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            Abstract
A reduction in the number of digits has evolved many times in tetrapods, particularly in cursorial mammals that travel over deserts and plains, yet the underlying developmental mechanisms have remained elusive. Here we show that digit loss can occur both during early limb patterning and at later post-patterning stages of chondrogenesis. In the â€˜odd-toedâ€™ jerboa (Dipus sagitta) and horse and the â€˜even-toedâ€™ camel, extensive cell death sculpts the tissue around the remaining toes. In contrast, digit loss in the pig is orchestrated by earlier limb patterning mechanisms including downregulation of Ptch1 expression but no increase in cell death. Together these data demonstrate remarkable plasticity in the mechanisms of vertebrate limb evolution and shed light on the complexity of morphological convergence, particularly within the artiodactyl lineage.
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                    Figure 1: Convergent evolution of the embryonic limb skeleton in multiple mammal species.[image: ]


Figure 2: Expression of early patterning genes: Shh, Ptch1, Gli1 and HoxD13.[image: ]


Figure 3: Patterns of cell death in each mammalian limb.[image: ]


Figure 4: Expression of Msx2 at the start of digit chondrogenesis.[image: ]


Figure 5: Fgf8 expression is restricted to the AER overlying nascent digits.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Evolution of the avian digital pattern
                                        
                                    

                                    
                                        Article
                                         Open access
                                         12 June 2019
                                    

                                

                                Kenta Kawahata, Ingrid Rosenburg Cordeiro, â€¦ Mikiko Tanaka

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Evidence against tetrapod-wide digit identities and for a limited frame shift in bird wings
                                        
                                    

                                    
                                        Article
                                         Open access
                                         19 July 2019
                                    

                                

                                Thomas A. Stewart, Cong Liang, â€¦ GÃ¼nter P. Wagner

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Spatial regulation by multiple Gremlin1 enhancers provides digit development with cis-regulatory robustness and evolutionary plasticity
                                        
                                    

                                    
                                        Article
                                         Open access
                                         21 September 2021
                                    

                                

                                Jonas Malkmus, LaurÃ¨ne Ramos Martins, â€¦ Rolf Zeller

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                Accession codes

              
              
                Data deposits

                The probe sequence data for all genes and species has been deposited in the NCBI Probes database with the following accession numbers: CAMELBMP4, Pr032067180; CAMELFGF8, Pr032067181; CAMELGLI1, Pr032067182; CAMELHOXD13, Pr032067183; CAMELPTCH1, Pr032067184; HORSEBMP4, Pr032067185; HORSEFGF8, Pr032067186; HORSEGLI1, Pr032067187; HORSEHOXD13, Pr032067188; HORSEMSX2, Pr032067189; HORSEPTCH1, Pr032067190; HORSESHH, Pr032067191; JERBOABMP4, Pr032067192; JERBOAFGF8, Pr032067193; JERBOAGLI1, Pr032067194; JERBOAHOXD13, Pr032067195; JERBOAMSX2, Pr032067196; JERBOAPTCH1, Pr032067197; JERBOASHH, Pr032067198; MOUSEBMP4, Pr032067199; MOUSEFGF8, Pr032067200; MOUSEGLI1, Pr032067201; MOUSEHOXD13, Pr032067202; MOUSEMSX2, Pr032067203; MOUSEPTCH1, Pr032067204; MOUSESHH, Pr032067205; PIGFGF8, Pr032067206; PIGPTCH1, Pr032067207; PIGSHH, Pr032067208.

              
            

References
	Lande, R. Evolutionary mechanisms of limb loss in tetrapods. Evolution 32, 73â€“92 (1978)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Skinner, A., Lee, M. S. & Hutchinson, M. N. Rapid and repeated limb loss in a clade of scincid lizards. BMC Evol. Biol. 8, 310 (2008)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Shapiro, M. D. Developmental morphology of limb reduction in Hemiergis (squamata: scincidae): chondrogenesis, osteogenesis, and heterochrony. J. Morphol. 254, 211â€“231 (2002)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Shapiro, M. D., Hanken, J. & Rosenthal, N. Developmental basis of evolutionary digit loss in the Australian lizard Hemiergis. J. Exp. Zool. B Mol. Dev. Evol. 297B, 48â€“56 (2003)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Harfe, B. D. et al. Evidence for an expansion-based temporal Shh gradient in specifying vertebrate digit identities. Cell 118, 517â€“528 (2004)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Towers, M., Mahood, R., Yin, Y. & Tickle, C. Integration of growth and specification in chick wing digit-patterning. Nature 452, 882â€“886 (2008)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Zhu, J. et al. Uncoupling Sonic hedgehog control of pattern and expansion of the developing limb bud. Dev. Cell 14, 624â€“632 (2008)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Alberch, P. & Gale, E. A. Size dependence during the development of the amphibian foot. Colchicine-induced digital loss and reduction. J. Embryol. Exp. Morphol. 76, 177â€“197 (1983)
CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Walker, E. P. Mammals of the World (John Hopkins Press, 1964)

