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            Abstract
Paired fins are a major innovation1,2 that evolved in the jawed vertebrate lineage after divergence from living jawless vertebrates3. Extinct jawless armoured stem gnathostomes show a diversity of paired body-wall extensions, ranging from skeletal processes to simple flaps4. By contrast, osteostracans (a sister group to jawed vertebrates) are interpreted to have the first true paired appendages in a pectoral position, with pelvic appendages evolving later in association with jaws5. Here we show, on the basis of articulated remains of Tujiaaspis vividus from the Silurian period of China, that galeaspids (a sister group to both osteostracans and jawed vertebrates) possessed three unpaired dorsal fins, an approximately symmetrical hypochordal tail and a pair of continuous, branchial-to-caudal ventrolateral fins. The ventrolateral fins are similar to paired fin flaps in other stem gnathostomes, and specifically to the ventrolateral ridges of cephalaspid osteostracans that also possess differentiated pectoral fins. The ventrolateral fins are compatible with aspects of the fin-fold hypothesis for the origin of vertebrate paired appendages6,7,8,9,10. Galeaspids have a precursor condition to osteostracans and jawed vertebrates in which paired fins arose initially as continuous pectoral–pelvic lateral fins that our computed fluid-dynamics experiments show passively generated lift. Only later in the stem lineage to osteostracans and jawed vertebrates did pectoral fins differentiate anteriorly. This later differentiation was followed by restriction of the remaining field of fin competence to a pelvic position, facilitating active propulsion and steering.
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                    Fig. 1: Holotype of T. vividus.[image: ]


Fig. 2: The postcranial anatomy of galeaspids.[image: ]


Fig. 3: Results of CFD simulations.[image: ]


Fig. 4: Ancestral-state estimation analysis for the evolution of paired appendages in vertebrates.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Geological setting of Tujiaaspis vividus.
a, Maps of the two fossil localities in Xiangxi and Xiushan Tujia and Miao Autonomous Prefecture (County). b, Horizon of the fish-bearing Huixingshao Formation.


Extended Data Fig. 2 The postcranial anatomy of Tujiaaspis vividus.
uncoated counterpart (b) with an interpretative drawing (c), the paratype, IVPP V27410 (right, in dorsal view) and V27411 (left, in ventral view). d, Close-up of the tail magnified from the box region of (b), in lateral view. e, Close-up of the tail of the holotype, IVPP V26668, in lateral view. Abbreviations as in Figs. 1, 2.


Extended Data Fig. 3 The postcranial anatomy of another new form of Eugaleaspidiformes from the same locality and horizon with the holotype of Tujiaaspis vividus.
a, b. Photographs of specimen IVPP V26669 uncoated (a) and coated (b) by a layer of ammonium chloride sublimate, respectively, in ventral view, Abbreviations as in Figs. 1, 2.


Extended Data Fig. 4 Difference in lift force (N) between the models with and without ventrolateral fins (ΔLift) against the angle of attack (AoA).
Linear regression coefficient and significance of the slope is showed.


Extended Data Fig. 5 3D virtual restoration of Tujiaaspis vividus.
a, In dorsal view. b, In ventral view. c, Close-up of the anterior two dorsal fins. d, Close-up of the tail, (c,d), in lateral view.


Extended Data Fig. 6 Computed Fluid Dynamics analysis of Tujiaaspis vividus.
a, 3D model including ventrolateral ridges in dorsal (dr), ventral (vn), lateral (lt) and frontal (fr) views. b, c, d, Computational domain (b), mesh overlying the models without (upper) and with (lower) ventrolateral fins in dorsal (dr) and ventral (vn) views, and general mesh (c) employed in the CFD analysis noting the different boundary conditions (in, inlet; ou, outlet; ns, non-slip; ss, slip symmetry), refinement volume (rf) and inflation layers (if).


Extended Data Fig. 7 The artistic life restoration of Tujiaaspis vividus (Picture credit Qiuyang Zheng).
The ventral side of the body in Tujiaaspis vividus manifests a pair of continuous pectoral-pelvic lateral fins which our Computed Fluid Dynamic experiments demonstrate passively generate lift to escape from predators such as sea scorpions to escape from predators such as sea scorpions.





Supplementary information
Reporting Summary

Supplementary Data 1
Results of all CFD simulations performed with the models of Tujiaaspis with and without ventrolateral ridges (VL), including details about the mesh and the calculations of the Reynolds number, apparent weight, drag and lift coefficients and lift-to-drag ratios.


Supplementary Data 2
Results of independence tests for mesh size, domain size and refinement volume.


Supplementary Data 3
Character data and stratigraphic data used in the ancestral state estimation analyses.


Supplementary Data 4
Results of the ancestral state estimation analyses.


Supplementary Data 5
R script used in the ancestral state estimation analyses.





Rights and permissions
Springer Nature or its licensor 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
Gai, Z., Li, Q., Ferrón, H.G. et al. Galeaspid anatomy and the origin of vertebrate paired appendages.
                    Nature 609, 959–963 (2022). https://doi.org/10.1038/s41586-022-04897-6
Download citation
	Received: 20 October 2021

	Accepted: 24 May 2022

	Published: 28 September 2022

	Issue Date: 29 September 2022

	DOI: https://doi.org/10.1038/s41586-022-04897-6


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 hagfish genome and the evolution of vertebrates
                                    
                                

                            
                                
                                    	Ferdinand Marlétaz
	Nataliya Timoshevskaya
	Daniel S. Rokhsar


                                
                                Nature (2024)

                            
	
                            
                                
                                    
                                        Fossil evidence for a pharyngeal origin of the vertebrate pectoral girdle
                                    
                                

                            
                                
                                    	Martin D. Brazeau
	Marco Castiello
	Matt Friedman


                                
                                Nature (2023)

                            
	
                            
                                
                                    
                                        How did Jawed Vertebrates Originate and Rise?
                                    
                                

                            
                                
                                    	Min Zhu
	Youan Zhu
	Jing Lu


                                
                                Journal of Earth Science (2023)

                            
	
                            
                                
                                    
                                        A median fin derived from the lateral plate mesoderm and the origin of paired fins
                                    
                                

                            
                                
                                    	Keh-Weei Tzung
	Robert L. Lalonde
	Tom J. Carney


                                
                                Nature (2023)

                            
	
                            
                                
                                    
                                        In praise of research in fundamental biology
                                    
                                

                            
                                
                                Nature (2022)

                            


                

            

        
    

            
                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
            
        

        
    



            

        
    


    
        
    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    Fossils reveal the deep roots of jawed vertebrates
                

                
	Matt Friedman



                
    
        
            Nature
        
        News & Views
        
        
            28 Sept 2022
        
    


            

        

    


                        

                    
                        
                            
    
        
            
                
                    A trove of ancient fish fossils helps trace the origin of jaws
                

                
	Benjamin Thompson



                
    
        
            Nature
        
        Nature Podcast
        
        
            28 Sept 2022
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            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: ]
