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            Abstract
The construction of the vertebral column has been used as a key anatomical character in defining and diagnosing early tetrapod groups1. Rhachitomous vertebrae2â€”in which there is a dorsally placed neural arch and spine, an anteroventrally placed intercentrum and paired, posterodorsally placed pleurocentraâ€”have long been considered the ancestral morphology for tetrapods1,3,4,5,6. Nonetheless, very little is known about vertebral anatomy in the earliest stem tetrapods, because most specimens remain trapped in surrounding matrix, obscuring important anatomical features7,8,9. Here we describe the three-dimensional vertebral architecture of the Late Devonian stem tetrapod Ichthyostega using propagation phase-contrast X-ray synchrotron microtomography. Our scans reveal a diverse array of new morphological, and associated developmental and functional, characteristics, including a possible posterior-to-anterior vertebral ossification sequence and the first evolutionary appearance of ossified sternal elements. One of the most intriguing features relates to the positional relationships between the vertebral elements, with the pleurocentra being unexpectedly sutured or fused to the intercentra that directly succeed them, indicating a â€˜reverseâ€™ rhachitomous design10. Comparison of Ichthyostega with two other stem tetrapods, Acanthostega7 and Pederpes8, shows that reverse rhachitomous vertebrae may be the ancestral condition for limbed vertebrates. This study fundamentally revises our current understanding11 of vertebral column evolution in the earliest tetrapods and raises questions about the presumed vertebral architecture of tetrapodomorph fish12,13 and later, more crownward, tetrapods.
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                    Figure 1: Virtual restoration of vertebral elements in the earliest stem tetrapods, depicted in left lateral view.


Figure 2: Thoracic region of Ichthyostega (MGUH VP 6115) rendered from PPC-SRÂµCT data.


Figure 3: Lumbar region of Ichthyostega (MGUH VP 29017a) rendered from PPC-SRÂµCT data.
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A backbone of interlocking vertebrae is a prerequisite for a tetrapod â€” a vertebrate living on land. Skeletal details in fossils of the very earliest tetrapods, however, are very hard to make out, as they are often swathed in rocky matrix. This inconvenience has now been overcome by the application of the latest synchrotron microtomography technology to the three best-known early tetrapods â€” Ichthyostega, Acanthostega and Pederpes. Early tetrapods were presumed to have had 'rhachitomous' vertebrae, with a neural arch and spine above, a single intercentrum front and ventral, and paired pleurocentra to the rear and ventral. Surprisingly, the new scans reveal a 'reverse' rhachitomous design, effectively rewriting the 'textbook' view of vertebral column evolution in the first limbed vertebrates.
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