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            Abstract
Many advanced snakes use fangsâ€”specialized teeth associated with a venom gland1,2â€”to introduce venom into prey or attacker. Various front- and rear-fanged groups are recognized, according to whether their fangs are positioned anterior (for example cobras and vipers) or posterior (for example grass snakes) in the upper jaw3,4,5. A fundamental controversy in snake evolution is whether or not front and rear fangs share the same evolutionary and developmental origin3,4,5,6,7,8,9. Resolving this controversy could identify a major evolutionary transition underlying the massive radiation of advanced snakes, and the associated developmental events. Here we examine this issue by visualizing the tooth-forming epithelium in the upper jaw of 96 snake embryos, covering eight species. We use the sonic hedgehog gene as a marker10,11,12,13, and three-dimensionally reconstruct the development in 41 of the embryos. We show that front fangs develop from the posterior end of the upper jaw, and are strikingly similar in morphogenesis to rear fangs. This is consistent with their being homologous. In front-fanged snakes, the anterior part of the upper jaw lacks sonic hedgehog expression, and ontogenetic allometry displaces the fang from its posterior developmental origin to its adult front positionâ€”consistent with an ancestral posterior position of the front fang. In rear-fanged snakes, the fangs develop from an independent posterior dental lamina and retain their posterior position. In light of our findings, we put forward a new model for the evolution of snake fangs: a posterior subregion of the tooth-forming epithelium became developmentally uncoupled from the remaining dentition, which allowed the posterior teeth to evolve independently and in close association with the venom gland, becoming highly modified in different lineages. This developmental event could have facilitated the massive radiation of advanced snakes in the Cenozoic era, resulting in the spectacular diversity of snakes seen today6,14,15.
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                    Figure 1: 
                        Adult maxillary dentition mapped onto a molecular snake phylogeny to show relative positions of the various fang types.
                      


Figure 2: 
                        Shh
                         expression in the embryonic snake palate, showing the posterior developmental origins of front fangs.
                      


Figure 3: 
                        Sections of the 
                        shh in situ
                         hybridizations of the embryonic upper jaw in five snake species, showing the posterior and anterior dental laminae.
                      


Figure 4: 
                        Schematic three-dimensional reconstructions showing the similarity in morphogenesis between the rear and front fangs.
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        Editorial Summary
Evolution bites: Fang development and the diversity of modern snakes
An 'evo-devo' study of venomous snakes has arrived at a new model for the evolution of snake fangs, a subject of some controversy. Many of the advanced snakes alive today use syringe-like fangs to inject venom into their prey. The fangs are either positioned at the front or rear of the upper jaw, and the controversy lies in whether the two arrangements are evolutionarily related. By visualizing tooth-forming epithelium in the upper jaw of 96 snake embryos from 8 species, the study shows that 'front-fanged' and 'rear-fanged' types are strikingly similar in morphogenesis. Front fangs develop from a rear part of the upper jaw that is displaced forward during development, and rear fangs from a specialized zone that stays put. The new model proposes that a posterior subregion of tooth-forming epithelium became developmentally uncoupled from the remaining dentition, allowing the posterior teeth to evolve independently and in close association with the venom gland, becoming highly modified in different lineages. This developmental event could have facilitated the massive radiation of advanced snakes in the Cenozoic era, resulting in the spectacular diversity of snakes seen today. The cover shows a Lataste's viper (Vipera latastei gaditana) with the erected fang covered by the fang sheath. Photo by Ruben Schipper.
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