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            Abstract
The origin of tetrapods from their fish antecedents, approximately 400 million years ago, was coupled with the origin of terrestrial locomotion and the evolution of supporting limbs. Polypterus is a member of the basal-most group of ray-finned fish (actinopterygians) and has many plesiomorphic morphologies that are comparable to elpistostegid fishes, which are stem tetrapods. Polypterus therefore serves as an extant analogue of stem tetrapods, allowing us to examine how developmental plasticity affects the â€˜terrestrializationâ€™ of fish. We measured the developmental plasticity of anatomical and biomechanical responses in Polypterus reared on land. Here we show the remarkable correspondence between the environmentally induced phenotypes of terrestrialized Polypterus and the ancient anatomical changes in stem tetrapods, and we provide insight into stem tetrapod behavioural evolution. Our results raise the possibility that environmentally induced developmental plasticity facilitated the origin of the terrestrial traits that led to tetrapods.
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                    Figure 1: Kinematic behaviour of swimming and walking Polypterus.[image: ]


Figure 2: Timing of kinematic variables for the left fin during walking in control and treatment group fish.[image: ]


Figure 3: Anatomical plasticity of Polypterus pectoral girdles.[image: ]


Figure 4: Scenario for the contribution of developmental plasticity to large-scale evolutionary change in stem tetrapods.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Timing of kinematic variables for the left fin during swimming in control and treatment group fish.
The polar plot represents a complete stroke cycle, starting at 0Â° with the fin fully adducted. At mid-stroke (180Â°), the fin is fully abducted, and then it adducts again (360Â°/0Â°). The data are plotted for the treatment group (dark grey, n = 12) and the control group (light grey, n = 6). Only data with significant directionality are plotted (Rayleighâ€™s test, PÂ <Â 0.05). If the groups did not differ significantly in the timing of a given variable, they were binned and plotted together (black). The symbols represent the mean timing (Â Â±Â angular variance) of different kinematic variables.


Extended Data Figure 2 Variance in bone shape in control and treatment group fish.
Bone-shape variances between the control group (light grey, n = 7) and the treatment group (dark grey, n = 15). Dots indicate observed variance; error bars indicate bootstrapped 95% confidence intervals.


Extended Data Figure 3 Body length and mass in control and treatment group fish.
Bootstrapped differences in mean body length and mass between water-raised and land-raised fish at the start (a) and end (b) of the experiment. At the start of the experiment, land-raised fish were smaller than water-raised fish (Extended Data Table 6). Similar size relationships existed between the control (light grey) and treatment (dark grey) groups at the end of the experiment, but the differences were much greater (Extended Data Table 6). Length and weight data at the start (control, n = 38; treatment, n = 111) and the end (control, n = 30; treatment, n = 69) of the experiment were bootstrapped 10,000 times, and means were generated from each bootstrap. These values were used to test how the mean difference between the groups changed from the start to the end of the experiment. In all cases, the differences between the control and treatment groups increased over time.


Extended Data Table 1 Magnitudes of kinematic variables during walking and swimmingFull size table


Extended Data Table 2 Magnitudes of kinematic variables during walkingFull size table


Extended Data Table 3 Timing of kinematic variables during walkingFull size table


Extended Data Table 4 Timing of kinematic variables during swimmingFull size table


Extended Data Table 5 Analysis of variance (ANOVA) comparison of size regression modelsFull size table


Extended Data Table 6 Fish sizeFull size table





Related audio
Researcher Emily Standen on getting fish to walk on land




Supplementary information
Polypterus senegalus walking on a smooth surface
This video is slowed down by ten times. (MOV 15155 kb)





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2
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Bichirs (genus Polypterus) are primitive ray-finned fish found in Africa â€” and sometimes in home aquaria â€” that have functional lungs derived from the swim bladder and powerful pectoral fins that provide support during occasional forays ashore. This study takes Polypterus senegalus as a model for the immediate ancestors of tetrapods and quantifies the anatomical and behavioural changes that occur when these fish are 'terrestrialized'. When raised on land, bichirs lift their heads higher off the ground, deploy their forelimbs closer to the midline and slip around much less often than those raised underwater and prompted to walk ashore for the first time. These observations, together with changes in bone structure and musculature, suggest that some of the postural changes seen in the earliest tetrapods, or rather their immediate antecedents, might have been made in response to the environment and assimilated by developmental plasticity.
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