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Summary 

The genomics of adaptive colouration in Hypolimnas butterflies and  

the wood tiger moth, Arctia plantaginis 

Anna Orteu 

Wing phenotypes in butterflies and moths are a striking example of adaptive evolution and 

are a tractable trait to dissect the genetic mechanisms underlaying adaptations. Studies of 

Lepidoptera, mainly mimetic species from the tropics, have led to two general patterns. First, 

a limited set of genes have been re-used multiple times in controlling the evolution of wing 

phenotypes, and second, structural variation often underlies such traits. Clarifying the 

generality of these two patterns requires the dissection of the genetic architecture of wing 

phenotypes in a wider variety of species. In this thesis, I explore the genetic basis of wing 

mimicry in Hypolimnas butterflies and of aposematism in the wood tiger moth using a range 

of genomics and transcriptomics methods.  

First, I produced genome assemblies for two Hypolimnas species and investigate the 

evolution of W chromosomes in Lepidoptera. By comparing the H. misippus genome assembly 

to multiple Lepidoptera species, I provide evidence that suggests that the W chromosome has 

a shared origin across the Lepidoptera.  

Second, I identify the genetic basis of forewing mimicry in H. misippus using a dataset of 335 

individuals sequenced using haplotagging, a linked read sequencing technique. To analyse 

these data, I develop a method called Wrath for the visualisation and exploration of candidate 

structural variants. I find that transposable element insertions are associated with forewing 

phenotype and present evidence for the usefulness of Wrath to explore haplotagging data.  

Third, I examine the evolution of mimicry in the Hypolimnas genus by identifying and 

comparing the genetic basis of wing phenotypes in H. misippus and H. bolina. Using a dataset 

of 214 whole genome sequences of H. bolina individuals together with my H. misippus data, 

I show that cortex, a gene involved in wing colour in many Lepidoptera, is the most likely 

candidate for the control of white colour elements in the two species. Furthermore, I present 
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evidence that the regulatory elements controlling the presence of hindwing white are likely 

not homologous between the two species. Additionally, I show that a region close to optix, 

another well-known colour gene, is associated with orange elements in H. bolina.  

Finally, I explore the genetic basis of a complex phenotype involving aposematism and 

behavioural and physiological traits in the wood tiger moth, Arctia plantaginis, and show that 

this trait is associated with the duplication of a yellow family gene.  

This work contributes to our understanding of the evolution of wing phenotypes in the 

Lepidoptera. Overall, my results highlight the importance of structural variation in the 

evolution of wing colouration while also emphasising the repeatability of the genetic basis of 

adaptive traits.  
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‘The genetics of the Diadem [Hypolimnas misippus] is complex; it is not for the faint hearted 

and it is probably no accident that none of the big names in the field of butterfly genetics has 

ventured to tackle the problem. While it would be disingenuous to pretend that studying this 

beautiful creature has been a waste of time, it has been far from easy and many unresolved 

problems remain’ 

David A. S. Smith (2014) 
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Introduction 

The genomics of colouration provides 

insights into adaptive evolution 

1.1   Abstract 

Colouration is an easily quantifiable visual trait that has proven to be a highly tractable system 

for genetic analysis and for studying adaptive evolution. The application of genomic 

approaches to evolutionary studies of colouration is providing new insight into the genetic 

architectures underlying colour traits, including the importance of large effect mutations and 

supergenes, the role of development in shaping genetic variation, and the origins of adaptive 

variation, which often involves adaptive introgression. An improved knowledge of the genetic 

basis of traits can facilitate field studies of natural selection and sexual selection, enabling 

strong selection and its influence on the genome to be demonstrated in wild populations.  
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1.2   Introduction 

The study of colouration in animals and plants has long fascinated biologists (Cuthill et al., 

2017). Colouration has a key role in modulating animal and plant fitness through its effects 

on many aspects of phenotype including courtship and mate preference, predator avoidance 

through camouflage, photoprotection, structural support, microbial resistance and 

thermoregulation (reviewed in (Protas and Patel, 2008)). Indeed any given visual cue is 

commonly under multiple selective pressures, which are often related to both interspecific 

and intraspecific communication (Cuthill et al., 2017; Quicke, 2017). For example, colouration 

can be adapted to reduce predation through camouflage, warning colouration or mimicry, 

while also functioning in pollinator attraction or signalling to conspecifics for mate choice or 

intrasexual competition (Caro and Allen, 2017; Hill et al., 2006).  

Identifying and understanding the genetic basis of adaptations has become a key goal of 

evolutionary genetics. Determining the molecular mechanisms underlying fitness-related 

traits can reveal novel insights into the evolutionary forces that shape biodiversity and also 

provide the explicit link between genetic changes and natural selection. Colour traits have 

been well studied in ecological and traditional genetic contexts by early evolutionary 

biologists, so a great deal is known about both their adaptive value and the nature of their 

genetic control. However, until recently the precise genes and molecular mechanisms 

underlying colour variation remained largely unknown.  

Now, ongoing advances in genomic methods are rapidly progressing our understanding of the 

genetic basis of colour-related traits (Box 1). In particular, assembly of reference genomes has 

become much more accessible, both technically and in terms of cost, which has enabled 

genome-scale analysis of genetic variation for association studies1 and transcriptomic studies 

of gene expression. As an example, a recent study of wall lizards completed a reference 

genome, conducted a genome-scale analysis of a colour polymorphism2 and identified causal 

 
1 ASSOCIATION STUDIES: Studies that correlate phenotypic variation with genetic variation. The most common 

methods are Genome-wide association studies (GWAS) and Quantitative trait locus (QTL) mapping studies.  

2 POLYMORPHISM: The occurrence of two or more distinct phenotypes or morphs of a species within a 

population. 
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genes, a process that until recently might have taken a decade of work (Andrade et al., 2019). 

Genomic methods are therefore permitting a new understanding of the molecular and 

developmental mechanisms underlying adaptive colouration in a wide variety of systems.  

In this Review, we summarise the diverse ways in which organisms produce colours and their 

adaptive function, and then evaluate how our understanding of evolution has benefitted from 

studies of adaptive colouration, focusing on three major topics. First, we describe the genetic 

architecture3 of adaptive colouration and how even complex adaptations can be controlled 

by genes of large effect. Second, we discuss the importance of developmental processes in 

constraining and directing the genetic changes that occur during evolution and perhaps even 

the overall direction of evolutionary change. Finally, we illustrate how genetic studies of 

colouration help us understand adaptive evolution more broadly.  

1.3   Colouration and its adaptive value  

Broadly, colours produced by organisms can be divided into pigmented and structural colours 

(Figure 1.1). Pigmented colours result from the accumulation of molecules (pigments) capable 

of selectively absorbing light, and are typically synthesized by the organism in a series of 

enzymatic steps (Figure 1.1a). By contrast, structural colours depend on physical structures 

that reflect light. In natural systems, colours often have both structural and pigment 

components (Shawkey et al., 2009; Shawkey and Hill, 2005). Regardless of type, colouration 

can be classified as having one of three main functions: signalling, in which visual cues affect 

interspecific and intraspecific communication; vision, in which pigments are an essential 

component of the animal’s visual system; and physiological, in which pigments are required 

for a particular task within the organism, such as energy production through photosynthesis 

using chlorophyll. 

  

 
3 GENETIC ARCHITECTURE: The genetic basis underlying variation in a phenotypic trait. The main 
characteristics are the number of loci and their effect sizes, and their position relative to coding and regulatory 
sequences. 
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Box 1 | Genomic methods to study adaptive evolution.  

Ongoing development of genomic technologies and the fall in sequencing prices has 

revolutionised the ways in which we study adaptive evolution, and species that in the past 

were challenging to study because of a lack of resources are now becoming accessible. 

Commonly the first step in any study is to assemble a reference genome, often using a 

combination of long read and short read sequence data (Rice and Green, 2019). A reference 

genome permits a genome-wide search for loci underlying phenotype variation. For example, 

short read sequence data from individuals collected in wild populations that differ in colour 

phenotypes can be used to conduct a genome-wide association study (GWAS)(Pardo-Diaz et 

al., 2015). Alternatively, genotype-phenotype associations can be tested using laboratory 

populations in a Quantitative Trait Locus (QTL) mapping experiment (Liu, 1997) Typically, two 

populations or species are crossed and F2 hybrids analysed for both phenotype and genotype, 

to investigate associations across the genome. Often, GWAS and QTL mapping identify 

regions that contain multiple genes, and transcriptomic analyses can be used to identify genes 

that are differentially expressed between variants, thereby narrowing down an initial list of 

candidates. Transcriptomic analyse are also facilitated by good reference genomes, which 

ensure more accurate calling of transcript counts.  

Once candidate loci have been identified, functional tests can be used to confirm they 

contribute to the phenotype. Methods that allow in vivo genetic manipulations are now a 

particularly powerful approach for studying colouration phenotypes. Genome editing 

technologies, such as those based on the CRISPR-cas9 system, are widely used (Pickar-Oliver 

and Gersbach, 2019), most commonly to introduce non-functional mutations into coding 

sequences (gene knock-outs). However, in the future it will be exciting to carry out more 

targeted and specific genetic manipulations that recapitulate evolutionary changes in natural 

populations, such as introducing or removing specific alleles from the genome, or even 

making individual mutations at putatively functional sites. RNAi is another molecular tool that 

can be used to lower the expression of a gene (knock-down), offering insights into gene 

function(Wilson and Doudna, 2013). Genomic data can also be combined with tests for 
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ecological function, such as translocation experiments, to confirm the presence of signatures 

of selection at the candidate loci (Figure 1.6).  

1.3.1   Biological pigments 

Pigments are highly diverse molecules that often have physiological functions: in addition to 

chlorophyll, they are found in haemoglobin in vertebrate blood cells and flavins in vitamin B2, 

among others. Some pigments are taxonomically-restricted, such as the psittacofulvins 

responsible for the bright red, yellow and orange colours of parrot plumage (Cooke et al., 

2017). Pterins, which can be white, yellow, orange or red, are commonly found in insects, 

including in the red eyes of the fruit fly and the orange in some Pieris butterfly wings, but are 

also responsible for the bright colours in some vertebrates, such as the wall lizard (Andrade 

et al., 2019). The ommochromes are red and yellow pigments that are restricted to 

invertebrates. They are important for vision in arthropods but have signalling functions in 

butterfly wings and squid chromatophores. Anthocyanins (red, purple and black) are 

restricted to plants and are responsible for the colouration of many types of flowers. By 

contrast, the melanins, eumelanin (brown-black) and pheomelanin (yellow-red), and the 

carotenoids (yellow, red and orange) are widespread across bacteria, fungi, plants and 

animals (Figure 1.1b). As well as playing a part in signalling, melanins are also important for 

thermoregulation and in protection against UV damage to tissues. Plants can synthesize 

carotenoids, which can be crucial in light harvesting during photosynthesis (Nisar et al., 2015). 

By contrast, animals were long thought to be unable to synthesize carotenoids, but recent 

work has shown that aphids can do so using genetic machinery acquired through horizontal 

transfer from fungi (Moran and Jarvik, 2010), and that birds can transform yellow carotenoids 

obtained from the diet to red carotenoids through ketolation. CYP2J19, a cytochrome P450 

enzyme, has been recently identified as the enzyme responsible for this step (Lopes et al., 

2016; Mundy et al., 2016). In birds, carotenoids have an important role in generating bright 

signals important in sexual selection and may play an important part in honest signalling of 

male quality.  
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Figure 1.1 | Different ways of making colour. a | Pigments are compounds that selectively 
absorb light and therefore produce colour. In most cases pigments are synthesised 
biochemically by the organism. A simplified biosynthetic pathway for melanin pigments is 
shown, in which each arrow represents a biochemical step often catalysed by a different 
enzyme, providing multiple targets on which selection can act. b | The phylogenetic 
distribution of four common pigment types highlights that some are found in all groups 
(melanins and carotenoids), whereas others are more restricted (anthocyanins to plants, 
ommachromes to invertebrates). Colours in the pie charts represent the different colours of 
each type of pigment. ‘A’ indicates that the pigment is acquired through the diet, instead of 
being synthesised by the organism. c | Three types of physical structures underlying structural 
colouration are shown. Multilayer reflectors are found in the leaves of Selaginella 
plants(Hébant and Lee, 1984). Multiple stacked cuticular layers with different optical 
properties reflect the incident ray of light (solid black arrow) at each transition zone (dotted 
black lines). Interference of the reflected beams limits the reflected light to blue-green shades 
(coloured arrows). Surface diffraction gratings are found in Morpho butterflies(Vukusic et al., 
1999). The periodical ridged structures found in the scales diffract light into multiple 
wavelengths. Interference of the diffracted rays from different ridges reduces the light 
reflected to shades of blue (coloured arrows). Photonic crystals are found in the multi-colour 
feathers of peacocks. These periodic structures affect the motion of photons such that certain 
wavelengths are reflected off (coloured arrows) rather than transmitted. Panel a is adapted 
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with permission from REF (Matsuoka and Monteiro, 2018). Panel c: Selaginella vogelii – 
Credit: Hervé Lenain/Alamy; Blue morpho – Credit: blickwinkel/H. Schmidbauer/Alamy; 
Peacock Feather – Credit: David Chapman/Alamy 

 

1.3.2   Structural colouration 

Structural colours can cover a huge variety of different forms (Figure 1.1c) and, because they 

are formed by reflected light, they are commonly iridescent; that is, the colour varies 

depending on the viewing angle. This variation often makes structural colours harder to 

quantify and study than pigments and, as a result, their developmental and genetic basis 

remains comparatively poorly understood. Some of the best-known classes of structural 

colours are multilayer reflectors, surface diffraction gratings, and photonic crystals. The 

shimmering blue iridescence of Selaginella plants is the result of a multilayer reflector (Figure 

1.1c), and is caused by the presence of multiple cuticular layers in the leaf (Hébant and Lee, 

1984). The distinct layers have different optical properties, which causes part of the light to 

be reflected in each layer transition. The reflected beams interfere with each other, reducing 

the spectrum of light reflected to shades of blue. An example of diffraction gratings is the 

wing scales of the Morpho butterfly, in which repetitive ridged structures split the incident 

ray of light into multiple wavelengths with different reflection angles (Figure 1.1c). The 

diffracted light from distinct ridges will interfere, limiting the spectrum of light reflected to 

blue. The combined effect of the vertical multilayer interference within each ridge and the 

diffraction among the different ridges produces a remarkably efficient wide-angled 

reflectance of blue light (Vukusic et al., 1999). Photonic crystals are periodic nanostructures 

that affect the motion of photons to produce coloured reflectance that can be found, for 

example, in the yellow and green colours of the Kaiser-i-Hind swallowtail butterfly, 

Teinopalpus imperialis, and in the multicoloured feathers of peacocks (Figure 1.1c).  
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1.4   Colour and adaptation  

In this review, we focus on colours used in signalling, where the link between diversity in 

colouration and its adaptive value is well understood. Signalling through visual cues is 

essential for interspecific and intraspecific communication in animals and consequently 

colour attributes are under multiple selective pressures (Cuthill et al., 2017). For example, 

colouration commonly plays a role in sexual selection, with bright colours used as indicators 

of high-quality males (Figure 1.2a). Colouration can be involved in many other social 

functions, for example female primates can use colour signals to indicate sexual receptivity, 

such as in the Celebes crested macaque (Macaca nigra) (Figure 1.2b).  