                    Google ScholarÂ 
                

	Shenbrot, G. I., Sokolov, V. E. & Heptner, V. G. Jerboas: Mammals of Russia and Adjacent Regions (Science Publishers, 2008)
BookÂ 
    
                    Google ScholarÂ 
                

	Cooper, K. L. The lesser Egyptian jerboa, Jaculus jaculus: a unique rodent model for evolution and development. Cold Spring Harb. Protoc. 2011, pdb.emo066704 (2011)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Zuzarte-Luis, V. & Hurle, J. M. Programmed cell death in the embryonic vertebrate limb. Semin. Cell Dev. Biol. 16, 261â€“269 (2005)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	FernÃ¡ndez-TerÃ¡n, M. A., Hinchliffe, J. R. & Ros, M. A. Birth and death of cells in limb development: a mapping study. Dev. Dyn. 235, 2521â€“2537 (2006)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Marazzi, G., Wang, Y. & Sassoon, D. Msx2 is a transcriptional regulator in the BMP4-mediated programmed cell death pathway. Dev. Biol. 186, 127â€“138 (1997)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Ferrari, D. et al. Ectopic expression of Msx-2 in posterior limb bud mesoderm impairs limb morphogenesis while inducing BMP-4 expression, inhibiting cell proliferation, and promoting apoptosis. Dev. Biol. 197, 12â€“24 (1998)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Pizette, S., Abate-Shen, C. & Niswander, L. BMP controls proximodistal outgrowth, via induction of the apical ectodermal ridge, and dorsoventral patterning in the vertebrate limb. Development 128, 4463â€“4474 (2001)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Lewandoski, M., Sun, X. & Martin, G. R. Fgf8 signalling from the AER is essential for normal limb development. Nature Genet. 26, 460â€“463 (2000)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Mariani, F. V., Ahn, C. P. & Martin, G. R. Genetic evidence that FGFs have an instructive role in limb proximal-distal patterning. Nature 453, 401â€“405 (2008)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Sun, X., Mariani, F. V. & Martin, G. R. Functions of FGF signalling from the apical ectodermal ridge in limb development. Nature 418, 501â€“508 (2002)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Sanz-Ezquerro, J. J. & Tickle, C. Fgf signaling controls the number of phalanges and tip formation in developing digits. Curr. Biol. 13, 1830â€“1836 (2003)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Romer, A. S. Vertebrate Paleontology (Univ. Chicago Press, 1936)

                    Google ScholarÂ 
                

	Prothero, D. R. & Foss, S. E. The Evolution of Artiodactyls (John Hopkins Univ. Press, 2007)

                    Google ScholarÂ 
                

	Lopez-Rios, J. et al. Attenuated sensing of SHH by Ptch1 underlies adaptive evolution of bovine limbs. Nature http://dx.doi.org/10.1038/nature13289 (this issue)

	Chen, Y. & Struhl, G. Dual roles for Patched in sequestering and transducing Hedgehog. Cell 87, 553â€“563 (1996)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Li, Y., Zhang, H., Litingtung, Y. & Chiang, C. Cholesterol modification restricts the spread of Shh gradient in the limb bud. Proc. Natl Acad. Sci. USA 103, 6548â€“6553 (2006)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Butterfield, N. C. et al. Patched 1 is a crucial determinant of asymmetry and digit number in the vertebrate limb. Development 136, 3515â€“3524 (2009)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Sears, K. E. et al. Developmental basis of mammalian digit reduction: a case study in pigs. Evol. Dev. 13, 533â€“541 (2011)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Clifford, A. B. The evolution of the unguligrade manus in artiodactyls. J. Vertebr. Paleontol. 30, 1827â€“1839 (2010)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Cooper, L. N., Berta, A., Dawson, S. D. & Reidenberg, J. S. Evolution of hyperphalangy and digit reduction in the cetacean manus. Anat. Rec. Adv. Integr. Anat. Evol. Biol. 290, 654â€“672 (2007)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Rose, K. D. Skeleton of Diacodexis, oldest known artiodactyl. Science 216, 621â€“623 (1982)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Rose, K. D. On the origin of the order Artiodactyla. Proc. Natl Acad. Sci. USA 93, 1705â€“1709 (1996)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Theodor, J., Erfurt, J. & Metais, G. The earliest Artiodactyls: Diacodexeidae, Dichobunidae, Homacodontidae, Leptochoeridae, and Raoellidae in The Evolution of Artiodactyls (eds. Prothero, D.R. & Foss, S.E. ) (John Hopkins Univ. Press, 2007)

