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            Abstract
A classic textbook example of adaptive radiation under natural selection is the evolution of 14 closely related species of Darwin's finches (Fringillidae, Passeriformes), whose primary diversity lies in the size and shape of their beaks1,2,3,4,5,6. Thus, ground finches have deep and wide beaks, cactus finches have long and pointed beaks (low depth and narrower width), and warbler finches have slender and pointed beaks, reflecting differences in their respective diets6. Previous work has shown that even small differences in any of the three major dimensions (depth, width and length) of the beak have major consequences for the overall fitness of the birds3,4,5,6,7. Recently we used a candidate gene approach to explain one pathway involved in Darwin's finch beak morphogenesis8. However, this type of analysis is limited to molecules with a known association with craniofacial and/or skeletogenic development. Here we use a less constrained, complementary DNA microarray analysis of the transcripts expressed in the beak primordia to find previously unknown genes and pathways whose expression correlates with specific beak morphologies. We show that calmodulin (CaM), a molecule involved in mediating Ca2+ signalling, is expressed at higher levels in the long and pointed beaks of cactus finches than in more robust beak types of other species. We validated this observation with in situ hybridizations. When this upregulation of the CaM-dependent pathway is artificially replicated in the chick frontonasal prominence, it causes an elongation of the upper beak, recapitulating the beak morphology of the cactus finches. Our results indicate that local upregulation of the CaM-dependent pathway is likely to have been a component of the evolution of Darwin's finch species with elongated beak morphology and provide a mechanistic explanation for the independence of beak evolution along different axes. More generally, our results implicate the CaM-dependent pathway in the developmental regulation of craniofacial skeletal structures.
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                    Figure 1: 
                        Microarray analysis in different finch species.
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Figure 2: 
                        Comparative analysis of CaM expression in finches.
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Figure 3: 
                        Functional analysis of CaM-dependent pathway in beak development.
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Figure 4: 
                        BMP- and CaM-dependent signalling regulates growth along different axes, facilitating the evolution of distinct beak morphologies in Darwin's finches.
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        Editorial Summary
The long and the short of it
A few years ago the depth and thickness of beaks of various species of Darwin's finches, the birds forever linked in the textbooks to adaptive radiation by natural selection, were found to correlate with expression of Bmp4 (bone morphogenetic protein 4). At that time a candidate screen did not yield any genes that could have been responsible for the evolution of different beak lengths. Now DNA microarray analysis of transcripts in the beak primordia of different Darwin's finch embryos shows that levels of calmodulin, a molecule involved in Ca2+ signalling, are correlated with beak length. With these two pathways modulating different dimensions of beak growth, a mechanism capable of producing a wide range of beak structures under different selective conditions can be envisaged.
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