In addition, many predators rely on their vision to detect prey, thus camouflage can be a 

successful strategy for predator avoidance. Common forms of camouflage include 

background-matching through cryptic colouration (such as that seen in snowshoe hares and 

pygmy seahorses) (Figure 1.2c), disruptive colouration to break the body outline (such as 

zebra stripes and leopard spots), and masquerading as a common inedible object (as is seen 

in stick insects and leaf-mimicking butterflies)(Quicke, 2017). Escaping predation can also be 

achieved by predator deterrence through warning colouration or aposematism, in which 

unpalatable prey announce their toxicity to predators by displaying conspicuous colour 

patterns. Striking colours increase visibility and help predators remember the toxicity of the 

prey in future encounters. In some cases, toxic species share aposematic colouration and, by 

resembling one another, they reduce the cost of teaching predators, a phenomenon known 

as Müllerian mimicry (Vane-Wright, 1976). An example is the Ranitomeya genus of poison 

dart frogs, in which the four morphs of the toxic R. imitator resemble multiple toxic models 

from the same genus (Figure 1.2d)(Twomey et al., 2015). In other cases, palatable species 

resemble toxic ones to gain protection against predators, which is known as Batesian mimicry. 

For instance, the palatable African butterfly Hypolimnas misippus has very similar colour 

patterns to morphs of the unpalatable African Queen, Danaus chrysippus (Figure 1.2e)(Smith, 

1976). 
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Figure 1.2 | Signalling through colour. a, b | An important function of colour is signalling to 
conspecifics, especially to possible future mating partners. During the mating season, male 
superb fairy-wrens (Malurus cyaneus) adopt conspicuous breeding plumage of contrasting 
shades of iridescent blue and black to attract females (panel a). The prominent red swelling 
of the female Celebes crested macaque (Macaca nigra) advertises their sexual receptivity 
(panel b). c | Concealment through background matching allows animals to escape predation. 
The pygmy seahorse Hippocampus bargibanti has detailed resemblances to the gorgonian 
coral it inhabits. d, e | Warning colouration or aposematism is another effective way to avoid 
predation: toxic prey display conspicuous colour patterns that warn predators of their 
toxicity. Some aposematic species converge to the same colour pattern and therefore share 
the costs of teaching predators, which is known as Müllerian mimicry (Vane-Wright, 1976). 
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The Ranitomeya genus of poison dart frogs provide one example. Multiple toxic Ranitomeya 
species act as models for the four morphs of the similarly toxic R. imitator (Twomey et al., 
2015) (panel d). By contrast, in Batesian mimicry a palatable species mimics a toxic one to 
gain protection against predators. For example, the African butterfly Hypolimnas misippus 
resembles the unpalatable morphs of Danaus chrysippus (panel e). Permissions/credits: Panel 
a: Superb Fairywren – Credit: phototrip/Alamy. Panel b: Crested macaque – Credit: Ernie 
Janes/Alamy. Panel c: Pygmy Seahorse (Hippocampus Bargibanti) – Credit: Shahar 
Shabtai/Alamy. Panel d is adapted with permission from (Twomey et al., 2015). Panel e: 
African Monarch Butterfly (Danaus Chrysippus) – Credit: Vonkara1/iStock/Getty; Butterfly 
Danaid Eggfly (Hypolimnas misippus) – Credit: Paolo_Toffanin/iStock/Getty; Tiger Butterfly 
(Danaus chrysippus) – Credit: komkrit tonusin/Alamy; Hypolimnas misippus, diadem butterfly 
– Credit: The Natural History Museum/Alamy; Hypolimnas misippus male Danaid Eggfly – 
Credit: Domiciano Pablo Romero Franco/Alamy 

1.5   Genetic architecture of colour traits 

The genetic architecture of a trait describes the number and effect size of genes that influence 

variability within and between populations and its patterns of linkage and interaction with 

other traits. The genetic architecture can influence the potential for a trait to undergo 

evolutionary change and the degree to which different traits are genetically associated. 

1.5.1   Mutational effect size 

One question of general interest to evolutionary geneticists is the effect size of loci involved 

in adaptation. Mutations of large effect should make evolutionary change easier and faster, 

but conversely they are arguably more likely to be deleterious (Fisher, 1930). Furthermore, a 

body of theory predicts that a single bout of adaptation will involve loci with a distribution of 

effect sizes, with a few large effect and many small effect mutations expected (Orr, 2005, 

1998). Both association studies and quantitative trait loci (QTL)4 analyses can provide 

estimates of the effect sizes of individual loci (in terms of the amount of phenotypic variation 

explained by a particular locus), while genetic manipulation can investigate the importance 

of individual mutations towards a particular phenotypic change (Box 1). Such tools have 

confirmed that many recent adaptive changes in colouration do indeed involve a few loci of 

 
4 QUANTITATIVE TRAIT LOCI (QTL): Genomic regions at which there is a correlation between genetic variation 
and phenotypic variation in a trait of interest, among individuals from a laboratory-generated cross. 
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large effect, a few of which have been characterized at the level of individual mutations. In 

particular, genes encoding proteins involved in pigment synthesis pathways provide a large 

mutational target and simple genetic changes in these genes can have major effects on 

phenotype. Indeed, there are now many examples of large-effect coding sequence mutations 

in pigmentation genes, in both animals and plants, that influence adaptive colouration 

(Martin and Courtier-Orgogozo, 2017; Martin and Orgogozo, 2013). For example, the genetic 

basis of feather colour variation in budgerigars has been narrowed down to a single 

nucleotide polymorphism (SNP) in the coding region of a polyketide synthase gene, MuPKS, 

which has been shown to produce yellow pigment when heterologously expressed in yeast 

(Figure 1.3a)(Cooke et al., 2017). Similarly, island populations of flycatchers have 

independently evolved dark colouration through coding mutations in either the MC1R gene 

(which encodes the melanocortin 1 receptor) or the Agouti gene (which encodes the agouti 

signalling peptide)(Uy et al., 2016), and in vitro tests have confirmed that the observed coding 

changes in MC1R disrupt protein function (Hoekstra et al., 2006; Römpler et al., 2006). MC1R 

is a transmembrane receptor that, when activated, triggers a signalling cascade that results 

in the production of brown or black eumelanin. MC1R can be antagonized by Agouti, which 

reverts the cascade to the default production of yellow phaeomelanin. Similarly, a flower 

colour polymorphism in the Alpine orchid Gymnadenia rhellicani is regulated by a mutation 

that introduces a premature stop codon in a R2R3-MYB transcription factor. Transcription 

factors of this family have been shown to regulate expression of anthocyanin biosynthesis in 

multiple plant species (Albert et al., 2014; Yuan et al., 2016). In this alpine orchid, the loss of 

function of the transcription factor results in lower expression of an anthocyanin synthase, 

which controls the production of dark purple anthocyanidin pigments, and thus results in 

reduced accumulation of pigment and whiter colouration. This mutation is maintained in the 

population by heterozygote advantage5, with both bee and fly pollinators attracted to the 

heterozygote red morph leading to higher fitness of that genotype (Kellenberger et al., 2019). 

Large-effect mutations are not only found in coding sequences. In common canaries (Serinus 

canaria), a single regulatory mutation in the splice donor site of the SCARB1 gene causes a 

 
5 HETEROZYGOTE ADVANTAGE: A scenario in which the heterozygous genotype is fitter than the homozygous 
recessive or homozygous dominant genotypes. 
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change of plumage colouration from wild-type yellow to white (Toomey et al., 2017); SCARB1 

encodes a membrane receptor for high density lipoprotein and is a mediator of carotenoid 

uptake. The SNP in the splice donor site causes abnormal splicing, leading to exon skipping 

and the loss of gene function. Similarly, compelling population genomic evidence suggests 

that a single transposable element (TE)6 insertion in an intron of the cortex gene gave rise to 

the British melanic form of the peppered moth (Biston betularia), which, driven by natural 

selection, spread rapidly through industrial Britain; however, further studies are needed to 

prove the causal role of this mutation (van’t Hof et al., 2016). Interestingly, variation at cortex 

(and two other loci, WntA and optix) has also been associated with the diverse colour patterns 

of Heliconius butterfly species and races (Mazo-Vargas et al., 2017; Nadeau et al., 2016; Reed 

et al., 2011; Westerman et al., 2018). 

In other cases, alleles with major effects on phenotype can involve cis-regulatory alleles that 

encode complex spatial expression patterns. For example, differences in stripe patterning 

between two closely related species of the cichlid fish (Pundamilia nyererei and Haplochromis 

sauvagei) are controlled by a 1.1kb cis-regulatory element (CRE)7 at the agrp2 gene, which 

encodes agouti-related peptide 2, a protein that belongs to the Agouti family and is involved 

in melanosome aggregation (Kratochwil et al., 2018; Zhang et al., 2010). Similarly, cis-

regulatory changes at the LAR1 gene underlie spatial pattern variation in floral colours 

between two species of monkeyflowers, Mimulus lewisii and Mimulus cardinalis. The R2R3-

MYB transcription factor encode by LAR1 positively regulates the expression of the Flavonol 

synthase enzyme, which redirects metabolite flux from the production of pink anthocyanins 

to the biosynthesis of colourless flavonols, resulting in white petal in areas where LAR1 is 

expressed (Yuan et al., 2016).  

In summary, and somewhat contrary to the gradualist expectations of many evolutionary 

biologists, it is surprisingly common that evolutionary change is controlled by alleles, and even 

single mutations, with large effects. 

 
6 TRANSPOSABLE ELEMENT: A genetic element that can move from one position in the genome to another. 

7 CIS REGULATORY ELEMENT (CRE): Genetic regions that regulate expression of a coding sequence on the same 

DNA strand. 
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Figure 1.3 | Genetic architecture of colour loci. a | In many cases, the genetic basis of colour 
polymorphism has been narrowed down to single mutations of large effect. Shown is the 
results of a genome-wide association study (GWAS) to identify single nucleotide 
polymorphisms (SNPs) associated with colour morphs in budgerigars . Only one significant 
peak is detected, located on chromosome 1. The red line indicates the Bonferroni-corrected 
critical value (a = 0.05). Fine mapping and functional analysis confirmed that the causative 
variant associated with the SNP is a nonsynonymous mutation in MuPKS, a gene encoding a 
polyketide synthase, that abolishes yellow pigmentation and produces the blue morph 
(Cooke et al., 2017). b | The regulatory gene hypothesis for the inheritance of complex 
adaptive phenotypes states that a single gene is responsible for multiple co-inherited. An 
example that potentially supports this hypothesis is Colias butterflies, which present two 
morphs that differ in wing colour as well as numerous life-history related traits (Woronik et 
al., 2019). These forms are controlled by a single gene, BarH-1, which is over-expressed in the 
white morph during development because of a TE insertion in its cis-regulatory element (CRE). 
BarH-1 supresses orange colouration in the wings and, either directly or as energetic side-
effect, triggers the switch in multiple life-history traits. c | The supergene hypothesis states 
that a complex polymorphism is controlled by a single locus containing numerous genes that 
are inherited together owing to reduced levels of genetic recombination (often caused by an 
inversion). In the ruff, three morphs differing in body size, ornamentation and mating 
behaviour are controlled by a supergene (large grey arrow) that contains approximately 125 
genes (small grey arrows). The supergene has 3 alleles (large blue and green arrows): an 
ancestral allele (blue) that is found in homozygosis produces the ‘independent’ morph; a 
derived allele (green) that can only be found in heterozygosis (because it is lethal in 
homozygotes) produces the ‘faeder’ morph; and a recombinant allele that is also found in 
heterozygosis produces ‘satellites’. Hatched regions indicate reduced recombination due to 
the inversion. d | In other cases, colour variation is highly polygenic. The plot shows the 
results of a GWAS for loci associated with blonde hair colour in humans, which is influenced 
by many loci scattered across the genome (Morgan et al., 2018). The red line indicates the 
thereshold of significance (a = 5x10-8) Panel a is adapted with permission from (Cooke et al., 
2017). Panel b is adapted with permission from (Woronik et al., 2019). Panel c is adapted with 
permission from (Jiggins, 2016). Panel d is reproduced with permission from (Morgan et al., 
2018). 
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1.5.2   Complex adaptive polymorphisms  

Some of the most compelling examples of adaptive colouration controlled by major effect loci 

are polymorphisms, particularly those involving complex phenotypes comprising multiple 

traits that are locally stable. Polymorphisms can be maintained if their selection coefficient8 

varies through time, across space or with local allele frequency or population density. For 

example, alternative mating strategies adopted by different phenotypic morphs can be 

subject to negative frequency dependent selection9 such that no single allele becomes fixed 

and multiple distinct morphs are maintained, as illustrated by the ruff, a wading bird in which 

alternative male forms differ in physiology, body size, behaviour and plumage (Küpper et al., 

2015; Lamichhaney et al., 2016; Widemo, 1998). However, the stability of such complex 

polymorphisms depends on a genetic architecture in which linkage between the multiple co-

adapted traits ensures their joint inheritance. Early theoretical discussion focused on two 

possible genetic architectures that could stabilise such polymorphisms—the ‘regulatory gene’ 

hypothesis and the ‘supergene’ hypothesis (reviewed in (Thompson and Jiggins, 2014)). 

The regulatory gene hypothesis states that changes in a single ‘master’ gene, acting at the top 

of regulatory gene networks and with multiple downstream targets, could lead to morph 

variation between individuals (Thompson and Jiggins, 2014). Several examples of complex 

polymorphisms associated with colour traits are now known to be controlled by a single 

master gene. In Papilio butterflies, the doublesex locus encodes a transcription factor that 

regulates both sex determination and a female-limited colour polymorphism (Iijima et al., 

2018; Kunte et al., 2014; Nishikawa et al., 2015). Colias butterflies exhibit two alternative life 

history strategies differing in wing colour (and a suite of other traits) that are maintained by 

an energetical trade-off (Figure 1.3b)(Graham et al., 1980). White butterflies invest their 

resources in reproductive and somatic development instead of producing expensive colour 

pigments, which results in faster pupal development, larger fat body reserves, and faster egg 

maturation compared with orange females. This polymorphism has been mapped to a 

 
8 SELECTION COEFFICIENT: A measure of the difference in fitness between two genotypes, which are a necessary 
condition for the action of natural selection 

9 NEGATIVE FREQUENCY DEPENDENT SELECTION: An evolutionary process in which the fitness of a genotype 
or phenotype depends on its frequency in the population relative to other genotypes or phenotypes such that 
its fitness decreases as its frequency increases. 
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transposable element insertion in the white morph (also known as alba), downstream of 

BarH-1, a homeobox transcription factor that also affects eye colour in Drosophila 

melanogaster (Woronik et al., 2019). BarH-1 is expressed in white but not orange forewing 

scales and CRISPR-Cas9 knock-out experiments have been shown that it supresses orange 

colouration in the wing. It is not known whether BarH-1 interacts with other genes to control 

the developmental and physiological traits characteristic of the white form or whether the 

differences between morphs in life-history traits are a side-effect of the suppression of 

colouration, with the energy saved by reducing the production of pigment granules on the 

wings reallocated to reproductive and somatic development. In the Gouldian finch, two 

alternative colour morphs, black and red, differ in multiple traits including social dominance, 

stress hormone levels, sperm-length plasticity and sex allocation (Kim et al., 2019; Toomey et 

al., 2018). These morphs have been associated with a small intergenic region (~72-kbp) of the 

Z chromosome that likely regulates follistatin, a glycoprotein that antagonises TGF-β 

superfamily function and has been indirectly linked to variation in plumage colour in 

flycatchers and warblers (Lehtonen et al., 2012; Toews et al., 2016). Colour polymorphism in 

the wall-lizard described above also includes behavioural and ecological differences between 

morphs, and is controlled by two small regulatory regions near genes associated with pterin 

and carotenoid metabolism (Andrade et al., 2019). By contrast, in some plants a single 

transcription factor can regulate multiple pigmentation enzymes that, for example, control 

major differences in flower hue (Hopkins and Rausher, 2012, 2011); however, such 

transcription factors typically do not control balanced polymorphisms.  

