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            Abstract
Butterflies rely extensively on colour vision to adapt to the natural world. Most species express a broad range of colour-sensitive Rhodopsin proteins in three types of ommatidia (unit eyes), which are distributed stochastically across the retina1,2,3. The retinas of Drosophila melanogaster use just two main types, in which fate is controlled by the binary stochastic decision to express the transcription factor Spineless in R7 photoreceptors4. We investigated how butterflies instead generate three stochastically distributed ommatidial types, resulting in a more diverse retinal mosaic that provides the basis for additional colour comparisons and an expanded range of colour vision. We show that the Japanese yellow swallowtail (Papilio xuthus, Papilionidae) and the painted lady (Vanessa cardui, Nymphalidae) butterflies have a second R7-like photoreceptor in each ommatidium. Independent stochastic expression of Spineless in each R7-like cell results in expression of a blue-sensitive (SpinelessON) or an ultraviolet (UV)-sensitive (SpinelessOFF) Rhodopsin. In P. xuthus these choices of blue/blue, blue/UV or UV/UV sensitivity in the two R7 cells are coordinated with expression of additional Rhodopsin proteins in the remaining photoreceptors, and together define the three types of ommatidia. Knocking out spineless using CRISPR/Cas9 (refs 5, 6) leads to the loss of the blue-sensitive fate in R7-like cells and transforms retinas into homogeneous fields of UV/UV-type ommatidia, with corresponding changes in other coordinated features of ommatidial type. Hence, the three possible outcomes of Spineless expression define the three ommatidial types in butterflies. This developmental strategy allowed the deployment of an additional red-sensitive Rhodopsin in P. xuthus, allowing for the evolution of expanded colour vision with a greater variety of receptors7,8. This surprisingly simple mechanism that makes use of two binary stochastic decisions coupled with local coordination may prove to be a general means of generating an increased diversity of developmental outcomes.
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                    Figure 1: Rhodopsin expression and ommatidial types in the P. xuthus retina.[image: ]


Figure 2: Stochastic Spineless expression in flies and butterflies.[image: ]


Figure 3: Targeted CRISPR/Cas9 knockout of yellow and spineless.[image: ]


Figure 4: Outcome of spineless knockout and coordination of ommatidial fate.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Additional expression data and CRISPR/Cas9 spineless knock out results for V. cardui.
a, Antibodies to P. xuthus Pros and Dve (PxPros and PxDve) cross-react in V. cardui. As in P. xuthus, Pros labels two R7-like photoreceptors per ommatidium (green) while Dve labels bR3â€“8, the SVF photoreceptors equivalent to the outer photoreceptors of D. melanogaster (red), along with a stochastic subset of Pros-expressing R7-like PRs (yellow co-expression). b, Co-expression of Dve in Pros-positive R7-like photoreceptors is lost in spineless CRISPR/Cas9 knockout tissue; compare to yellow co-expression in wild-type in a. c, Sal antibodies label three photoreceptors per ommatidium in V. cardui (red). d, As in P. xuthus, Spineless antibodies (magenta) label a stochastic subset of R7-like Pros-expressing photoreceptors (green).


Extended Data Figure 2 Pleiotropic effects of the spineless mutation and sequencing of CRISPR/Cas9 generated mutations.
a, b, The spineless mutation affects antennal development in P. xuthus (a) and V. cardui (b), as shown previously for D. melanogaster. This effect is first visible at pupal stages, where missing/shortened antennae are absent in their normal channels (red arrow) and shortened structures protrude in their place (blue arrow). Strongly affected individuals have little to no remaining antennae in adult stages (at right). c, The spineless mutation affects bristle development in V. cardui, as shown previously for D. melanogaster, where some bristles are missing or reduced. in the left image, the regular comb of bristles on the tibia is interrupted in mosaic spineless mutant adults, or almost completely missing (right image). d, Mutation of spineless produced an unexpected effect on wing colour pattern. The wing of an animal injected with guide RNAs targeting both spineless and yellow during the late blastoderm stage (7â€“9â€‰h after egg lay) is shown on the left. A brown-coloured yellow mutant patch of tissue is visible (yellow arrowhead), as shown in the yellow mutation in Fig. 3, but lighter patches of wing scales lacking both melanin (black) and ommachromes (oranges) are also visible, example marked with a white arrow. Similar clones were observed when only spineless sgRNAs were injected (middle and right). This effect was observed for two independent sgRNAs targeting Spineless. e, Cloning and sequencing of target regions from mutant tissues reveals a mixture of CRISPR/Cas9 generated mutations. Unmodified cDNA sequences are shown on the top line for comparison.


Extended Data Table 1 Specific probabilities of Spineless expression yield specific ratios of ommatidial typeFull size table
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        Editorial Summary
The colourful world of butterflies
Colour vision in butterflies involves three types of ommatidia â€” the unitary eyes that combine to form a compound eye â€” distributed almost randomly across the retina. Insects such as Drosophila that are less reliant on sensitivity to colours have just two main types of ommatidia, in which cell fate depends on whether the transcription factor Spineless is expressed in R7 photoreceptors. Claude Desplan and colleagues show that butterfly retinas have two R7-like photoreceptors in each ommatidium, which produces three possible outcomes (ON/ON, ON/OFF and OFF/OFF), instead of two (ON or OFF) as in Drosophila. The authors argue that this strategy provides a simple evolutionary means to increase the diversity of developmental outcomes.
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