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            Abstract
The monarch butterfly, Danaus plexippus, is famous for its spectacular annual migration across North America, recent worldwide dispersal, and orange warning colouration. Despite decades of study and broad public interest, we know little about the genetic basis of these hallmark traits. Here we uncover the history of the monarch’s evolutionary origin and global dispersal, characterize the genes and pathways associated with migratory behaviour, and identify the discrete genetic basis of warning colouration by sequencing 101 Danaus genomes from around the globe. The results rewrite our understanding of this classic system, showing that D. plexippus was ancestrally migratory and dispersed out of North America to occupy its broad distribution. We find the strongest signatures of selection associated with migration centre on flight muscle function, resulting in greater flight efficiency among migratory monarchs, and that variation in monarch warning colouration is controlled by a single myosin gene not previously implicated in insect pigmentation.
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                    Figure 1: Global dispersal of the monarch butterfly.[image: ]


Figure 2: A selective sweep associated with migration.[image: ]


Figure 3: Divergent selection on collagen IV α-1.[image: ]


Figure 4: The genetic basis of warning colouration.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Relationships among monarch populations inferred using the maximum likelihood method implemented in Treemix.
Note, this is a fully resolved, bifurcating tree. The very short basal branches indicate little genetic drift in North American populations, not unresolved basal relationships. Colours correspond to those in Fig. 1. Treemix also inferred five migration events among populations: from Puerto Rico to Aruba, from Puerto Rico to Costa Rica, from New Caledonia to Fiji, from Belize or Costa Rica to Portugal, and from Belize to Puerto Rico.


Extended Data Figure 2 Demographic history of the monarch butterfly.
a, Patterns of linkage-disequilibrium decay across the genome in different geographic populations. b, Genome-wide distribution of minor allele frequencies. c, Heterozygosity across populations, estimated as the ratio of heterozygous SNPs to homozygous SNPs/individual. d, Demographic history inferred using PSMC. This analysis includes representative individuals of high sequencing depth for each geographic location. The period of the last glacial maximum (LGM; ∼20,000 years ago) is shaded in grey.


Extended Data Figure 3 ∂a∂i analysis parameter estimates.
a, Schematic of demographic scenario modelled in ∂a∂i labelled with parameters being estimated. Nu, effective population size (individuals); m, migration rate (individuals/year); T, time (years). b, Inferred parameter estimates. c, One-dimensional model-data comparison considering North America population only. In the left panel, the model is plotted in red and the data in blue. In the right panel, the residuals between model and data are plotted. d, Two-dimensional comparison for joint estimation of North America and dispersal populations (Central/South America, Pacific, Atlantic). The left two panels are marginal spectra for data and the maximum-likelihood model, respectively. The right two panels show the residuals.


Extended Data Table 1 Inferring the monarch range expansionFull size table


Extended Data Table 2 Top 20 migration-associated genomic regionsFull size table
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Monarch migration in the genes
The monarch butterfly is best well known for its spectacular annual migration across North America. By sequencing 101 monarch genomes from around the world, Marcus Kronforst and colleagues discover signatures of selection associated with migration within loci implicated in flight muscle function, leading to greater flight efficiency. They also find that variation in monarch warning coloration is controlled by a single myosin gene not previously implicated in insect pigmentation but whose homologue — myosin 5a — causes a strikingly a similar colour 'dilution' phenotype in mice. Finally, the results imply that the monarch was ancestrally migratory and dispersed out of North America to occupy its broad global distribution.
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