The supergene hypothesis proposes that a single locus (that is, the supergene) contains 

multiple functional elements - potentially multiple genes - that control a complex, adaptive 

phenotype (Schwander et al., 2014; Thompson and Jiggins, 2014). A key element of the 

supergene hypothesis is the maintenance of linkage between co-adapted loci. Although it was 

initially suggested that translocation of genes might have a role in establishing closer linkage 

(Ford, 1965), empirical evidence suggests that instead the occurrence of successive co-

adapted mutations in close proximity is more important, a process known as Turner’s sieve 

(Turner, 1967). Linkage is therefore assured through physical proximity in the genome. There 

may also be ongoing selection for further reduction in recombination, either through 

localisation to genomic regions with naturally low recombination rates, such as centromeres 
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(Schwander et al., 2014), or though accumulation of structural variation, such as TE insertions, 

tandem duplication and inversions (Iijima et al., 2018; Martin et al., 2020). However, reduced 

recombination itself could lead to an increase in structural mutations due to the reduced 

efficacy of purifying selection10, so the direction of causality may be unclear. Inversions are 

the most common mechanism for reducing recombination and are associated with many 

supergenes underlying colour polymorphisms in birds (including the white-throated sparrow 

and the ruff) and in butterflies (such as Heliconius numata)(Joron et al., 2011; Küpper et al., 

2015; Lamichhaney et al., 2016; Tuttle et al., 2016). Inversions can link multiple traits, such as 

the colouration, developmental, physiological and behavioural traits that differ between ruff 

alternative mating morphs (Figure 1.3c)(Küpper et al., 2015; Lamichhaney et al., 2016).  

Understanding supergene architecture can shed light on their long-term maintenance. 

Polymorphism has generally been explained through ecological mechanisms, such as 

frequency dependent fitness and environmental heterogeneity, but an intriguing possibility 

is that intrinsic genetic mechanisms contribute to the maintenance of variation in ecologically 

important traits. Balanced lethal systems are genomic regions in which the accumulation of 

deleterious mutations on alternative haplotypes ensures heterozygote advantage and the 

long-term maintenance of variation (Muller, 1918). Supergene alleles associated with colour 

polymorphisms can similarly accumulate deleterious variation, owing to a small effective 

population size11 and low recombination. For example, there is evidence that the supergene 

alleles in H. numata have higher TE activity and severe deleterious fitness effects in 

homozygous genotypes compared with heterozygous genotypes (Jay et al., 2019). Similarly, 

dominant supergene alleles in the ruff are lethal in homozygotes (Küpper et al., 2015; 

Lamichhaney et al., 2016). The reduced fitness of homozygotes effectively leads to 

heterozygote advantage, irrespective of the relative fitness of colour phenotypes, and could 

play an important part in maintaining dramatic colour polymorphisms. These examples 

demonstrate how a better understanding of the underlying genetics can inform our 

interpretation of the evolutionary processes maintaining variation in natural populations. 

 
10 PURIFYING SELECTION: The selective removal of deleterious alleles from the population. 
11 EFFECTIVE POPULATION SIZE: The number of individuals in an idealised population that would show the same 
degree of genetic drift as seen in the real population. 
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1.5.3   Polygenic adaptation  

The ability to conduct genomic studies on larger populations through developments in high-

throughput sequencing has led to an increasing interest in the genetic basis for highly 

polygenic inheritance12, but it has generally not been well explored in relation to colouration. 

In traits where major effect loci have been identified as underlying adaptive change, there is 

often also a proportion of phenotypic variation controlled by loci of small effect, such as the 

distribution of effect sizes among colour forms of Heliconius butterflies (Papa et al., 2013). In 

other cases, variation in populations is largely polygenic. For example, a genome-wide 

association study (GWAS)13 identified more than 150 genes influencing variation in abdominal 

pigmentation among lines derived from a single D. melanogaster population, including many 

previously uncharacterised genes that were confirmed to influence pigmentation using RNA 

interference (RNAi)-based targeted gene knockdown (Box 1)(Dembeck et al., 2015). Similarly, 

structural colours in butterflies have a polygenic basis (Brien Melanie N. et al., 2019), and in 

humans, analysis of traits such as hair colour have demonstrated the power of large-scale 

GWAS to identify hundreds of small effect loci influencing highly polygenic traits (Figure 

1.3d)(Hysi et al., 2018; Morgan et al., 2018). Colouration traits can therefore offer a tractable 

system for the analysis of polygenic architecture and this is clearly an area with potential for 

future work. One specific future goal is to understand the underlying cause of different 

genetic architectures. It is possible that adaptive differences between populations and 

species in traits under strong directional selection will be more likely to be under the control 

of major effect loci compared with traits under stabilising selection14, but this hypothesis will 

need to be tested by comparative analysis across many species.  

 
12 POLYGENIC INHERITANCE: Also known as polygenicity. The genetic control of a phenotype by multiple genes 
of small effect. 

13 GENOME-WIDE ASSOCIATION STUDY (GWAS): A study that correlates genetic variation between individuals 
across the genome with phenotypic variation among those same individuals, typically in a wild population. 
Associated regions are inferred to contain causal variants controlling phenotypic variation. More generally 
known as ‘association studies’. 

14 STABILISING SELECTION: A selective force that maintains the population phenotypic mean and eliminates 
extreme values. 
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In summary, colouration traits demonstrate a wide range of genetic architectures, ranging 

from highly polygenic through to major effect loci and adaptive supergenes. While 

considerable progress has been made in describing these architectures in specific cases, 

major outstanding questions remain over the reasons for differences between species: How 

common are supergenes and why do they arise in some species but not others? When are 

major loci expected to regulate adaptive change? And, are there circumstances in which a 

polygenic architecture is more likely? One way to address these questions is to understand 

how genetic changes regulate development, and in turn how developmental processes might 

shape genetic architecture.  
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Figure 1.4 | Development can shape evolution. a | Colour is often controlled by coding 
mutations, particularly in genes found in the biochemical pathways that lead to the 
production of pigments. In the melanin synthesis pathway, ligand-bound MC1R activates the 
production of black and/or brown eumelanins, whereas if bound to its antagonist Agouti, the 
default production of pheomelanin is restored. The island flycatcher presents two morphs, 
one with chestnut belly plumage resulting from the production of pheomelanin, and one with 
only black plumage as a consequence of only eumelanin being produced. Two different 
mutations can produce the black morph: a mutation in MC1R, which activates the receptor 
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and leads to the production of eumelanin; and a mutation in Agouti, which abrogates its 
function as an MC1R antagonist and allows the ligand to bind to MC1R, activating the 
production of eumelanin (Uy et al., 2016). b | Colour pattern is often under the control of 
regulatory mutations. In bumble bees, a cis-regulatory element (CRE) mutation in the Abd-B 
gene changes its pattern of gene expression late in development (at the callow stage), which 
leads to a change in abdominal colour pattern from black to red (Tian et al., 2019). c | Input-
output genes are found in the middle of developmental networks. They integrate complex 
spatiotemporal information from patterning genes and, as a result, trigger different cell 
differentiation programs by regulating downstream genes, which leads to distinct phenotypes 
(Stern and Orgogozo, 2009). Although patterning genes can trigger the development of 
phenotypes, they are likely to have pleiotropic effects. By contrast, some genes (such as input-
output genes) may be able to initiate differentiation programs while showing low pleiotropy, 
which may make them more likely to be involved in evolutionary change. A potential example 
of such genes is Bric à brac 1 and 2 (Bab) in Drosophila melanogaster, which integrate 
information about the abdominal segment identity from Abd-B and sex information from the 
female (F) and male (M) specific isoforms of Doublesex (Dsx), and in response regulate the 
pigment-related genes tan and yellow  to control melanisation(Rogers et al., 2013). Segments 
A5 and A6 are melanised in males (Bab expression is repressed, allowing yellow and tan to be 
expressed (blue and black arrows)), whereas in females they are not (Bab is expressed and 
represses expression of yellow and tan (red arrows)). Solid lines indicate direct interactions, 
while dashed lines indicate indirect interactions. Panel b is adapted with permission from 
(Tian et al., 2019). 

1.6   How does development shape evolution? 

A greater understanding of evolution comes from considering the role of development in 

shaping and potentially channelling the evolutionary process. Colouration provides multiple 

examples in which mutations seem to be distributed non-randomly across the genome, with 

convergence15 in phenotype often influenced by the same genes or the same types of 

mutations in different lineages. Studies of these examples provide insight into the relative 

importance of coding versus regulatory change, the extent to which the same genes are re-

used in evolution, and the influence of the environment in the development of phenotypes. 

 
15 CONVERGENCE: The independent evolution of similar features in different lineages or species. 
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1.6.1   Coding changes control colour but regulatory changes control pattern 

Morphological variation can be produced by changes in coding or cis-regulatory regions of 

genes. It has been proposed that coding sequence changes in genes that have multiple 

functions, especially those involved in signalling pathways that are deployed in multiple 

developmental contexts, will commonly be deleterious: even if a mutation is beneficial to one 

of its functions, it may be detrimental to another (Carroll et al., 2005). Nonetheless, coding 

mutations do commonly play a role in colouration, but they tend to have large phenotypic 

effects because any tissue or developmental stage expressing the gene will be affected. For 

example, flycatchers homozygous for either of the previously mentioned coding mutations in 

the MC1R and Agouti genes lack the ability to produce pheomelanin and therefore have only 

black plumage (Figure 1.4a)(Uy et al., 2016).  

By contrast, subtle differences in local patterning are likely to be caused by regulatory 

changes, which can be more modular than coding changes(Martin and Courtier-Orgogozo, 

2017); beneficial mutations that arise are therefore less likely to have negative pleiotropic 

effects on other functions (Carroll et al., 2005). Modularity in gene expression can be 

temporal and/or spatial in nature. For example, the evolution of dark D. melanogaster in 

montane habitats is the result of a tissue-specific regulatory change that reduces expression 

of ebony, a gene that supresses the production of dark melanin (Rebeiz et al., 2009). Studies 

using GFP reporter constructs showed that this dark regulatory allele reduces expression of 

ebony in the abdomen, but not in other tissues, such as the head and halteres, when 

compared to the light regulatory alleles. Indeed, regulatory mutations are responsible for 

every evolutionary pigmentation change in Drosophila spp. that has been mapped to date 

(Massey and Wittkopp, 2016), supporting the hypothesis that phenotypic variation is, on 

many occasions, controlled by cis-regulatory mutations. In another example, a GWAS with 

wild samples showed that a red-to-black colour switch in the bumble bee Bombus 

melanopygus is controlled by cis-regulatory changes in a ~4kb intergenic block downstream 

from Abd-B. Abd-B is a Hox gene that determines abdominal segment identity during 

development, which has been shown to positively regulate the pigmentation gene yellow and 

the transcription factors bric à brac 1 and bric à brac 2 (together referred to as Bab). 

Quantitative PCR analysis demonstrated that this regulatory change specifically expands the 
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highly conserved expression domain of the AbdB gene late in development; earlier functions 

of the AbdB transcription factor in determining abdominal fate are unaffected (Figure 

1.4b)(Tian et al., 2019). Similarly, the gene optix encodes a transcription factor that is involved 

in brain and eye development in D. melanogaster (and presumably in all insects)(Seimiya and 

Gehring, 2000), but in nymphalid butterflies it is also expressed during wing development and 

acts to paint red colours onto the wings, with cis-regulatory alleles defining the precise 

patterns to be painted in any particular species. It seems likely that co-option of optix into 

wing patterning has occurred through gene regulatory changes that do not disrupt its existing 

functions in structures such as the eye and brain.  

However, the simple model in which CREs are highly modular and tissue-specific is not always 

confirmed by experimental studies; indeed, many individual CREs control expression in 

multiple different tissues (Jory et al., 2012). For example, optix regulatory elements are 

associated with specific wing colour pattern elements (such as red rays or bands) in Heliconius 

populations, which is consistent with modularity. Yet, knocking out one of these CREs using 

CRISPR-Cas9 gene editing results in a broad phenotype that involves multiple pattern 

elements, which suggests pleiotropy16 rather than modularity (Lewis et al., 2019). This result 

is consistent with earlier analysis of pigmentation in D. melanogaster, which used reporter 

transgenes to show that individual mutations within a CRE can have highly tissue-specific 

effects and avoid deleterious pleiotropy, even when the CRE is multi-functional (Rogers et al., 

2013). This observation highlights the fact that it is the level of pleiotropy of a mutation that 

affects the likelihood of fixation of a novel variant, not the degree to which a particular gene 

or CRE has multiple functions. In other words, CREs may be developmentally multi-functional, 

affecting expression in multiple tissues, but evolutionarily modular in that specific mutations 

are tissue-specific. It is therefore misleading to label a gene or a CRE as being ‘highly 

pleiotropic’ - the term should be applied to mutations rather than functional elements 

themselves (this more restrictive definition of pleiotropy has recently been termed 

‘selectional pleiotropy’ (Paaby and Rockman, 2013)).  

 
16 PLEIOTROPY: The effect of a single mutation on multiple aspects of the phenotype. 
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1.6.2   Developmental networks influence which genes are evolutionary 
hotspots 

A pattern emerging from analysis of the genetic basis for adaptive change in colouration and 

other phenotypes, is the repeated co-option of the same genes into convergent evolutionary 

change, a phenomenon that implies constraint on which genes are likely to influence a 

particular phenotype. For example, linkage and association mapping has identified mutations 

in Oca2 that underlie amelanic phenotypes in at least two populations of cave fish and in a 

domesticated corn snake population, and human albinism and skin pigmentation phenotypes 

in African populations (Crawford et al., 2017; Johanson et al., 2010, p. 2; Martin and 

Orgogozo, 2013; Saenko et al., 2015). Oca2 encodes a membrane transporter protein thought 

to be involved in uptake of tyrosine, a melanin precursor molecule and, given it has a specific 

melanisation function, it is perhaps unsurprising that it is repeatedly co-opted to regulate 

adaptive colouration (Bilandžija et al., 2013). Similarly, MC1R and its antagonist Agouti control 

a signalling cascade leading to melanin production and have been associated with melanin-

based colouration in many species, including deer mice (Linnen et al., 2013, 2009), white-sand 

lizards (Rosenblum et al., 2009) and island flycatchers (Uy et al., 2016) among others (Figure 

1.4a). It is more surprising that genes with multiple roles in development, such as 

transcription factors and signalling molecules, can be repeatedly targeted during evolutionary 

change – yet there are now many such examples, including WntA, a Wnt-signalling pathway 

ligand that has been shown by both association studies and functional analysis to be 

repeatedly involved in establishing colour patterns among butterflies (Martin et al., 2012; 

Mazo-Vargas et al., 2017). One hypothesis is that the shape of developmental networks might 

constrain which genes are most free to evolve, with ‘input-output’ genes17 lying at 

developmental switch points being most likely to regulate novelty (Figure 1.4c), but the 

generality of this hypothesis needs to be tested(Stern and Orgogozo, 2009). A likely example 

of input-output genes are the Bab transcription factors, which integrate segment and sex 

information to trigger sex and segment specific colouration in various Drosophila species 

(Figure 1.4c)(Dembeck et al., 2015; Massey and Wittkopp, 2016). 

 
17  ‘INPUT-OUTPUT’ GENES: Genes that integrate complex spatiotemporal information and trigger alternative 
developmental outputs. 
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1.6.3   Phenotypic plasticity 

Colour variation can also occur as a result of phenotypic plasticity18, in which environmental 

cues lead to alternative colour morphs in genetically homogenous populations, often by 

inducing gene expression changes that alter developmental trajectories (Figure 1.5a). 

