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            Abstract
Despite the wide variety of adaptive modifications in the oral and facial regions of vertebrates, their early oropharyngeal development is considered strictly uniform. It involves sequential formation of the mouth and pharyngeal pouches, with ectoderm outlining the outer surface and endoderm the inner surface, as a rule1,2. At the extreme anterior domain of vertebrate embryos, the ectoderm and endoderm directly juxtapose and initial development of this earliest ecto–endoderm interface, the primary mouth3, typically involves ectodermal stomodeal invagination that limits the anterior expansion of the foregut endoderm3,4. Here we present evidence that in embryos of extant non-teleost fishes, oral (stomodeal) formation is preceded by the development of prominent pre-oral gut diverticula (POGD) between the forebrain and roof of the forming mouth. Micro-computed tomography (micro-CT) imaging of bichir, sturgeon and gar embryos revealed that foregut outpocketing at the pre-oral domain begins even before the sequential formation of pharyngeal pouches. The presence of foregut-derived cells in the front of the mouth was further confirmed by in vivo experiments that allowed specific tracing of the early endodermal lining. We show that POGD in sturgeons contribute to the orofacial surface of their larvae, comprising oral teeth, lips, and sensory barbels. To our knowledge, this is the first thorough evidence for endodermal origin of external craniofacial structures in any vertebrate. In bichir and gar embryos, POGD form prominent cranial adhesive organs that are characteristic of the ancient bauplan of free-living chordate larvae. POGD hence seem arguably to be ancestral for all ray-finned fishes, and their topology, pharyngeal-like morphogenesis and gene expression suggest that they are evolutionarily related to the foregut-derived diverticula of early chordate and hemichordate embryos. The formation of POGD might thus represent an ancestral developmental module with deep deuterostome origins.
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                    Figure 1: Micro-CT visualization of pharyngeal development in bichir, sturgeon and gar reveals prominent POGD.[image: ]


Figure 2: Pharyngeal outpocketing in the pre-oral region, and gene expression patterns in forming POGD in bichir, sturgeon and gar embryos.[image: ]


Figure 3: Fate-mapping of the primitive gut in bichir, sturgeon and gar embryos reveals endodermal contribution to the orofacial surface.[image: ]


Figure 4: Oropharyngeal development comprising POGD, and distribution of POGD on chordate phylogenetic tree.[image: ]
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Extended Data Figure 1 Micro-CT visualization of bichir embryogenesis.
Stages 19–28 (ref. 34).


Extended Data Figure 2 Micro-CT visualization of sturgeon embryogenesis.
Stages 22–26 (ref. 35).


Extended Data Figure 3 Micro-CT visualization of gar embryogenesis.
Stages 15–26 (ref. 36).


Extended Data Figure 4 Micro-CT visualization of pharyngeal development (yellow) in bichir, sturgeon and gar.
3D reconstructions of key developmental stages.


Extended Data Figure 5 Outpocketing of POGD in bichir and secondary constriction of POGD in sturgeon pharyngulae during development.
a–c, Horizontal vibratome sections of bichir pharyngulae at three succeeding stages, showing formation of POGD and cement glands. Head to the left; white dotted line delineates POGD. Fibronectin (green) marks cell and tissue borders; actin (red) stains contracting actin fibres during POGD formation. Red arrowheads point to the possible role of actin cables in POGD outpocketing. d–f, Plastic parasagittal sections of sturgeon pharyngulae at three succeeding stages. Head to the left; stained with AzureB/eosin. Red dotted line delineates POGD. b, brain; h, heart; pog, pre-oral gut.


Extended Data Figure 6 Micro-CT visualization of sturgeon pharynx at two key developmental stages.
3D reconstructions showing the position of pre-oral gut (pog), adenohypophysis (blue), notochord (white), and condensations of head mesenchyme (pink). Endoderm is yellow; roman numerals refer to pharyngeal pouches; red colour shows cranial arteries. aa, aortic arches; h, adenohypophysis; mc, mandibular head cavity.