                    Google ScholarÂ 
                

	Rasweiler, J. J., Cretekos, C. J. & Behringer, R. R. Alcian blue staining of cartilage of short-tailed fruit bat (Carollia perspicillata). Cold Spring Harb. Protoc. 2009, pdb.prot5165 (2009)
PubMedÂ 
    
                    Google ScholarÂ 
                

	Ovchinnikov, D. Alcian blue/alizarin red staining of cartilage and bone in mouse. Cold Spring Harb. Protoc. 2009, pdb.prot5170 (2009)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Riddle, R. D., Johnson, R. L., Laufer, E. & Tabin, C. Sonic hedgehog mediates the polarizing activity of the ZPA. Cell 75, 1401â€“1416 (1993)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Rasweiler, J. J., Cretekos, C. J. & Behringer, R. R. Whole-mount in situ hybridization of short-tailed fruit bat (Carollia perspicillata) embryos with RNA probes. Cold Spring Harb. Protoc. 2009, pdb.prot5164 (2009)
PubMedÂ 
    
                    Google ScholarÂ 
                

	Meredith, R. W. et al. Impacts of the Cretaceous terrestrial revolution and KPg extinction on mammal diversification. Science 334, 521â€“524 (2011)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                


Download references




Acknowledgements
We thank J. Lopez-Rios and R. Zeller (University of Basel, Switzerland) for generously providing data and discussion before publication. We also thank J. Carlos Izpisua Belmonte and A. Aguirre for sharing space and materials to complete experiments subsequent to review. Jerboa embryos were harvested with the assistance of S. Wu and colleagues in Xinjiang, China. Pig embryos were harvested with the assistance of D. Urban. Additional horse embryos were provided by R. Turner and H. Galatino-Homer (University of Pennsylvania) and by R. Fritsche and S. Lyle (Louisiana State University). Mouse Gli1 probe plasmid, used in the pig in situ, was provided by A. Joyner. This work was supported by NIH grant R37HD032443 to C.J.T., and NSF IOS grant 1257873 to K.E.S.


Author information
Author notes	Kimberly L. Cooper
Present address: Present address: Division of Biological Sciences, University of California, San Diego, La Jolla, California 92093, USA., 

	Kimberly L. Cooper, Karen E. Sears and Aysu Uygur: These authors contributed equally to this work.


Authors and Affiliations
	Department of Genetics, Harvard Medical School, Boston, 02115, Massachusetts, USA
Kimberly L. Cooper,Â Aysu UygurÂ &Â Clifford J. Tabin

	Department of Animal Biology, University of Illinois Urbana-Champaign, Urbana, 61801, Illinois, USA
Karen E. SearsÂ &Â Jennifer Maier

	Ã‰cole Normale SupÃ©rieure de Lyon, 69007 Lyon, France, 
Karl-Stephan Baczkowski

	Department of Molecular Biology and Genetics, Cornell University, Ithaca, 14853, New York, USA
Margaret BrosnahanÂ &Â Doug Antczak

	The Camel Reproduction Centre, Dubai, United Arab Emirates
Julian A. Skidmore


Authors	Kimberly L. CooperView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Karen E. SearsView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Aysu UygurView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Jennifer MaierView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Karl-Stephan BaczkowskiView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Margaret BrosnahanView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Doug AntczakView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Julian A. SkidmoreView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Clifford J. TabinView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Contributions
K.L.C., K.E.S. and C.J.T. conceived of and initiated the project. K.L.C. and C.J.T. wrote the manuscript. K.L.C performed the mouse, three- and five-toed jerboa, horse and camel in situ hybridizations, PH3 IHC, and skeletal stains. A.U. performed TUNEL and Sox9 IHC. J.M. and K.E.S. performed the pig in situ hybridizations. K.-S.B. cloned the pig probes. M.B. and D.A. provided most of the horse embryos and material for cloning the horse probes. J.A.S. provided the camel embryos and material for cloning the camel probes.
Corresponding authors
Correspondence to
                Kimberly L. Cooper or Karen E. Sears.


Ethics declarations

              
                Competing interests

                The authors declare no competing financial interests.

              
            

Extended data figures and tables

Extended Data Figure 1 The proximal remnants of truncated skeletal elements in D. sagitta are correctly patterned.
Alcian blue and alizarin red stained skeletons of postnatal day 0 mouse (left, n = 4 animals) and three-toed jerboa, D. sagitta (right, n = 4 animals) with proximal (ankle) at the top. a, Anterior view highlights the first metatarsal (arrowhead). b, Posterior view highlights the fifth metatarsal (arrow). c, Dissected first tarsal-metatarsal elements demonstrate the morphology of the truncated first metatarsal of D. sagitta (right, arrowhead) compared to mouse (left). Joint interzone indicated by white dashed line. Scale bars, 0.5â€‰mm.