Background-dependent and temperature-dependent colour morphs in locusts, temperature-

dependent pigmentation in Drosophila spp., seasonal polyphenism19 in butterflies and 

seasonal camouflage in snowshoe hares are all examples of phenotypic plasticity (Järvi et al., 

2019; Jones et al., 2018; Tanaka et al., 2016). Epigenetic and gene expression studies have 

shown that the darker abdominal pigmentation that occurs in D. melanogaster in response 

to lower temperatures involves changes in the transcriptional regulation of the pigmentation 

gene tan (Gibert et al., 2016); this differential gene expression is part of the phenotype of a 

plastic response to the environment. In this case dark colouration is likely an adaptive 

response to optimise heat absorption in colder environments.  

A further challenge will be to understand how plasticity itself can evolve, by identifying genes 

that control differential responses of populations to environmental cues, as depicted by 

reaction norms20. Currently, there are two hypotheses: either plasticity is largely regulated by 

alterations in the mechanisms that sense environmental cues, which would implicate genes 

unrelated to colouration; or plasticity could be switched on by changes in downstream genes 

that respond to the environmental cues, and the genetic loci involved would be similar to 

those associated with the evolution of colour. Emerging results seem to support the second 

hypothesis. For example, genetic variation occurs at a CRE of the Bab locus in D. melanogaster 

strains with different reaction norms, and Bab protein is responsible for altering tan 

expression in response to temperature cues (Figure 1.4c)(Castro et al., 2018; Gibert et al., 

2016); regulatory alleles at the Agouti locus control plasticity in the seasonal coat colour of 

snowshoe hares (Figure 1.5a)(Jones et al., 2018); and the loss of plasticity in side-blotched 

 
18 PHENOTYPIC PLASTICITY: The ability of a single genotype to produce a range of phenotypes depending on 
the environmental conditions. 

19 POLYPHENISM: A type of phenotypic plasticity in which a single genotype can produce two or more discrete 
alternative phenotypes depending on environmental conditions. 

20 REACTION NORMS: Patterns of phenotypic expression of a single genotype across differing environmental 
conditions. 
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lizards is associated with changes at two genes in the melanin pathway (PREP and 

PRKAR1A)(Corl et al., 2018). Although these early studies suggest that colour plasticity is often 

regulated by genes in pigmentation pathways, rather than by changes to the genetic 

mechanisms that underlie detection of environmental cues, more examples will be needed 

to test whether this pattern holds up as plasticity becomes better understood.  
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Figure 1.5 | An introgressed allele is responsible for the loss of phenotypic plasticity in 
snowshoe hares. a | Snowshoe hares can show phenotypic plasticity in coat colour and 
maintain seasonal camouflage by moulting into a white coat in winter. However, some 
snowshoe hares have lost this phenotypic plasticity and retain the brown coat all year round. 
b | This winter-brown coat phenotype is controlled by an allele of the Agouti locus, and 
measures of genetic divergence indicate this allele has introgressed from black-tailed 
jackrabbits. Genetic divergence (Fst) measured between snowshoe hares and jackrabbits 
(top) shows that winter-brown snowshoe hares are less divergent than winter-whites from 
jackrabbits at the Agouti locus. Genetic divergence within snowshoe hares shows that winter-
white and winter-brown snowshoe hares are highly divergent at the Agouti locus, but 
probably not at other loci. c | A tree based on genome-wide pairwise sequence similarity 
between snowshoe hares and related species recapitulates the species phylogeny. By 
contrast, a tree based on local sequence similarity at the Agouti locus indicates that the 
snowshoe hare winter-brown allele is more similar to the jackrabbit Agouti allele than to 
snowshoe hare winter-white alleles, providing evidence for introgression from jackrabbits 
into snowshoe hares. Drawings in panel a and b and panel c are adapted with permission from 
(Jones et al., 2018). 

1.7   Understanding adaptation through colour 

1.7.1   The origins of variation 

Mutation and recombination have commonly been considered to be the primary sources of 

genetic variation required for adaptation to occur. However, an emerging pattern from 

genomic studies of colouration and other traits is that allelic variants underlying adaptive 

change are often more ancient than the populations in which they are found. For example, 

colour morphs of the invasive ladybird, Harmonia axyridis, are controlled by regulatory alleles 

at the locus encoding the transcription factor pannier (Ando et al., 2018; Gautier et al., 2018). 

Genomic comparisons of the two morphs have shown that genetic divergence is far greater 

at this locus than at surrounding genomic regions, which suggests an ancient origin for these 

colour alleles. Such patterns of high sequence divergence within species can result from either 

long-term balancing selection21 at colour variants or more recent introgression22 of divergent 

alleles between species. Phylogenetic reconstruction of Agouti alleles show that the loss of 

 
21 BALANCING SELECTION: Selective processes that maintain multiple alleles in a population, such as negative 
frequency dependent selection and heterozygote advantage. 

22 INTROGRESSION: The transfer of genetic material from one species to another through hybridization  
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plasticity in the winter coat colour of snowshoe hares is the result of introgression of an allele 

from the black-tailed jackrabbit that gives rise to brown winter coats (Figure 1.5b and c)(Jones 

et al., 2018), and in mountain hares, which present a winter-white/winter-grey 

polymorphism, the winter-grey variant introgressed through hybridisation with the Iberian 

hare (Giska et al., 2019). Similarly, a dark form of the wolf that is common in forest habitats 

has alleles very similar to those in domestic dogs, suggesting recent introgression (Anderson 

et al., 2009). These examples demonstrate how useful genetic variation can be acquired 

through introgression from close relatives. At a much finer scale, phylogenetic analysis of two 

adjacent CREs of optix that control red elements in multiple Heliconius species has shown a 

complex history involving multiple introgression events that generated novel combinations 

of phenotypes (Wallbank et al., 2016).  

Introgression can also help to explain the evolution of supergene architectures that would 

otherwise require multiple genetic steps. In butterflies, introgression from Heliconius 

pardalinus has given rise to a novel allele at the Heliconius numata supergene locus (Jay et 

al., 2019). Levels of inter-species divergence associated with the introgressed allele were 

substantially lower than across the genome as a whole, which is consistent with introgression 

rather than long term balanced polymorphism. Similarly, in the white-throated sparrow the 

allele associated with the tan morph is more closely related to variants in a sister species, the 

harris sparrow, than to white morph alleles in the same species (Tuttle et al., 2016). Overall, 

it seems likely that introgression between species is a common and important evolutionary 

process (Marques et al., 2019). 

1.7.2   Observing and testing evolution in the wild 

An understanding of the genetic basis for adaptive traits can facilitate studies of natural 

selection in the wild. Direct tests for selection in natural environments can now take 

advantage of the ability to genotype the alleles under selection (Figure 1.6). For example, 

enclosure experiments with deer mice (Peromyscus maniculatus) on different soil substrates 

demonstrated rapid allele frequency changes at the Agouti locus that support the hypothesis 

of selection for crypsis against visual predators (Barrett et al., 2019). Similarly, experimental 

field studies that tracked genetic variation in natural populations of Timema stick insects over 

25 years have provided support for negative frequency dependent selection on pattern 
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variants (striped and unstriped)(Nosil et al., 2018). Short-term changes in allele frequencies 

occurred substantially more rapidly at the patterning locus than at other similarly sized 

segments of the genome, indicating selection at these loci. In both cases, genomic data adds 

value to selection experiments by facilitating estimates of selection on genotypes rather than 

solely on phenotype, and by allowing changes in allele frequency at selected loci to be 

compared to the genomic average. 

Natural selection also leaves a signature in the genome of wild populations. Therefore, an 

alternative approach to studying selection is to search for this genomic signature, in order to 

estimate the past action of natural selection. Colour variants are especially good for such 

studies, as there is often a well understood link between colour variation and genotype. For 

example, population genetic analysis of deer mice in the Nebraska Sand Hills demonstrated 

that coat colour in this species is composed of multiple traits and that each of these colour 

traits is associated with a distinct mutation within the Agouti locus (Linnen et al., 2013). These 

mutations have been independently selected, with larger effect variants showing evidence 

for stronger selection. A recent study explored the extensive radiation of Heliconius 

butterflies and provided evidence for strong natural selection at multiple colour loci across 

almost all sampled populations (Moest et al., 2020). These results support field evidence for 

consistently strong selection on colour forms in these butterflies (Kapan, 2001; Mallet and 

Barton, 1989), but additionally show that colour loci are some of the most strongly selected 

regions in the genome. 
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Figure 1.6 | Estimating natural selection. A mouse species presents two cryptic coat colour 
phenotypes (light and dark) that inhabit two types of soil colour (light and dark, respectively). 
a | A translocation experiment can be used to test whether the phenotypes are adaptive (such 
as in (Barrett et al., 2019)). Individuals from the light-coloured population on light-coloured 
soil (sampling sites indicated by blue stars) are translocated to enclosures in a dark-coloured 
soil area (blue stars in grid) and dark-coloured individuals (sampling sites indicated by orange 
stars) are transferred from the dark-coloured site to enclosures in the light-coloured site 
(orange stars in grid). b | Adult survival is measured and the probability of survival plotted 
against coat colour. The plots illustrate the hypothetical case in which coat colour is discrete 
and adaptive: light-coloured mice have a higher survival rate than dark-coloured mice in light-
coloured soil sites and vice versa. If coat colour was non-adaptive, the probability of survival 
would be similar on either soil type regardless of coat colour. c | Selection at single nucleotide 
polymorphisms (SNPs) known to be associated with coat colour can be estimated by 
calculating the change in their frequency between different time-points: before (0) and after 
selection (1). The plotted lines indicate frequency changes of individual SNPs. SNP 1 shows 
positive selection in the light-coloured site and negative selection in the dark-coloured site, 
whereas SNP 2 is neutral in both sites. Thus, translocation experiments that incorporate 
genomic data provide the opportunity to track allele frequencies in the wild and measure the 
direction and strength of selection.  

1.8   Conclusions and future perspectives  

In many ways, studies of colouration have been at the forefront of evolutionary genetics and 

served as a model for investigating complex traits. Colouration represents some of the most 

striking and accessible adaptive traits in the natural world and were well understood before 

the genomics revolution, and colour-related traits are some of the best understood examples 

of genotype-phenotype links. Nonetheless, the extent to which colour traits are 

representative of other phenotypes remains unclear – for example, loci of large effect might 

be more common among colour traits if pigmentation has a relatively simple genetic basis 

compared with other morphological structures. Challenges remain, notably in understanding 

polygenic inheritance and the genetic control of phenotypic plasticity, but colour phenotypes 

offer excellent opportunities to study both of these phenomena. The long-term goal will be 

to synthesise what we learn from individual examples to infer general patterns regarding the 

evolution of genetic architectures. Finally, while genomic studies have informed our 

understanding of the action of natural selection in wild populations, there have been fewer 

attempts to study sexual selection in the wild using genomic approaches. Perhaps in the 
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future, genetic and genomic analyses will provide similar insights into the action of sexual 

selection on colour phenotypes in natural populations. 

  





2 

Introduction to the systems  

Hypolimnas butterflies and the wood 

tiger moth, Arctia plantaginis 

Butterfly and moth (Lepidoptera) wing patterns have been an extensive source of knowledge 

on the evolution of adaptive phenotypes. The multiple examples of rapid speciation and 

polymorphism, together with the easiness of phenotyping, have made butterfly and moth 

wing phenotypes an ideal system for the study of evolution. Extensive knowledge on the 

ecological and genetic mechanisms driving wing pattern diversification and maintenance 

come from Heliconius butterflies (reviewed in (Jiggins, 2017)). The genus is best known for its 

multiple examples of Mullerian mimicry, in which unpalatable species converge to the same 

aposematic phenotypes in order to share the costs of teaching predators. Similarly, Batesian 

mimics of the genus Papilio, in which palatable species resemble toxic ones in order to gain 

protection from predators, have also provided key insights in the genetic bases of wing 

polymorphisms (Fukova et al., 2014; Kunte, 2009; Kunte et al., 2014; Nishikawa et al., 2015). 

These and other studies in multiple other Lepidoptera species have revealed that a relatively 

small set of genes are linked to adaptive phenotypes in multiple species (McMillan et al., 

2020). Furthermore, another generality that has started to emerge from studies of wing 

phenotypes is that structural variation is often involved in the genetic architecture of these 

phenotypes (Joron et al., 2011; Livraghi et al., 2021; van’t Hof et al., 2016; Woronik et al., 

2019). Exploring diverse taxa across the Lepidoptera will provide crucial insight to clarify why 

some genes seem to be ‘genetic hotspots’ for adaptive evolution of wing patterns and the 

extent of the involvement of structural variation in the evolution of wing phenotypes. In this 

thesis, I have used two very distinct systems to explore the genetic basis of adaptive wing 
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phenotypes in Lepidoptera: Hypolimnas butterflies and the wood tiger moth, Arctia 

plantaginis.  

1.9   Hypolimnas butterflies 

Hypolimnas butterflies, commonly known as eggflies, are a tropical genus of butterflies 

containing 29 species with very diverse wing patterns (Sahoo et al., 2018). Two species, 

Hypolimnas misippus and H. bolina, present female limited Batesian mimicry of defended 

models (Vane-Wright et al., 1977). H. misippus, also known as the diadem butterfly, is a 

pantropical species, with polymorphic and mimetic females that resemble the four morphs 

of the toxic Danaus chrysippus and monomorphic non-mimetic males (Figure 2.1)(Swinhoe, 

1896; Vane-Wright et al., 1977). Despite the striking detailed resemblances, there is a 

mismatch in frequencies of mimetic morphs and their models (Gordon et al., 2010; Pierre, 

1980; Smith, 1976). In Africa, D. chrysippus morphs are largely allopatric with one morph 

being dominant in each region (Figure 2.2A), while H. misippus morphs are found distributed 

across, with best mimics not always being the most common form. For example, in Tanzania 

the most common morph of D. chrysippus has a frequency of 71% and presents orange 

forewing and hindwings (Smith, 1976). Contrastingly, in the same location, the matching H. 

misippus mimic is only present at a frequency of 23%, with the most common morph at 

frequency of almost 50% presenting black-and-white forewing apexes and orange hindwings. 

Furthermore, maladaptive intermediate morphs of H. misippus are often found. This has led 

to the suggestion that selection for mimicry is weak and raises the question of how the 

polymorphism is being maintained, if not driven by mimicry (Gordon et al., 2010).  

One hypothesis explaining the maintenance of the polymorphism is that there is negative 

frequency dependent selection on wing phenotype through apostatic selection and that its 

strength varies over time following extreme changes in population size (Gordon, 1987; 

Gordon et al., 2010). In H. misippus, forewing and hindwing phenotype are determined by 

independent loci, selection for  H. misippus erupt in large numbers suddenly, which has been 

suggested to produce a surge in predation on H. misippus and D. chrysippus, increasing the 

selective pressure for mimicry. Such a scenario would result in balancing selection and could 

maintain the polymorphism.  



Hypolimnas butterflies 37 

 
Figure 2.1 | Mimicry in Hypolimnas misippus. H. misippus is a mimic of the toxic Danaus 
chrysippus. Left column of images show three morphs of D. chrysippus, the right column of 
images are the corresponding H. misippus mimics, while the bottom image is a H. misippus 
male. 
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An alternative hypothesis is that associative overdominance at the loci controlling wing 

phenotype maintains the polymorphism, perhaps associated with structural variation. 

Structural variation generally produces a reduction in recombination that leads to decreased 

purifying selection and can result in the accumulation of deleterious mutations (Ohta and 

Kimura, 1970; Zhao and Charlesworth, 2016). In such cases, heterozygotes might have higher 

fitness, as the effect of recessive deleterious mutations is masked (Pamilo and Pálsson, 1998). 

An example of this has been seen in Heliconius numata, in which three inversions at a mimicry 

supergene show associative overdominance and, together with balancing selection, 

contribute to the maintenance of multiple morphs (Chouteau et al., 2017, 2016; Jay et al., 

2021; Joron et al., 1999).  