Extended Data Figure 7 Gene expression patterns (Otx2, Sox17, FoxE4 and Pitx2) in POGD in bichir, sturgeon and gar embryos.
Wholemount views and parasagittal vibratome sections (head to the left); DAPI (blue) stains cell nuclei.


Extended Data Figure 8 CM-DiI fate-mapping of the primitive gut in gars, with endodermal contribution to the orofacial surface.
a, c, Experimental gar embryos, wholemount lateral and ventral view, respectively, with CM-DiI (red) in pharynx and cement glands. Red arrowhead indicates mouth. b, d–g, Horizontal sections, anterior head with CM-DiI (red) in forming cement glands and cranial surface. DAPI (blue) stains cell nuclei; fibronectin (green) marks cell and tissue borders.


Extended Data Figure 9 CM-DiI fate-mapping of the primitive gut in sturgeons, with endodermal contribution to the orofacial surface.
a–d, Experimental sturgeon embryos showing the extent of CM-DiI (red) at stages just before (a), during (b), and after (c, d) mouth opens. Left to right show lateral views, ventral views, SEM images, and schematics. e–j, Sturgeon embryos; bright field images, showing the presence and extent (red arrows) of the yolk-rich cells of the foregut endoderm. These cells appear full of bright yolk granules, which gradually disappear during later development (i, j).


Extended Data Figure 10 SEM images of sturgeon head mapping experimental fate-mapping data with endodermal contribution pseudocoloured yellow.
Antero-ventral views, 10 and 15 days post hatching (d.p.h.); mb, medial barbel; lb, lateral barbel; ao, ampullary organs; rb, rostrum.





Supplementary information
Supplementary Information
This file contains Supplementary Table 1. (PDF 2381 kb)





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3

PowerPoint slide for Fig. 4




Rights and permissions
Reprints and permissions


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



Cite this article
Minarik, M., Stundl, J., Fabian, P. et al. Pre-oral gut contributes to facial structures in non-teleost fishes.
                    Nature 547, 209–212 (2017). https://doi.org/10.1038/nature23008
Download citation
	Received: 27 March 2017

	Accepted: 19 May 2017

	Published: 05 July 2017

	Issue Date: 13 July 2017

	DOI: https://doi.org/10.1038/nature23008


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

                
                    	
                            
                                
                                    
                                        Micro-computed tomography analysis of calcium hydroxide delivery efficacy in C-shaped canal system of mandibular second molars
                                    
                                

                            
                                
                                    	Min Chen
	Babita Pradhan
	Yuan Gao


                                
                                BMC Oral Health (2024)

                            
	
                            
                                
                                    
                                        Developmental fates of shark head cavities reveal mesodermal contributions to tendon progenitor cells in extraocular muscles
                                    
                                

                            
                                
                                    	Shunya Kuroda
	Noritaka Adachi
	Shigeru Kuratani


                                
                                Zoological Letters (2021)

                            
	
                            
                                
                                    
                                        Novel technique for definite blastomere inhibition and distribution of maternal RNA in sterlet Acipenser ruthenus embryo
                                    
                                

                            
                                
                                    	Mujahid Ali Shah
	Taiju Saito
	Martin Pšenička


                                
                                Fisheries Science (2021)

                            


                

            

        
    

            
                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
            
        

        
    



            

        
    


    
        Editorial Summary
Fish faces from the gut
Conventional anatomical wisdom is that the gut begins with the mouth and continues rearwards from there. However, there are isolated instances of anterior diverticulae in the gut, known collectively as pre-oral gut (POG), but they are usually passed over as minor curiosities. Here, the authors show that significant areas of the faces of basal actinopterygians, ray-finned fishes, such as sturgeons, gars and bichirs are endodermal in origin, meaning they are made of pre-oral gut. However, this feature was lost by teleosts, the most evolved group of ray-finned fish. Such POG-derived structures include lips, various barbels and even teeth, which are all quintessentially ectodermal structures. The authors draw parallels with POGs in other deuterostomes such as Hatschek's diverticulum in the amphioxus and the stomochord in hemichordates.

show all

    

    
    

    
        
            
                
                    
                        
                            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: ]