Extended Data Figure 2 The shape of the three-toed jerboa hindlimb differs from the mouse as early as 11.5â€‰dpc.
Trace outlines of limb buds of the mouse (black) and three-toed jerboa, D. sagitta (green) over a developmental time series. Outlines are of embryos most representative of 3â€“4 individuals per stage.


Extended Data Figure 3 Proliferation is unchanged in the D. sagitta hindlimb bud.
Phospho-histone H3 detection in sections of mouse and three-toed jerboa, D. sagitta, limb buds. a, Forelimbs. b, Hindlimbs. n = 2 embryos per stage and species.


Extended Data Figure 4 Developmental time course and species comparisons of Bmp4 expression.
a, b, Forelimb buds (FL) (a) and hindlimb buds (HL) (b) of mouse and the three-toed jerboa, Dipus sagitta, at 10.5, 11, 11.5, 12 and 12.5â€‰dpc (n = 2 embryos per stage). c, Forelimb and hindlimb of the five-toed jerboa, A. elater, at approximately 12.25â€‰dpc (n = 1 embryo). d, Forelimb and hindlimb of the horse at 30â€‰dpc (approximately equivalent to mouse 12â€‰dpc) (n = 2 embryos). e, Forelimb and hindlimb of the camel at 38â€‰dpc (approximately equivalent to mouse 12.5â€‰dpc) (n = 1 embryo). Scale bar, 1â€‰mm for D. sagitta, A. elater, horse and camel. Scale bar, 0.8â€‰mm for mouse limbs.


Extended Data Figure 5 Developmental time course and species comparisons of Msx2 expression.
a, b, Forelimb buds (FL) (a) and hindlimb buds (HL) (b) of mouse and the three-toed jerboa, D. sagitta, at 10.5, 11, 11.5, 12 and 12.5â€‰dpc (n = 2 embryos per stage). c, d, Msx2 expression in the mouse (c) and D. sagitta (d) embryo at 10.5â€‰dpc. e, Forelimb and hindlimb of the five-toed jerboa, A. elater, at approximately 12.25â€‰dpc (n = 1 embryo). f, Forelimb and hindlimb of the horse at 30â€‰dpc (approximately equivalent to mouse 12â€‰dpc) (n = 2 embryos). g, Forelimb and hindlimb of the camel at 38â€‰dpc (approximately equivalent to mouse 12.5â€‰dpc) (n = 1 embryo). Scale bar, 1â€‰mm for D. sagitta, A. elater, horse and camel. Scale bar, 0.8â€‰mm for mouse limbs.


Extended Data Figure 6 Developmental time course of Fgf8 expression and early TUNEL in the jerboa hindlimb.
a, Time series of Fgf8 expression in the mouse and three-toed jerboa, D. sagitta, hindlimb (n = 2 embryos per stage). b, Fgf8 expression in the pig (25â€‰dpc) and camel (42â€‰dpc) hindlimbs of embryos in Fig. 5. TUNEL labelling of cell death in the 12.5â€‰dpc D. sagitta hindlimb (n = 2 embryos). Limbs in b are aligned with the closest stage matched embryos in a.


Extended Data Table 1 Whole mount in situ hybridization probe informationFull size table
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        Editorial Summary
Mechanisms of evolutionary limb loss
The basic five-digit limb of tetrapods has been altered many times and in many ways during evolution, usually by the progressive loss of digits. Two papers published in this issue of Nature examine the developmental changes underlying digit reduction in mammals. Javier Lopez-Rios et al. look at cattle, where digits three and four are modified to form hooves; digits two and five are vestigial, and the first digit is lost. The first limb bud is shown to be progressively lost as it develops. The Ptch1 gene, which encodes a receptor for the limb-development morphogen Sonic hedgehog (SHH), is upregulated due to evolutionary alteration of a Ptch1 cis-regulatory module that no longer responds to graded SHH signalling during bovine handplate development. Kimberly Cooper et al. show, using a wide range of mammals, that mechanisms of digit loss vary in different lineages. In creatures as varied as the jerboa and the camel, cell death sculpts the tissue in the emerging limb to leave the remaining toes. In other creatures, such as the pig, digit loss is orchestrated by earlier limb patterning events with no increase in cell death. Taken together these findings demonstrate remarkable plasticity in the mechanisms of limb evolution in hooved mammals and rodents, yet reveal a degree of evolutionary convergence.
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