Understanding the genetic basis of wing phenotype in H. misippus is crucial to clarify the 

evolutionary forces maintaining the polymorphism. From large breeding experiments and 

association studies, we know that forewing polymorphism is determined by a Mendelian 

locus, the M locus, with two alleles (Figure 2.2B)(Smith and Gordon, 1987; VanKuren et al., 

2019). The dominant allele M produces forewing with a black-and-white apex (misippus 

morph), while the recessive allele m produces all-orange forewings and intermediates in 

homozygotes, known as the inaria and immima morphs respectively. Furthermore, hindwing 

phenotype varies continuously from completely orange to having a large white spot in the 

wing and is determined by two loci of large effect, the A and the S loci, with two alleles each 

(Figure 2.2B)(Gordon and Smith, 1989). AA individuals have orange hindwings, while aa 

individuals present a large white spot and heterozygotes have an intermediate phenotype. 

There S locus also contributes to hindwing phenotype by supressing (hence the name, S) 

hindwing white. Identifying and dissecting these loci will help clarify the evolutionary history 

of wing mimicry in H. misippus.   
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Figure 2.2 | A. Distribution of morphs of Danaus chrysippus. Dotted line area in East Africa 
indicates the contact zone between morphs. B. Model of wing pattern inheritance proposed 
by Gordon and Smith in (Gordon et al., 2010; Gordon and Smith, 1989; Smith and Gordon, 
1987). 
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Figure 2.3 | Mimicry and polymorphism in Hypolimnas bolina. The euploeoides morph (top 
right) is the only mimetic morph of H. bolina, resembling species of the Euploea genus (top 
left).     
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Multiple similarities can be found between H. misippus and H. bolina. In southeast Asia, H. 

bolina is monomorphic with only the euploeoides morph found, which is a recognized 

Batesian mimic of multiple Euploea species (Figure 2.3). Contrastingly, in the south Pacific 

Islands and Australia, H. bolina presents multiple non-mimetic forms including the morphs 

nerina and naresi (Figure 2.3)(Clarke and Sheppard, 1975). The genetic basis of its wing 

pattern was extensively studied by Clarke and Sheppard, who hypothesised that the 

polymorphism was under the control of two autosomal loci (Clarke and Sheppard, 1975). The 

E locus controls the white pattern elements in the wings, determining the differences 

between the euploeoides morph and nerina and naresi. It determined the presence and 

absence of the hindwing white spot and the subapical white band in the forewing. The N locus 

controls the orange spot found in the forewings of nerina morphs. Intermediates are 

commonly found and mimicry seems to only apply to euploeoides morphs. Examining the 

genetic architecture of polymorphism in H. bolina will help clarify the selective forces behind 

its wing phenotype diversity.   

 

 

Figure 2.4 | Aposematism in male A. plantaginis. Male A. plantaginis present discrete 
morphs that vary in hindwing colouration. Images of the white, yellow and red morphs are 
shown. Figure reproduced from (Yen et al., 2020). 
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1.10   The wood tiger moth 

The wood tiger moth, Arctia plantaginis, is an aposematic, protected species, presenting 

bright hindwing colouration to deter predators. Whilst female hindwing coloration varies 

continuously from red to yellow, males present discrete morphs that vary in frequency in 

different geographic locations (Figure 2.4). For example, some populations are monomorphic 

with only white individuals (e.g., Estonia), or yellow (e.g., Scotland), while in Finland, 

frequencies vary from 40-75%, and in Georgia there is a unique red form (Galarza et al., 2014; 

Hegna et al., 2015). These male morphs are determined by a single Mendelian locus with two 

alleles (Nokelainen et al., 2022; Suomalainen, 1938), the dominant ‘white’ and recessive 

‘yellow’, and have been associated with distinct predator avoidance strategies that include 

differences in chemical defences (Rojas et al., 2019, 2017), mating success (Gordon et al., 

2015; Nokelainen et al., 2012), flight ability (Rojas et al., 2015) and immune specialisations 

(Nokelainen et al., 2013). While yellow males have higher chemical defences and are subject 

to lower levels of predation, white males have a positive frequency dependant mating 

advantage. Also, white males invest more in flight activity for predator escape and finding 

mates, although yellow males might fly at more selective times, being active only during peak 

female calling periods. In summary, there is a trade-off between warning signal efficacy and 

mating success between yellow and white males that leads to the maintenance of this 

complex polymorphism (Rönkä et al., 2020). Despite the deep ecological understanding of 

this polymorphism, knowledge of its genetic basis is still lacking. Identifying and dissecting the 

genetic architecture of morph determination in A. plantaginis will shed light on the evolution 

of complex phenotypes. 



3 

The Hypolimnas misippus genome 

supports a common origin of the W 

chromosome in Lepidoptera  

1.11   Abstract 

Moths and butterflies (Lepidoptera) present heterogametic sex chromosomes with females 

carrying ZW chromosomes. The lack of W chromosomes in early diverging lepidopteran 

lineages, has led to the suggestion of an ancestral Z0 system in this clade and a B chromosome 

origin of the W. This contrasts with the canonical model of W chromosome evolution in which 

the W would have originated from the same homologous autosomal pair as the Z 

chromosome. Despite the distinct models proposed, the rapid evolution of the W 

chromosome has hindered the elucidation of its origin. Here, I present high-quality, 

chromosome-level genome assemblies of two Hypolimnas species (Hypolimnas bolina and 

Hypolmnas misippus) and use the H. misippus assembly to explore the evolution of W 

chromosomes in butterflies and moths. I show that in H. misippus the W chromosome 

presents higher similarity to the Z chromosome than any other chromosomes, suggesting a 

possible origin from the same homologous autosome pair as the Z chromosome. However, 

using other ditrysian genome assemblies containing assembled W chromosomes, I present 

contrasting evidence suggesting that the W chromosome might have evolved from a B 

chromosome instead. Crucially, by using a synteny analysis to infer homology, I show that W 

chromosomes are likely to share a common evolutionary origin in Lepidoptera. My study 

highlights the difficulty of studying the evolution of W chromosomes and contributes to 

better understanding its evolutionary origins.  
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1.12   Introduction 

Sex chromosomes are highly variable in eukaryotes and have evolved independently multiple 

times (Bachtrog et al., 2014, 2011; Beukeboom and Perrin, 2014). In animals there are 

multiple types of chromosomal sex determination but two are predominant: male 

heterogametry such as seen in mammals, where males are XY and females XX, and female 

heterogametry as in birds, where females are ZW and males are ZZ (Beukeboom and Perrin, 

2014). These heteromorphic sex chromosomes can potentially originate from different 

processes. One possibility is that they initially arise from a pair of autosomes that evolves 

genetic sex determination and, through a process of reduced recombination, sex specific 

mutations accumulate (Wright et al., 2016). This reduction in recombination can also lead to 

gene depletion and the accumulation of transposable and repetitive elements, which are 

common characteristics of sex specific (Y or W) chromosomes (Bachtrog et al., 2011; Wright 

et al., 2016). However, differentiating between cause and consequence can be difficult. 

Additionally, other autosomes may fuse to the sex chromosomes and become differentiated. 

Alternatively, the W/Y chromosomes can originate from the recruitment of a B chromosome, 

which are dispensable chromosomes that are found variably in populations and species 

(Yoshida et al., 2011).  

Moths and butterflies have a ZW sex chromosome system in which females are 

heterogametic and show a lack of recombination (Turner and Sheppard, 1975). Whilst the Z 

chromosome has been shown to be highly conserved across the Lepidoptera (Fraïsse et al., 

2017), the origin and evolution of the W chromosome remains unclear. The possible absence 

of W chromosomes in early-diverging ditrysian lineages and the deep conservation of the Z 

chromosome have been suggested to be evidence of an ancestral Z0 sex determination 

system for Lepidoptera and an origin for the W chromosome that is independent of the Z 

chromosome (Dalíková et al., 2017; Fraïsse et al., 2017; Lukhtanov, 2000; Sahara et al., 2012). 

Two main alternative hypotheses have been proposed for the origin of the W chromosome: 

evolution from a B chromosome (Dalíková et al., 2017; Lewis et al., 2021; Lukhtanov, 2000), 

or evolution from the homologous pair of an autosome that fused to the Z chromosome 

(Sahara et al., 2012).  
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Despite interest in understanding the evolution of the W chromosome in the Lepidoptera, the 

absence of high-quality reference genomes containing assembled W chromosomes has 

limited its study. The elevated repeat and TE content have made its assembly challenging until 

now. Long read sequencing technologies and the decrease in sequencing price have led to the 

production of high-quality Lepidopteran genome assemblies containing W chromosomes, 

which makes it increasingly possible to elucidate the enigmatic origin of the Lepidoptera W 

chromosome.  

Hypolimas butterflies, commonly known as eggflies, are a phenotypically diverse genus that 

has served as a model for the study of ecology and evolutionary biology. Many Hypolimnas 

species are mimics of toxic species, which has shaped the diversification of wing colour 

pattern in the genus (Vane-Wright et al., 1977). Historically, two species, Hypolimnas bolina 

and Hypolimnas misippus, have received most of the attention. H. bolina and H. misippus 

diverged 8 million years ago and share many similarities, both have a pantropical distribution 

and the females of both species are polymorphic Batesian mimics of toxic models (Marsh et 

al., 1977; Sahoo et al., 2018; Smith, 1976). In contrast, males are monomorphic and have 

retained what is likely to be the ancestral phenotype of white-spotted black wings. 

Nonetheless, the two species also differ in many aspects. H. misippus females are mimics of 

the four morphs of the African Queen, Danaus chrysippus, while H. bolina females are mimics 

of several Euploea species. H. bolina has also received special interest for its coevolution with 

the endosymbiont Wolbachia (Charlat et al., 2009; Dyson et al., 2002). In H. bolina, Wolbachia 

has a male killing phenotype that promotes spread of the endosymbiont, while H. bolina has 

evolved a suppressor locus that counteracts it (Hornett et al., 2006).  

The diversity in phenotype, precision of mimicry and intricate coevolution, make Hypolimnas 

a remarkable genus for evolutionary biology studies. However, there are few genomic 

resources to date. Here, I present chromosome-level assemblies for H. misippus (HypMis_v2) 

and H. bolina (HypBol_v1) and use our high-quality H. misippus assembly containing the Z and 

W chromosomes to explore the evolution of sex chromosomes in the Lepidoptera. First, I 

compare the synteny and TE content between the two Hypolimnas assemblies. Next, I 

evaluate the annotation completeness and gene content by comparison to the close relative 

the painted lady butterfly, Vanessa cardui. Then, I investigate the hypothesis of a B 
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chromosome origin of the W chromosome by comparing homology between the W 

chromosome, autosomes, and Z chromosome within H. misippus. Finally, I examine the origin 

of the W and Z chromosomes across the Lepidoptera by analysing synteny between 

Hypolimnas misippus and a diverse set of 10 Lepidoptera species in different ditrysian 

families.  

1.13   Materials and methods  

1.13.1   Hypolimnas misippus butterfly rearing and cross preparation 

A trio-binning approach was used for sequencing of the Hypolimnas misippus assembly, which 

consists of the sequencing of the parents and offspring of a family. First, butterflies were 

obtained from Stratford-upon-Avon Butterfly Farm, UK, and reared in greenhouses in 

Madingley, Cambridge, UK. Larvae were fed Portulaca oleracea and Portulaca quadrifida. 

Adult butterflies were kept in a large cage (1.5 meters x 1.5 meters x 2 meters) and observed 

until mating when mating pairs were transferred to separate smaller cages during copulation. 

One mated pair was used for trio-based genome sequencing, their offspring reared until 

pupation and flash frozen as pupae by dropping them into liquid nitrogen.  

1.13.2   H. misippus Trio binning genome assembly 

One H. misippus family was used for sequencing and trio-binning genome assembly. The two 

parents were sequenced using Illumina short-read sequencing, which resulted in 368.67 and 

346.56 million read pairs and a total yield of 55.67 and 52.33 Gbp of data from the trio mother 

and father respectively. One of the offspring was sequenced using PacBio long-read 

sequencing (total yield of 13.46 Gb of data and N50 of 13,493). A trio binning approach 

enabled the independent assembly of the two parental haplotypes. First, yak-r55 (Li, 2022) 

was used to create a kmer database from the parental Illumina data. Then, hifiasm-0.7-r256 

(Cheng et al., 2020) was run in trio mode to assemble the HiFi PacBio long-read data, followed 

by the purging of haplotypes and overlaps using purgedups v1.2.3 (Guan, 2022). Haplotype 1 

corresponds to the paternal haplotype, while haplotype 2 corresponds to the maternal one. 

All posterior analysis were done using the haplotype 2.  
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1.13.3   Curation of HypMis_v2 with HiC 

To place the assembled scaffolds into chromosomes, Hi-C sequencing was used, which is a 

chromosome conformation capture technology that provides information about the 3-D 

interactions between genomic loci. An offspring from an unrelated mating was flash frozen in 

liquid nitrogen and used for Hi-C sequencing and analysis. 386.99 million read pairs were 

produced, which represented 58,45 Gb of Hi-C data. Fastq files were converted to cram (two 

files, one for each read pair end), mapped to the haplotype 2 (the maternal haplotype) H. 

misippus assembly produced after the purgedups stage, and processed with Juicer v1.6 

(Durand et al., 2016b). Juicer transforms raw Hi-C data into a list of contacts, which defined 

pairs of genomic positions that were in close physical contact during the experiment. Then, 

the main reference assembly was curated using the 3D-DNA pipeline, which corrects 

misassembles, anchors, orders and orients fragments of DNA based on the Hi-C data 

(Dudchenko et al., 2017; Durand et al., 2016). 3D-DNA generated assembly heatmaps as part 

of its workflow, which indicate the frequency of contact between pairs of genomic locations. 

Obvious errors in the genome assembly such as large genomic inversions were manually 

edited by examining the Hi-C heatmaps using the Juicebox tool (Dudchenko et al., 2018; 

Durand et al., 2016). Finally, the edited assembly was exported as an .assembly file and 

converted to a final fasta assembly file using the ‘run-asm-pipeline-post-review.sh’ script 

setting –editor-repeat-coverage to 6.  

1.13.4   HypBol_v1 genome curation with Ragout 

The H. bolina reference assembly (HypBol_v1), was produced using a combination of 

Nanopore long-read sequencing and a linkage map. Pupae originating from the Philippines 

were ordered from Stratford-upon-Avon butterfly farm. One female pupa was used for 

sequencing. Hing-molecular DNA was extracted using a chloroform and glass capillary 

protocol. Sample was prepared for nanopore sequencing following the Long Read Club 

LSK109 library prep (bead free) and sequenced at the Centre for Genomic Research in 

Liverpool, UK. Adapters were removed using Porechop v0.2.4 (Wick, 2022) and reads 

assembled using redbean (Ruan and Li, 2020). Assembled contigs were split into bins using 

MaxBin2 (Wu et al., 2016) and Bacterial contigs and reads were removed from the data using 
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blobtools2 (Challis et al., 2020). This produced an assembly with 13,492 contigs and an N50 

of 1.4 kbp. 

Leveraging the high synteny expected from the two Hypolimnas assemblies, Ragout v2.3 

(Kolmogorov et al., 2018, 2014) was used to improve the initial HypBol_v1 assembly using 

HypMis_v2 as a reference. First, the two genomes were soft-masked using RepeatMasker 

(Smit et al., 2015), creating the repeat library based on the genome being masked. Then, 

Cactus (Paten et al., 2011) was used to align both genomes using Python 3.8. The resulting 

HAL alignment was converted to MAF format using the hal2maf utility from the HAL program 

(Hickey et al., 2013). Finally, Ragout was run using the MAF alignment between HypBol_v1 

and HypMis_v2 as input. 

