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            Abstract
The neck and shoulder region of vertebrates has undergone a complex evolutionary history. To identify its underlying mechanisms we map the destinations of embryonic neural crest and mesodermal stem cells using Cre-recombinase-mediated transgenesis. The single-cell resolution of this genetic labelling reveals cryptic cell boundaries traversing the seemingly homogeneous skeleton of the neck and shoulders. Within this assembly of bones and muscles we discern a precise code of connectivity that mesenchymal stem cells of both neural crest and mesodermal origin obey as they form muscle scaffolds. The neural crest anchors the head onto the anterior lining of the shoulder girdle, while a Hox-gene-controlled mesoderm links trunk muscles to the posterior neck and shoulder skeleton. The skeleton that we identify as neural crest-derived is specifically affected in human Klippelâ€“Feil syndrome, Sprengel's deformity and Arnoldâ€“Chiari I/II malformation, providing insights into their likely aetiology. We identify genes involved in the cellular modularity of the neck and shoulder skeleton and propose a new method for determining skeletal homologies that is based on muscle attachments. This has allowed us to trace the whereabouts of the cleithrum, the major shoulder bone of extinct land vertebrate ancestors, which seems to survive as the scapular spine in living mammals.
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                    Figure 1: 
                        Conservation of muscle scaffolds and diversity of shoulder ossification patterns.
                      


Figure 2: 
                        Genetic lineage labelling of PONC and somitic mesoderm in the neck.
                      


Figure 3: 
                        Neural crest and somitic mesodermal origins of the neck.
                      


Figure 4: 
                        Dual neural crest and mesodermal origins of the endochondral shoulder girdle.
                      


Figure 5: 
                        The dual architecture of the clavicle: cell population boundaries coincide with muscle attachments and not with ossification modes.
                      


Figure 7: 
                        Muscle scaffolds in fossils.
                      


Figure 6: 
                        Pathological flexibility of PONC differentiation.
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        Editorial Summary
Neck and neck
The early vertebrate neck was an immobile bony bridge flanked by fins. How this simple structure became the mobile system of musculature that connects head and shoulders in mammals is one of the most intriguing questions in â€˜evo-devoâ€™, the science that explains evolution in terms of embryo development. A novel fate-mapping technique has now been used to trace the origins of the shoulder girdle region on a single-cell level. Tracking stem cells of neural crest (green on the cover) and mesodermal (red) origins reveals â€˜invisibleâ€™ boundaries that coincide not with skeletal structures but with muscleâ€“skeleton attachment scaffolds. These scaffolds have been conserved for the 400 million years between Eastmanosteus, a primitive fossil fish (lower image), and today's mammals (upper image), allowing the cell population map to be partially reconstructed in the fossil.
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