on butterfly wings: the focal signal. Dev. Biol. 168, 112–123 (1995).
Article 
    CAS 
    
                    Google Scholar 
                

	Panganiban, G., Nagy, L. & Carroll, S. B. The role of the Distal-less gene in the development and evolution of insect limbs. Curr. Biol. 4, 671–675 (1994).
Article 
    CAS 
    
                    Google Scholar 
                

	Kreitman, M. Nucleotide polymorphism at the alcohol dehydrogenase locus of Drosophila melanogaster. Nature 304, 412–417 (1983).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Long, A. D. et al. High resolution mapping of genetic factors affecting abdominal bristle number in Drosophila melanogaster. Genetics 139, 1273–1291 (1995).
CAS 
    PubMed 
    
                    Google Scholar 
                

	Taylor, B. A., Wnek, C., Schroeder, D. & Phillips, S. J. Multiple obesity QTLs identified in an intercross between the NZO (New Zealand obese) and the SM (small) mouse strains. Mamm. Genome 12, 95–103 (2001).
Article 
    CAS 
    
                    Google Scholar 
                

	Wijngaarden, P. J. & Brakefield, P. M. The genetic basis of eyespot size in the butterfly Bicyclus anynana: an analysis of line crosses. Heredity 85, 471–479 (2000).
Article 
    
                    Google Scholar 
                

	Edwards, M. D., Stuber, C. W. & Wendel, J. F. Molecular-marker-facilitated investigations of quantitative-trait loci in maize. I. Numbers, genomic distribution and types of gene action. Genetics 116, 113–125 (1987).
CAS 
    PubMed 
    
                    Google Scholar 
                

	Lander, E. S. & Botstein, D. Mapping Mendelian factors underlying quantitative traits using RFLP Linkage maps. Genetics 121, 185–199 (1989).
CAS 
    PubMed 
    
                    Google Scholar 
                

	Robinson, R. Lepidoptera Genetics (Pergamon, Oxford, 1971).
Book 
    
                    Google Scholar 
                

	Lai, C. G., Lyman, R. F., Long, A. D., Langley, C. H. & Mackay, T. F. C. Naturally-occurring variation in bristle number and DNA polymorphisms at the scabrous locus of Drosophila melanogaster. Science 266, 1697–1702 (1994).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Long, A. D., Lyman, R. F., Morgan, A. H., Langley, C. H. & Mackay, T. F. C. Both naturally occurring insertions of transposable elements and intermediary frequency polymorphisms at the achaete–scute complex are associated with variation in bristle number in Drosophila melanogaster. Genetics 154, 1255–1269 (2000).
CAS 
    PubMed 
    
                    Google Scholar 
                

	Doerge, R. W. & Churchill, G. A. Permutation test for multiple loci affecting a quantitative character. Genetics 142, 285–294 (1996).
CAS 
    PubMed 
    
                    Google Scholar 
                

	Falconer, D. S. & Mackay, T. F. C. Introduction to Quantitative Genetics 4th edn (Addison Wesley Longman, Harlow, Essex, 1996).

                    Google Scholar 
                

	Marec, F. Synaptonemal complexes in insects. Int. J. Insect Morphol. Embryol. 25, 205–233 (1996).
Article 
    
                    Google Scholar 
                


Download references




Acknowledgements
We thank K. Koops for rearing the butterflies, and B. Zwaan for help with the crosses; C. Brunetti, J. Selegue and S. Carroll for the B. anynana cDNA library, the P. coenia Dll probe and the Dll antibody; N. Glansdorp for help with wing extractions, and G. Lammers for help with the confocal microscopy; K. Broman for deriving the likelihood function; F. Marec for information on butterfly chromosomes; M. Brittijn for help with the figures; and A. Monteiro, H. Teotónio and B. Zwaan for comments on the manuscript. This work was supported by the Portuguese Foundation for Science and Technology and the Luso-American Foundation under the Gulbenkian Program (P.B.), the Human Frontier Science Program Organization (P.M.B.) and the US National Institute of Health (A.D.L.).


Author information
Authors and Affiliations
	Institute of Evolutionary and Ecological Sciences, University of Leiden, PO Box 9516, Leiden, 2300 RA, The Netherlands
Patrícia Beldade & Paul M. Brakefield

	Department of Ecology and Evolutionary Biology, University of California, Irvine, 92612, California, USA
Anthony D. Long


Authors	Patrícia BeldadeView author publications
You can also search for this author in
                        PubMed Google Scholar



	Paul M. BrakefieldView author publications
You can also search for this author in
                        PubMed Google Scholar



	Anthony D. LongView author publications
You can also search for this author in
                        PubMed Google Scholar





Corresponding author
Correspondence to
                Patrícia Beldade.


Rights and permissions
Reprints and permissions


About this article
Cite this article
Beldade, P., Brakefield, P. & Long, A. Contribution of Distal-less to quantitative variation in butterfly eyespots.
                    Nature 415, 315–318 (2002). https://doi.org/10.1038/415315a
Download citation
	Received: 16 August 2001

	Accepted: 08 November 2001

	Issue Date: 17 January 2002

	DOI: https://doi.org/10.1038/415315a


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

                
                    	
                            
                                
                                    
                                        The flexible stem hypothesis: evidence from genetic data
                                    
                                

                            
                                
                                    	Jean-Michel Gibert


                                
                                Development Genes and Evolution (2017)

                            
	
                            
                                
                                    
                                        Focusing on butterfly eyespot focus: uncoupling of white spots from eyespot bodies in nymphalid butterflies
                                    
                                

                            
                                
                                    	Masaki Iwata
	Joji M. Otaki


                                
                                SpringerPlus (2016)

                            
	
                            
                                
                                    
                                        Distal-less induces elemental color patterns in Junonia butterfly wings
                                    
                                

                            
                                
                                    	Bidur Dhungel
	Yoshikazu Ohno
	Joji M. Otaki


                                
                                Zoological Letters (2016)

                            
	
                            
                                
                                    
                                        Genome editing in butterflies reveals that spalt promotes and Distal-less represses eyespot colour patterns
                                    
                                

                            
                                
                                    	Linlin Zhang
	Robert D. Reed


                                
                                Nature Communications (2016)

                            
	
                            
                                
                                    
                                        What makes eyespots intimidating–the importance of pairedness
                                    
                                

                            
                                
                                    	Ritwika Mukherjee
	Ullasa Kodandaramaiah


                                
                                BMC Evolutionary Biology (2015)

                            


                

            

        
    

            
                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 — 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: ]