1.13.5   Rearing of H. bolina individuals 

A linkage map was used to improve the HypBol_v1 assembly and place the assembled 

scaffolds into chromosomes. Two families (178303XX and 182703XX) were reared and 

sequenced.  First, female H. bolina purchased from Stratford Butterfly Farm (originating from 

the Philippines) were mated to wild-caught males from Moorea (French Polynesia) in French 

Polynesia (Gump research facility). Female Philippines-Moorea F1 hybrids were mated to 

pure Moorea F1 males. The F2 offspring of one of these crosses is family 178303XX. Male 

Philippines-Moorea F1 hybrids were mated to pure Philippine F1 females. The F2 offspring of 

one of these crosses Is family 182703XX. Butterflies were kept in a large outdoor cage for 

mating under observation. Any pairs were separated into a small cage. The female was then 

placed in an oviposition cup containing a small plant e.g. Asystasia sp and allowed to lay eggs. 

Hatched eggs are moved to a rearing box with suitable food plant e.g. Ipomoea sp. And 

caterpillars reared until pupation. Pupae are moved to a dry cup for emergence, adults left to 

dry for one day and then used for further matings or stored in -80˚C freezer. 

1.13.6   Illumina library preparation of H. bolina family samples  

The offspring of the H. bolina families (F1) were processed to extract the DNA and prepare 

the libraries for Illumina sequencing. DNA extractions were carried out using a custom 

protocol using PureLink buffers and homemade magnetic beads. Briefly, a small piece of 

thorax tissue (1/10) is placed in an 8-tube PCR strip. Then, 45 uL of PureLink Digestion buffer 
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and 10 uL of Proteinase K (20mg/mL) are added, and the mix is incubated at 58˚C with shaking 

(500 rpm) for 2-3 hours. Afterwards, 2uL of RNAseA are added (DNAse free, 10mg/mL) and 

incubated for 10min at room temperature. Then, 45uL of PureLink Lysis buffer is added to the 

mix and incubated at 58˚C for 30 minutes with shaking (500 rpm). Following that, a 

homemade magnetic bead mix is used to extract the DNA from the lysate. First, 37.5 uL of 

magnetic beads are added together with 75 uL of lysate to a 96-well plate. After mixing, the 

samples are incubated for 15 minutes at room temperature, then the plate is placed on a 

magnetic stand for 10 minutes, the supernatant removed, and the beads cleaned with 80% 

ethanol. After drying out, 50uL of 10mM Tris (pH=8) are added to elute the sample and 

incubated at 45˚C for 15 minutes without resuspending. Then, the beads are resuspended 

and incubated for 20 minutes at room temperature. Finally, the plate is placed on the 

magnetic stand and, after 10 minutes, the supernatant (the DNA) is transferred to a fresh 

tube.  

The F1 were sequenced using a Nextera-based library preparation at intermediate coverage 

(~11X). A secondary purification using magnetic SpeedBeads™ (Sigma) was performed prior 

to Nextera-based library preparation. Libraries were prepared following a method based on 

Nextera DNA Library Prep (Illumina, Inc.) with purified Tn5 transposase (Picelli et al., 2014). 

PCR extension with an i7-index primer (N701–N783) and the N501 and N502 i5-index primers 

was performed to barcode the samples. Library purification and size selection was done using 

the same homemade beads as above. Pooled libraries were sequenced by Novogene 

Cambridge, UK. Libraries of the parental samples were prepared and sequenced to ~20X 

coverage by Novogene Cambridge, UK. 

1.13.7   H. bolina linkage map construction and anchoring of the genome 

A linkage map was produced with Lep-Map3 (Rastas, 2017) and then used to improve the H. 

bolina assembly and place the scaffolds onto chromosomes. First, sequences were mapped 

to the reference genome using bwa-mem (Li, 2013). PCR duplicates were marked using the 

MarkDuplicates from Picard tools. Sorted BAMs were then created using SAMtools (Li et al., 

2009) and genotype likelihoods computed. The pedigree of individuals was checked and 

corrected using IBD (identity-by-descent) with a random subset of 10% of the markers 

(1,270,024 SNPs) following the IBD pipeline from Lep-Map3. These markers were also used to 
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construct the linkage map. Scaffolds were anchored into chromosomes based on the linkage 

map using LepAnchor (Rastas, 2020). 

1.13.8   HypBol_v1 polishing with Pilon 

After anchoring with the linkage map, three iterations of Pilon v1.24 (Walker et al., 2014) in 

diploid mode were run to correct the draft assembly by correcting bases, filling gaps and fixing 

mis-assemblies. Samples used for the Pilon correction were CAM035727, CAM035728, 

CAM035186, CAM035187, CAM035188, CAM035189. 

1.13.9   Repeat annotation  

Once the two final assemblies had been produced, they were each assessed for repeat 

content using a custom repeat library. First, a repeat database was built and the repeats of 

the two finished assemblies modelled using RepeatModeler v. 2.0.2a. Each custom library was 

then combined with the Lepidoptera library extracted from Dfam (Storer et al., 2021). This 

merged library was used to soft mask the genome using RepeatMasker v 4.1.0 with the cut-

off score set to 250 and skipping the bacterial insertion element check. The resulting soft 

masked assemblies were used for gene annotation.  

1.13.10   RNA-seq sample preparation 

To annotate each genome, RNA-seq data was obtained from 4 H. misippus (2 adults and 2 

pupae) individuals and 17 H. bolina (6 adults and 11 pupae). Butterflies were purchased from 

Stratford-upon-Avon Butterfly Farm and kept at room temperature until dissection. 4 tissues 

were dissected out from H. misippus pupae and placed in RNA-later (Sigma): wing discs, 

thorax, head, and abdomen; while H. bolina pupae 3 tissues were dissected: wing discs, 

thorax-head, and abdomen. Only abdomen, head and thorax samples were dissected from 

adults of either species. Two pooling strategies were followed: 1) 2 H. bolina pupae were 

pooled by individual, pooling head, thorax, abdomen, and wing discs together and sequenced 

at high coverage (50M reads). And 2) 4 H. misippus and 15 H. bolina adults and pupae were 

dissected into tissues and pooled by species and tissue. Each pooled sample, 4 for H. misippus 

and 3 for H. bolina, was sequenced to 20M reads. RNA was extracted using a modified Trizol 

protocol using the same protocol as in Chapter 6 (Brien et al., 2022).  
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1.13.11   RNA-seq mapping and gene annotation 

First, low quality ends and adaptors from the RNA-seq data were trimmed using TrimGalore 

v 0.5.0 (Krueger, 2015). Then, the reads were mapped to the soft masked genomes using STAR 

v 2.5.0a (Dobin et al., 2013). Two rounds of mapping (2pass) were performed, including all 

the splice junction files in the second round. Then the resulting mapped reads and the soft 

masked genome assembly were used to generate a gene annotation using BRAKER v 2.1.5 

(Brůna et al., 2021), running it a second time to add UTR annotations with options addUTR=on 

and skipAllTraining (Keilwagen et al., 2019). Completeness of the annotation was assessed 

using BUSCO (Seppey et al., 2019; Simão et al., 2015) using the Insecta_odb10 (n=1367) set 

of genes. 

1.13.12   Homology with Merian units  

A growing practice in Lepidoptera genetics is to name chromosomes of reference assemblies 

by their homology to Melitaea cinxia, which is the first assembled lepidopteran genome that 

retains the ancestral 31 chromosome karyotype (Ahola et al. 2014). The numbered 

chromosomes are known as Merian units in honour of the scientist Maria Sibylla Merian 

(Wulf, 2016) and allow for the tracking of conserved synteny blocks across the phylogeny of 

the Lepidoptera. Melitaea cinxia belongs to the Nymphalinae which is the same subfamily as 

Hypolimnas, and the two taxa diverged about 30 MYA (Espeland et al., 2018). To assign 

homology to the Merian units, lepidopteran_odb10 BUSCO assignment of the Melitaea cinxia 

genome was compared to the lepidopteran_odb10 BUSCO assignment of HypBol_v2 and 

HypBol_v1. Merian units in HypBol_v1 and H. missipus respectively. Were assigned by 

choosing the chromosome sharing the highest BUSCO hits with a M. cinxia chromosome.  

Synteny of the two assemblies was assessed using two methods. First, the two final genome 

assemblies were aligned using D-GENIES (Cabanettes and Klopp, 2018), which produced a paf 

file that was used to detect candidate inversions between the two genome assemblies 

(Supplementary Figure 3.1). Second, synteny between the two assemblies was evaluated 

using Satsuma2 Synteny (Grabherr et al., 2010) and a circos plot generated using the circlize 

package v 0.4.14 (Gu et al., 2014) in R v 4.1.2 (Figure 3.1).  
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1.13.13   Synteny analyses 

To shed light on the origin and evolution of the W chromosome in Lepidoptera, first, synteny-

based homology between the H. misippus W chromosome, the Z chromosome and the 

autosomes was evaluated using Satsuma2. Satsuma2 is an aligner of whole genome 

assemblies intended to find homology based on sequence similarity. Satsuma2 first maps all 

genomic windows of the query genome to the target genome with a percentage of identity 

higher than 45%, and then filters those hits based on large scale synteny, that isit  keeps only 

matches that are concordant with each other. Thus, Satsuma2 is not only aligning genomic 

windows, but also evaluating synteny between those blocks. Finally, Satsuma2 focusses on 

regions with high number of hits, to exhaustively evaluate the region around those hits, a 

strategy analogous to the battleship game. To evaluate synteny between the W and the 

remaining 31 chromosomes in H. misippus, the W chromosome was used as query and the 31 

assembled chromosomes as target for Satstuma2. Resulting mapped regions were then 

filtered to keep only non-overlapping regions using the package GenomicRanges in R v4.1.2 

(Lawrence et al., 2013). Satsuma2 does not require genome assemblies to be masked for their 

analysis. Because of its algorithm and filtering steps, repeat regions mapping to multiple 

places in the genome have decreased score and may be filtered out. However, to evaluate 

only the synteny of non-repeat regions, the RepeatMasker output, which details the 

coordinates of repeats in the genome, was used to filter out repeat regions of the W 

chromosome. Finally, the effect of sequence identity was evaluated by performing the 

analysis with no identity filter and applying a threshold of 70% of similarity.  

The synteny between the W and the rest of the genome was also evaluated in 6 other 

Lepidoptera species: Boloria selene (GCA_905231865.2), Crocallis elinguaria 

(GCA_907269065.1), Hemaris fuciformis (GCA_907164795.1), Papilio machaon 

(GCA_912999745.1), Watsonalla binaria (GCA_929442735.1), Zygaena filipendulae 

(GCA_907165275.2) and Dryas iulia (GCA_019049465.1). In all cases, the W chromosome was 

used as query, results were converted to non-overlapping regions and percentage of the W 

covered by matches calculated. No filter based on repeats was applied, as no repeat library 

was available for these species.   
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After that, Satsuma2 was used to compare the synteny of the H. misippus W (used as query) 

and Z chromosomes to 10 Lepidoptera species, the 6 from the previous analysis and also 

Hemaris fuciformis (GCA_907164795.1), Marasmarcha lunaedactyla (GCA_923062675.1), 

Vanessa cardui (GCF_905220365.1), and Mythimna farrago (GCA_910589285.2). 

Chromosomes of all the species analysed were re-named by their homology to M. cinxia as 

above. Again, results were converted to non-overlapping regions, repeat regions of the W 

chromosome filtered and percentage of the W chromosome covered by matches calculated. 

Using only the H. misippus W chromosome as query ensures that secondary and tertiary 

matches are also reported. A more specific analysis was produced by using the H. misippus 

assembly as query to search for synteny in the 10 Lepidoptera target species. Using whole 

assemblies as input limits the results to only primary matches, pairing all homologous 

autosomes.  

1.13.14   BLAST of H. misippus W chromosome genes  

To further explore the degree of homology between the H. misippus W chromosome and the 

autosomes and Z chromosome, protein sequence homology was assessed using BLASTp 

v2.4.0+ (BLAST, 2013; Kent, 2002). First a protein BLAST database was built using the protein 

sequences contained in the H. misippus autosomes and the Z chromosome in the HypMisi_v2 

annotation. Then, protein sequences found in the W chromosome were extracted and blasted 

to the database setting the minimum e-value to 1e-10 and the maximum number of target 

sequences to be reported to 5,000. The best match for each protein sequence was selected 

based on e-value score, and if two matched had the same value percentage of identity was 

used. Finally, genome coordinates were extracted from the HypMisi_v2 annotation.  

1.14   Results and Discussion  

1.14.1   Genome assemblies and synteny between HypMis_v2 and 
HypBol_v1  

The size of the final assemblies were 438.07 MB for HypMis_v2 and 444.68 MB for HypBol_v1 

, assembled into 218 and 59 scaffolds respectively. HypMis_v2 was sequenced using a trio-

binning strategy, which, by using a combination of short and long-read sequencing of the 

parents and offspring of a cross, allows for the assembly of two parental haplotypes (Yen et 
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al., 2020). I assembled both parental haplotypes to a quasi-chromosome level and then 

scaffolded haplotype 2, which corresponds to the maternal haplotype, using Hi-C data (Suppl. 

table?). Hereafter, all mentions of the H. misippus assembly, HypMis_v2, refer to the Hi-C 

scaffolded haplotype 2.  

HypMis_v2 was assembled into 32 chromosome-level scaffolds (>6 MB) and 186 unplaced 

scaffolds smaller than 1MB (Figure 3.1B) and has an N50 of 14.6 MB; while HypBol_v1 was 

assembled into 59 scaffolds all placed onto 31 chromosomes, with an N50 of 15.2 MB. Thus, 

both species have retained the ancestral karyotype of 31 chromosomes. This karyotype is 

present in other Nymphalinae species such as the painted lady Vanessa cardui, which has a 

comparable genome size (424.8 Mb) to the two Hypolimnas species and whose chromosomes 

are highly similar, without any fusion or fission observed, but with multiple large 

rearrangements (Supplementary Figure 3.1). 

In general, all chromosomes were slightly larger in HypBol_v1 compared to HypMis_v2 with 

only 4 exceptions (chromosomes 13, 14, 28 and 31; Figure 3.1C). When aligning the two 

Hypolimnas assemblies, there were no fusions or fissions among chromosomes (Figure 3.1A). 

The only caveat to these conclusions is that HypMis_v2 was used to scaffold HypBol_v1 before 

using the linkage map, which might have altered the H. bolina chromosomal structure. 

Nonetheless the linkage map applied after the Ragout scaffolding should correct for any large-

scale errors in scaffolding. Finally, 12 large inversions on multiple chromosomes are apparent 

in the alignment of the two assemblies (Suplementary Figure 3.1).   
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Figure 3.1 | Chromosome level assemblies for Hypolimnas misippus and H. bolina. A. 
Chromosomal synteny is conserved in both species. B. Chromosome level scaffolds have been 
assembled for both species. C. In general, H. bolina chromosomes are larger. Chromosome 1 
refers to the Z chromosome.   
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1.14.2   Transposable elements and repeat content 

In total, the two Hypolimnas genomes contain similar levels of repeats, 43.86% for HypBol_v1 

and 42.34% for H. misippus, which are slightly higher than in the painted lady Vanessa cardui 

(37.27%), which has a comparable genome size (424.8 Mb). The composition of those repeats 

is similar in the two Hypolimnas genomes, while they differ substantially from the painted 

lady (Figure 3.2). The contribution of rolling-circles (also known as Helitrons) and DNA-

transposons is more than double in Hypolimnas, while retroelements are >1.5 fold higher in 

the painted lady (Figure 3.2). This suggests a shift in TE activity, with Helitrons and DNA-

transposons playing a more important role in Hypolimnas species. In both Hypolimnas, there 

has been both a recent and a more ancient expansion of Helitron family transposable 

elements (Figure 3.2B). Finally, the percentage of unclassified repeats and GC content is 

broadly the same in the three species.  
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Figure 3.2 | A. Repeat content of the Hypolimnas bolina, Hypolimnas misippus and Vanessa 

cardui assemblies. B. Repeat landscape of the H. misippus assembly. Helitrons and LTR (Long 

Terminal Repeat) retrotransposons have undergone a recent expansion, as seen in the higher 

percentage of the genome covered by Helitrons.  
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1.14.3   Gene content and completeness of the annotation 

In total 19,721 genes were annotated in HypBol_v1 using BRAKER and 21,784 coding mRNAs 

including all isoforms of the same gene; while for H. misippus there were 20,293 genes and 

22,468 coding mRNAs. These numbers are higher than other Nymphalidae species such as the 

painted lady butterfly (Vanessa cardui), whose latest annotation (v2.1) includes 13,223 genes 

and 19,836 mRNAs, with the number of genes being considerably larger in the two 

Hypolimnas (Figure 3.3). Analysis with BUSCO using the insecta_odb10 benchmarking set 

showed that the completeness of the genome and annotation were 98.7% and 98.6% for H. 

misippus, and 94% and 92.4% for HypBol_v1 (Table 1). These scores are comparable to other 

published Nymphalidae assemblies and annotations such as that of Danaus chrysippus (Singh 

et al., 2022), with those for HypBol_v1 slightly lower possibly due to errors introduced by 

Nanopore sequencing, which has a high per base error rate (although polishing with Illumina 

data was performed to minimise errors in the assembly).  

