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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.


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


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


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


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