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            Abstract
It is not known whether natural selection can encounter any given phenotype that can be produced by genetic variation. There has been a long-lasting debate about the processes that limit adaptation1,2,3,4,5,6 and, consequently, about how well adapted phenotypes are. Here we examine how development may affect adaptation, by decomposing the genotype–fitness map—the association between each genotype and its fitness—into two: one mapping genotype to phenotype by means of a computational model of organ development7, and one mapping phenotype to fitness. In the map of phenotype and fitness, the fitness of each individual is based on the similarity between realized morphology and optimal morphology. We use three different simulations to map phenotype to fitness, and these differ in the way in which similarity is calculated: similarity is calculated for each trait (in terms of each cell position individually), for a large or a small number of phenotypic landmarks (the ‘many-traits’ and ‘few-traits’ phenotype–fitness maps), and by measuring the overall surface roughness of morphology (the ‘roughness’ phenotype–fitness map). Evolution is simulated by applying the genotype–phenotype map and one phenotype–fitness map to each individual in the population, as well as random mutation and drift. We show that the complexity of the genotype–phenotype map prevents substantial adaptation in some of the phenotype–fitness maps: sustained adaptation is only possible using ‘roughness’ or ‘few-traits’ phenotype–fitness maps. The results contribute developmental understanding to the long-standing question of which aspects of phenotype can be effectively optimized by natural selection.
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                    Figure 1: Natural-selection criteria used.[image: ]


Figure 2: Fitness assigned by the EMD criterion is modest, and the optimum morphology is rarely reached.[image: ]


Figure 3: Degeneracy of phenotype–fitness maps.[image: ]


Figure 4: Conceptual interpretation of the decomposition of the genotype–fitness map.[image: ]
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        Editorial Summary
Development-based genotype–phenotype maps
How are genotypes translated into phenotypes? And when they are, what manifestation of the genotype–phenotype mix does natural selection act upon? Does it 'see' a lot of little points, each one in its own adaptive landscape, or a coarser picture representing the sum of all of them? The answer is the latter of course, but the filter here is development, which constrains and shapes the options. A new simulation based on real data from tooth development goes into the often complex interplay between genes, development and phenotypes during morphological evolution.
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