Despite having a larger number of genes and mRNAs, the two Hypolimnas annotations show 

a smaller total number of exons and introns than V. cardui (Figure 3.3). This is because the 

two Hypolimnas annotations have more single exon genes and their mRNAs have, on average, 

a smaller number of exons, which might be a difference produced by the distinct annotation 

pipelines. The total length of mRNAs and genes in the two Hypolimnas is shorter then in V. 

cardui, which results in a smaller percentage of the genome covered by them. However, this 

trend is different for exons, which are on average the same length in the three species, have 

a comparable total length and cover a similar percentage of the genome. Thus, the longer 

total length of mRNAs and genes in V. cardui is due to a total longer length of introns, due to 

a higher number of introns per mRNA and an average longer length. 
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Table 3.1 | BUSCO scores for the genome assemblies and gene annotations of H. misippus 

and HypBol_v1 calculated using the Insecta_odb10 (n=1367) set of genes. Scores for two 

parental haplotypes of Hypolimnas misippus are shown.   

 

Type Species Assembly Complete Single Duplicated Fragmented Missing 

Genomes Hypolimnas 

misippus 

haplotype 

1 (parental) Trio-HiFi 98.7 98.5 0.2 0.4 0.9 

Hypolimnas 

misippus 

haplotype 

2 

(maternal) 

Trio-HiFi-

HiC 98.7 98.5 0.2 0.4 0.9 

Hypolimnas 

bolina 

Pilon 

polishing 

3rd round 94.0 93.6 0.4 1.8 4.2 

 

Annotations 

Hypolimnas 

misippus 

Trio-HiFi-

HiC 98.6 89.8 8.8 0.6 0.8 

Hypolimnas 

bolina 

Pilon 

polishing 

3rd round 92.4 84.1 8.3 2.9 4.7 
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Figure 3.3 | Annotation comparison of Hypolimnas misippus, H. bolina and Vanessa cardui. 
For the statistics, pre-mRNA, that is mRNA including exons, have been used. Numbers are 
found in Supplementary Table 3.1.  
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1.14.4   Mixed evidence on the origin of W chromosomes from the same 
autosome pair as the Z 

A few models have been proposed to explain the origin and evolution of the W chromosome 

in Lepidoptera (Fraïsse et al., 2017; Lukhtanov, 2000; Sahara et al., 2012). The deep 

conservation of the Z chromosome and its apparent lack of homology with the W have been 

suggested to be evidence of a B chromosome origin of the W chromosome (Fraïsse et al., 

2017). Outside the Lepidoptera, it has been commonly found that heteromorphic sex 

chromosomes retain a degree of similarity, evidence of their shared autosomal origin (Wright 

et al., 2016). Thus, if the W chromosome originated from the same homologous autosome 

pair as the Z, we might expect to find some residual sequence similarity between the W and 

Z. Furthermore, the lack of similarity among W chromosomes of Lepidoptera species has led 

to the suggestion of multiple independent recruitments from B chromosomes (Lewis et al., 

2021). Taking this into account, I set out to elucidate two questions. First, did the W 

chromosome evolve from the same homologous pair of autosomes as the Z or from a B 

chromosome? Second, do W chromosomes in Lepidoptera share a common origin, that is, did 

they evolve once or multiple times independently?  

To specifically test the hypothesis that the Z and W have a common autosomal origin, I used 

a synteny analysis to infer sequence homology between the H. misippus W chromosome and 

the remaining 32 chromosomes. I found that the Z chromosome shows a higher degree of 

similarity to the W chromosome than any autosome, defined as the percentage of the W that 

is covered by non-overlapping matches to the target chromsome (Figure 3.4A). However, the 

W chromosome is the chromosome with the highest percentage of repeat regions (71% in H. 

misippus), which could be interfering with the analysis. Furthermore, the Z chromsome is the 

longest chromosome in H. misippus and has the highest absolute length of repeats 

(Supplementary Figure 2 and 3). To take this into account, I filtered out of the synteny analysis 

all the repeat regions in the H. misippus W chromosome. With this correction, the Z 

chromosome was the second most similar chromosome to the W after chromosome 2. These 

results differ from the homology tests performed in Danaus plexipuss (Lewis et al., 2021), 

Kallima inachus (Yang et al., 2020) and Dryas iulia (Lewis et al., 2021), where no homology 

was found between the W and the Z chromosome. 
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To further explore the possible homology between the W and Z chromosomes, I extracted 

the predicted sequences of the proteins in the H. misippus W chromosome and searched for 

homology in the remaining chromosomes using BLASTp. Contrarily to the synteny results, I 

found that the Z chromosome placed 4th in the number of best BLAST protein hits with 94 

proteins mapping to it, while 104 mapped to chromosome 2, 3 and 14. The average number 

of best BLAST hits was 66. These results suggests that the W chromosome did not evolve from 

the same homologous autosomal pair as the Z. However, as a result of the arrest of 

recombination and subsequent accumulation of mutations, sex specific chromosomes, that is 

W and Y, are often gene poor and highly degenerated compared to their autosomal 

counterparts (Wright et al., 2016). Additionally, lepidopteran W chromosomes have been 

shown to evolve rapidly (Vítková et al., 2007; Yoshido et al., 2013). Thus, the lack of homology 

between proteins of the W and other chromosomes is expected given the rapid turnover seen 

in the W chromosome and is in line with results shown in other Lepidoptera species (Lewis et 

al., 2021; Singh et al., 2022; Yang et al., 2020). Interestingly, chromosome 2 showed the 

highest sequence similarity in non-repeat regions and the highest number of best BLAST hits 

(Figure 3.4C).  

In view of the differences between my results and previously published homology tests in 

other species, I decided to expand my analysis to include other Lepidoptera species. I 

performed synteny analysis between the W and other 31 chromosomes in 6 diverse taxa 

including Dryas iulia, Boloria selene, Papilio machaon, Crocallis elinguaria, Watsonalla 

binaria, and Zygaena filipendulae. These species were chosen from the high-quality 

assemblies containing a W chromosome publicly available and were specifically picked 

because they cover distinct ditrysian lineages (including 4 families: Zyganoidea, Papilonoidea, 

Drepanoidea and Geometroidea). No homology was observed between the W and Z in any 

species except for P. machaon, which contrasts with the results in H. misippus (Figure 3.4D). 

However, these analyses were performed using all regions as no repeat annotation was 

available for these species, which could be interfering with the results.  
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Figure 3.4 | Genomic synteny provides mixed evidence on the origin of the W chromosome. 
A. Synteny analysis of the H. misippus W chromosome and the autosomes and Z chromosome 
shows that the W and Z chromosome have the highest similarity. The analysis of non-repeat 
regions shows that the Z chromosome is the second most similar chromosome to the W after 
chromosome 19 (right). B. Phylogenetic tree modified from Kawahara, et al 2019 (Kawahara 
et al., 2019) including the species used in the synteny analysis. C. Number of best BLAST hits 
of the proteins found in the H. misippus W chromosome to the other chromosomes. Numbers 
summarised by chromosome with the Z shown in green. D. Synteny analysis of the H. misippus 
W chromosome compared to several Lepidoptera genome assemblies shows homology 
between W chromosomes across many species and suggests a common origin.  
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Taken together the homology tests between the W and remaining 31 chromosomes in H. 

misippus and other Lepidoptera provide mixed evidence for the origin of the W from the same 

homologous pair of autosomes as the Z. The lack of homology between the W and the Z in so 

many species could suggest a B chromosome origin or could be the result of the rapid 

evolution of the W. 

1.14.5   Synteny analysis of the H. misippus W chromosome reveals a 
possible common origin of the W chromosome in ditrysian taxa 

The second question I wanted to clarify was whether the W has a single origin in the 

Lepidoptera or evolved independently multiple times. Previously, the lack of similarity among 

W chromosomes of Lepidoptera species has been suggested to be the result of multiple 

independent recruitments from B chromosomes (Lewis et al., 2021). To explore the evolution 

of W chromosomes within ditrysian lineages, I performed synteny analysis of the H. misippus 

W chromosome compared to a diverse set of 10 Lepidoptera species including the 6 species 

from previous analysis and Vanessa cardui, Hemaris fuciformis,  Mythimna farrago, 

Watsonalla binaria and Marasmarcha lunaedactyla. These species cover the breadth of 

ditrysian lineages, including 8 distinct families: Zyganoidea, Papilonoidea, Pterophonoidea, 

Pyraloidea, Drepanoidea, Noctuoidea, Geometroidea and Bombycoidea. When comparing the 

H. misippus W chromosome to these species, I found that there is a high level of similarity 

among W chromosomes, defined again as the percentage of the W chromosome covered by 

matches to target chromosomes (Figure 3.5A). If the W chromosomes of ditrysian lineages 

share a common origin, we would expect them to have a higher level of similarity than 

expected by chance and thus higher than the similarity to the autosomes or Z chromosome, 

which is what I observe. The highest degree of similarity is seen between W chromosomes of 

closely related species such as H. misippus and Vanessa cardui (45 MYA), but is also true even 

for highly divergent lineages such as Zygaena filipendulae, which diverged from H. misippus 

156 MYA (Kawahara et al., 2019). Interestingly, there is no consistent pattern in the 

distribution of homologous regions along the H. misippus W chromosome, which means that 

different regions show homology to the H. misippus W chromosome across species and 

chromosome types (W, Z and autosomes;  
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Figure 3.5 | Genome wide synteny analysis suggests a single origin of ditrysian W 
chromosomes and shows deep conservation of the Z chromosome. A. Percentage of query H. 
misippus W chromosome matched to the 32 chromosomes of 10 ditrysian species. W H. 
misippus chromosome used as query. B. Subset results of genome wide analysis. Percentage 
of Z (left) and W (right) chromosome covered by synteny blocks to other ditrysian species. W 
chromosome shown in pink, Z in green and autosomes in grey. Species names have been 
abbreviated: Vanessa cardui, Dryas iulia, Boloria selene, Papilio machaon, Hemaris fuciformis, 
Crocallis elinguaria, Mythimna ferrago, Watsonalla binaria, Marasmarcha lunaedactyla and 
Zygaena filipendulae.  
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Supplementary Figure 4). Finally, the Z chromosome does not show more similarity to the W 

than the autosomes.   

Given these results showing conservation of the W chromosome across several species, I 

increased stringency by including all the H. misippus chromosomes and not only the W. This 

reduces the number of hits of the W chromosome on the target genome, because hits 

between homologous autosomes are also reported. Consistent with previous results, the W 

chromosomes have the highest degree of similarity in most species’ comparisons (Figure 5B). 

Also, in line with results from other species, the Z chromosome shows deep conservation 

across the species studied (Fraïsse et al., 2017).  

1.14.6   A multi-species synteny comparison reinforces the hypothesis of 
the single origin of the W chromosome and reveals a neo-Z chromosome 

In light of the results of the H. misippus synteny analyses suggesting a single origin of the W 

chromosome in ditrysian lineages, I decided to explore this further by comparing the analysed 

ditrysian assemblies with each other. I performed pairwise synteny analyses between all 

species pairs and observed consistent results. First, the Z chromosome is deeply conserved in 

multiple species pairs and the homology between Z chromosomes of different species decays 

at the same rate as autosomal homology with species divergence (Supplementary Figure 5). 

Second, the W chromosome shows a more variable pattern of homology between species but 

is conserved even with distant species pairs (Supplementary Figure 5). Nonetheless, several 

of the comparisons found no homology between W chromosomes. Finally, the cross-species 

comparison revealed that the Z chromosome of Marasmarcha lunaedactyla (chromosome 

name OV181339.1; identity as the Z chromosome assigned in the public assembly) presented 

high levels of synteny with chromosome 19 of most other species (Supplementary figures 6 

and 7). This could suggest that a fusion took place between the ancestral chromosome 19 and 

the Z chromosome of M. lunaedactyla creating a neo-Z chromosome. The pattern of 

homologous regions seen in the OV181339.1 chromosome was similar for all species 

compared, with approximately half of the chromosome showing homology to chromosome 

19 and half to the Z chromosome (Supplementary figures 7). Furthermore, the pattern of 

homology with other species showed that recombination events between the parts belonging 

to the ancestral Z and ancestral chromosome 19 have resulted in an interleaved pattern of 



Conclusions 67 

homology blocks. Consistent with these results, BUSCO matches of chromosome OV181339.1 

are shared with chromosome 19 and chromosome 1 (the Z chromosome) of Melitaea cinxia 

(Supplementary Figures 6 and 7).  

1.15   Conclusions 

Hypolimnas species have become a focus for studies of evolutionary genetics, due to their 

mimetic colouration and co-evolution with Wolbachia parasites. Here, I have assembled 

chromosome level reference genomes for Hypolimnas misippus and bolina and RNA-informed 

annotations for both genomes. HypMis_v2 is a significant improvement on a previously 

published genome, with higher contiguity and higher N50 and BUSCO scores. I also used RNA-

seq data from H. misippus to inform our annotation, as opposed to only homology methods.  

Using the H. misippus assembly, I have provided evidence of a possible shared origin of W 

chromosomes in the ditrysian lineages of the Lepidoptera. My results show that there is a 

degree of synteny between the H. misippus W and the Z, which could suggest a common 

autosomal origin of the heterogametic pair. However, the rapid evolution of the W 

chromosome may be limiting the inference of homology (Vítková et al., 2007; Yoshido et al., 

2013). Further studies in other Lepidoptera species are necessary to clarify whether the W 

chromosome evolved from an autosome or from a B chromosome, particularly including non-

ditrysian lineages. Finally, my results suggest that W chromosomes of ditrysian lineages may 

share a common origin. These contrasts with evidence of rapid turnover of W chromosomes 

in Lepidoptera. However, it is possible that some species have retained the ancestral W, while 

some other have recruited other B chromosomes as suggested. Including more species across 

the Lepidoptera will shed light on the possible shared origin of W chromosomes.  
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1.16   Supplementary Information  
 

Feature HypBol_v1 HypMisi_v2 Vanessa cardui 
Total length: Gene 160709320 167739620 240814091 
Total length: mRNA 206176689 222209628 522618316 
Total length: CDS 29265705 32999245 38521385 
Total length: Exon 35299426 39816515 56622152 
Total length: Intron 170992076 182514332 465996164 
Mean number per mRNA: Exons 6.3 6.4 9.5 
Mean number per mRNA: Introns 5.3 5.4 8.5 
Mean length: Gene 8149 8265 18211 
Mean length: mRNA 9464 9890 26346 
Mean length: Exon 258 277 299 
Mean length: Intron 1489 1505 2754 
Total number: Genes 19721 20293 13223 
Total number: mRNAs 21784 22468 19836 
Total number: Exons 136597 143687 189042 
Total number: Introns 114813 121219 169206 
Total number: Single exon genes 3868 4891 1387 
% of genome covered by: Genes 36.1 38.3 56.7 
% of genome covered by: mRNAs 36.1 38.2 54.4 
% of genome covered by: Exons 5.6 6.3 7.2 
% of genome covered by: Introns 30.5 32 47.1 

 
Supplementary Table 3.1 | Annotation statistics of Hypolimnas misippus (HypMisi_v2) and H. 
bolina (HypBol_v1) compared to Vanessa cardui.   
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Supplementary Figure 3.1 | The D-Genies whole assembly alignment of Hypolimnas misippus 
and H. bolina reveals 12 inversions between the two genomes (shown in red).  
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Supplementary Figure 3.2 | Repeat content of the HypMisi_v2 by chromosome. Larger 
chromosomes tend to have more repeats. The W chromosome deviates from the correlation 
and shows a higher repeat content for its length (see also Supplementary Figure 3).   
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Supplementary Figure 3.3 | Percentage of each chromosome of the HypMisi_v2 assembly 
constituted by repeats. The W chromosome has the highest percentage of repeats.   
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Supplementary Figure 3.4 | The positions of synteny blocks between the H. misippus W 
chromosome and the chromosomes of other species do not reveal a conserved section of the 
W chromosome across species. Left-most column shows all synteny blocks with autosomes 
plotted.  
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Supplementary Figure 3.5 | Synteny analysis using Satsuma2 between 10 ditrysian species 
reveals deep conservation of the Z and some conservation of the W chromosome across 
species. Auto refers to any autosomes.   
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Supplementary Figure 3.6 | Homology of M. lunaedactyla’s chromosomes with Melitaea 
cinxia reveals a neo-Z chromosome. Chromosome OV281339.1 of M. lunaedactyla shares 
BUSCOs with chromosome 1 (Z) and chromosome 19 of M. cinxia, suggesting a fusion of these 
two.    
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Supplementary Figure 3.7 | Synteny analysis using Satsuma2 of the neo-Z chromosome of M. 
lunaedactyla compared to other ditrysian assemblies reveals the patterns of homology with 
the ancestral Z and chromosome 19.  
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Transposable element insertions are 

associated with Batesian mimicry in the 

pantropical butterfly Hypolimnas 

misippus  

1.17   Abstract 

Structural variants can play a crucial role in adaptation and speciation. Hypolimnas misippus 

is a pantropical species of butterfly that has female limited Batesian mimicry. H. misippus 

females are polymorphic showing detailed resemblances to the four morphs of Danaus 

chrysippus and are maintained as a stable polymorphism, with little correlation to local model 

frequencies. Using haplotagging, a linked-read sequencing technology, I show that two large 

insertions are found at the intergenic locus associated with mimicry in H. misippus and 

validate these using molecular methods. I demonstrate that the insertions spanning 2.4 kb 

and 4.8 kb are formed by several transposable elements (TE) and are found in the dominant 

allele which produces a mimetic phenotype. Through comparative analysis with Hypolimnas 

species, I explore the evolution of the locus and show that the dominant allele containing the 

insertions is derived, suggesting that the TEs disrupt a cis-regulatory element that leads to 

the reversion of the phenotype. Our results add to the growing evidence of the importance 

of TE insertions in the evolution of colour phenotypes in Lepidoptera. Additionally, I develop 

a program, Wrath, for the visualisation and exploration of candidate structural variants from 

haplotagging data.  
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1.18   Introduction 

Structural variation (SV) forms a large part of the genetic variation observed in wild 

populations and can play a key role in adaptation and speciation (Auton et al., 2015; 

Wellenreuther et al., 2019). SVs are typically defined as events larger than 50 bp and include 

various combinations of gains, losses and rearrangement of genetic material, which can have 

extensive effects on gene content, as well as genetic contiguity (reviewed in (Ho et al., 2020)). 

These effects have major roles in adaptation and speciation in many species (reviewed in 

(Faria et al., 2019; Hoffmann and Rieseberg, 2008; Kondrashov, 2012)) as well as human 

disease (Weischenfeldt et al., 2013; Zeevi et al., 2019). For example, inversions have often 

been associated with complex phenotypes, as reduced recombination at the inversion 

ensures the joint inheritance of co-adapted alleles. Examples of this are seen in elytra 

colouration in ladybirds and reproductive morph switches in the ruff ((Ando et al., 2018; 

Gautier et al., 2018; Küpper et al., 2015; Lamichhaney et al., 2016); reviewed in (Küpper et 

al., 2015; Thompson and Jiggins, 2014) and Chapter 1). In other cases, gene duplications might 

give rise to adaptive loci through neo-functionalisation as seen in heterostyly in Primula plants 

and in the complex phenotypes of the wood tiger moth (see Chapter 5)(Brien et al., 2022; Li 

et al., 2016). Structural variants are crucial in the evolution of adaptive traits and 

improvements in sequencing techniques are accelerating our ability to detect and study 

them. 

Butterfly wing patterns are a classic example of adaptive evolution. Evolutionary genetic 

studies have dissected the loci controlling wing pattern in several species of butterflies from 

a wide range of ecotypes and families (Beldade and Brakefield, 2018; Jiggins et al., 2017). 

Crucially, a few examples have found that SVs are involved in the control of wing phenotypes. 

For example, three large inversions found in Heliconius numata lock in multiple co-adapted 

loci that control several wing pattern elements (Joron et al., 2011). Similarly, transposable 

element insertions in some Heliconius species and in the peppered moth Biston betularia have 

been shown to cause the switch between adaptive wing phenotypes by altering the 

expression of the gene cortex (Livraghi et al., 2021; van’t Hof et al., 2016). The diversity of 

phenotypes and importance in adaptive evolution make butterfly wing phenotypes a suitable 

model for the study of structural variation in adaptations. 
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Hypolimnas misippus is a pantropical species of butterfly that presents a complex case of 

Batesian mimicry and offers an ideal opportunity to study the involvement of structural 

variation in adaptation and in the maintenance of polymorphism (Marshall and Poulton, 

1902; Trimen and Bowker, 1889). Females are mimetic and polymorphic, with detailed 

resemblances to the four morphs of the toxic Danaus chrysippus (Figure 4.1)(Smith, 1973). 

Despite the striking mimicry, a puzzling mismatch exists in the geographical distribution of H. 

misippus and D. chrysippus morphs across Africa, where the most abundant models are not 

necessarily reflected in the frequency of mimics at a given location (Gordon et al., 2010). This, 

together with the fact that maladaptive intermediate morphs of H. misippus are commonly 

found, suggests current selection for mimicry might be weak and raises the question of how 

the polymorphism is maintained (Gordon et al., 2010; Gordon and Smith, 1998). One 

hypothesis is that the strength of the negative frequency dependent selection fluctuates over 

time, following extreme changes in population density observed in H. misippus (Smith, 1976). 

Another hypothesis is that SV at the locus could be maintaining the phenotypic morphs in the 

population through a process known as associative overdominance. In these cases, reduced 

recombination stemming from a SV leads to the accumulation of deleterious mutations in one 

of the alleles and to decreased fitness in heterozygotes. Such a case is seen in Heliconius 

numata (Jay et al., 2021). Exploring the structure of the loci controlling wing mimicry in H. 

misippus will shed light to the forces maintaining the phenotypes in the population.  

Wing colouration in H. misippus is determined by two loci of large effect, the M and A loci, 

determining forewing and hindwing pattern respectively (Gordon and Smith, 1989; Smith and 

Gordon, 1987; VanKuren et al., 2019). The existence of a third locus, the hindwing white 

suppressor S, has also been hypothesised (Gordon and Smith, 1989). The M locus is a 

Mendelian locus with two alleles, individuals bearing a copy of the M dominant allele (diploid 

genotype M-) present the mimetic black and white forewing tips which is known as the 

misippus morph; whereas recessive homozygotes (mm) have mimetic orange or maladaptive 

brown forewings, known as the inaria and immima morphs respectively. Previous work has 

identified the M locus to an intergenic region of 10 kb near genes of interest such as pink and 

Sox 5/6 (VanKuren et al., 2019). However, not much is known about the structure of the locus 

itself.  
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Despite the importance of SVs in phenotypic variation, their study is limited by the difficulty 

of detecting them using high throughput DNA sequencing (Mahmoud et al., 2019). The 

identification of SVs using short-read data is harder than the identification of SNPs for two 

reasons. First, many SVs are longer than the average short-read length (300-500 bp) and thus 

the entirety of the SV is not usually contained in one read. This means that SVs are identified 

by a combination of mapping signatures, such as unexpectedly low or high coverage, 

discordant read pairs and split reads at breakpoints, for which many programs have been 

developed (for example (Iakovishina et al., 2016; Layer et al., 2014; Rausch et al., 2012; Sindi 

et al., 2012); reviewed in (Mahmoud et al., 2019)). And second, SVs are often mediated by 

repetitive elements and thus their breakpoints are found in repetitive regions (Carvalho and 

Lupski, 2016; Payer et al., 2017; Sharp et al., 2005). This results in low mapping qualities and 

high levels of multi-mapping, which hampers the identification of SVs through their mapping 

patterns at breakpoints. Long-read sequencing, in contrast, provides long range linkage 

information with reads spanning the repetitive and problematic regions, but is limited by cost 

(Ho et al., 2020; Sedlazeck et al., 2018).  

Linked-read sequencing has emerged as an alternative, utilising short-read scalability while 

retaining linkage information (Marks et al., 2019). The newly developed ‘Haplotagging’ is a 

simple, linked-read technique that can be applied to hundreds of individuals at low-cost and 

has the potential to improve the study of structural variants in wild populations (Meier et al., 

2021). In this approach, large DNA molecules are individually barcoded while they are being 

broken up for short-read sequencing. This approach retains haplotype phase information, as 

well as long range linkage information that can be used to detect SVs. Importantly, 

happlotagging can be easily scaled up to population level by multiplexing, which makes it an 

ideal tool for the study of adaptation and speciation in non-model organisms (Meier et al., 

2021).  

There are multiple software solutions for the identification of SVs from linked-read data, 

including LongRanger (Sudmant et al., 2015), Leviathan (Morisse et al., 2021), NAIBR (Elyanow 

et al., 2018) and GROC-SV (Spies et al., 2017). LongRanger and GROC-SV are very well curated 

tools for the analysis of linked-reads produced by 10X-Genomics, while NAIBR uses the BAM 

files produced by LongRanger for its SV detection pipeline. Whilst these programs could be 
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used for haplotagging data, the data would need to be converted to the 10X-Genomics format 

for input to these programs. Finally, Leviathan can take haplotagging data as input and 

produces a list of detected candidate SVs and their predicted breakpoints, however, unlike 

the above tools, Leviathan does not produce graphic visualisations of barcode sharing.  

Here, I study the involvement of SVs in adaptive evolution in H. misippus using haplotagging 

data. To explore the candidate SVs in H. misippus haplotagging data, I develop Wrath 

(WRapped Analysis of Tagged Haplotypes), a tool for the visualisation and exploration of SVs 

tailored for haplotagging data. First, I validate Wrath by using it on published haplotagging 

data with known SVs. Then, I apply it to haplotagging data from Hypolimnas misippus and 

identify TE insertions at the locus associated with wing mimicry in this species. Finally, I 

perform a cross-species comparison within the genus Hypolimnas to investigate the 

evolutionary history of the adaptive alleles.  
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1.19   Results 

1.19.1   Visualisation and exploration of SVs from haplotagging data 
using Wrath 

To analyse haplotagging data, I developed Wrath (WRapped Analysis of Tagged Haplotypes),  

a program for the exploration and visualisation of SVs consisting of three steps. 

1.19.2    Barcode parsing  

Haplotagging reads are produced using magnetic beads that present a modified Tn5 enzyme 

on their surface carrying sequencing adapters, each with a unique barcode. During library 

preparation, DNA molecules wrap around the beads and are cut into smaller fragments and 

barcodes attached to them. Thus, reads belonging to the same DNA molecule present the 

same unique barcode, and the small size of the beads ensures that each barcode combination 

is unique to one or a small number of molecules. In the sequencing files, barcode information 

is included as four nucleotide sequences of 6 bp each (two per index read). To analyse 

haplotagging data, first, molecule information needs to be included as a BX tag in the 

information fields of the fastq files, a process known as molecule demultiplexing. Once the 

reads include information on their molecule-of-origin in their BX tag, they are ready to be 

mapped. 

1.19.3    SV visualisation 

Using mapped reads and a reference genome, Wrath plots heatmaps of barcode sharing with 

a single command. Wrath can also produce a list of candidate SVs. Haplotagging reads 

belonging to the same DNA molecule present the same unique barcode and are expected to 

map in close proximity in the genome in the absence of rearrangements. Thus, I can use 

patterns of barcode sharing between more distant genomic windows that exceed the 

background expectation to identify SVs.  

Wrath divides a given chromosome into n windows of size m (m needs to be specified, by 

default 10 kb) and identifies the barcodes attached to the reads mapping in each of the 

genomic windows. Window size is chosen based on two factors. First, computational 

overhead, as Wrath builds a matrix of nxn dimensions which can require a large amount of 
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memory for large values of n. And second, molecule size, which depends on several factors 

such as sample preservation, DNA extraction and library preparation. By default, molecules 

are assumed to be centred around 50kb in length, although they can be much larger (Meier 

et al., 2021). Window size needs to be smaller than molecule size (e.g., 10kpb window size 

and 50 kb molecule size) as the identification of SVs is only possible if molecules span more 

than one window. 

Once the chromosome has been split into windows, Wrath determines the barcodes that are 

present in each of those windows and calculates the jaccard index for each pair of windows 

along the chromosome and stores the value in a matrix of nxn dimensions. The jaccard index 

is an index of similarity that quantifies barcode sharing between windows:   

!(#, %) = |# ∩ %|
|# ∪ %| 

Where J is the jaccard value between window A and B from a given chromosome.   

The highest values are expected around the diagonal, which then decay exponentially with 

distance from it. This is because windows that are closer to each other are expected to share 

more barcodes than windows that are further apart, as DNA molecules span more than one 

window. Structural variants such as moderate to large inversions (>50 kb), intrachromosomal 

translocations and long duplicated regions are expected to deviate from the background 

distribution of barcode sharing. For example, inversions show up as bowtie patterns of 

excessive barcode sharing between windows that are far apart (FIGURE 1). I define excessive 

sharing as barcode sharing that is statistically higher than that expected by the distance 

between the windows given that barcode sharing decays exponentially from the diagonal. 

Conversely, SV of a much smaller size than the average molecule length cannot be detected 

with linked-reads. In those cases, short-read methods are more appropriate.  

Finally, the construction of the matrix and calculation of jaccard indices for each genomic 

window can be a computationally expensive task, for that Wrath can be run in parallel, which 

minimizes computational time.  
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1.19.4    Exploration of candidate SVs 

Wrath has the additional functionality of producing a list of candidate SVs. Wrath detects SVs 

where there is an excess of barcode sharing, such as in inversions, interchromosomal 

translocations and duplications. The distance of each entry of the matrix to the diagonal is 

calculated and a double exponential decay model fitted to the data such that:  

+~-!"#$∗&!"∗(%&)(' 

Where x is the distance of each entry to the diagonal, y is the value of the entry (barcode 

sharing between a pair of windows, and a, b and c are parameters of the function calculated 

from the data. 

The prediction bands fitted by the model includes the background distribution of barcode 

sharing and any windows whose values are outside the prediction bands (a=0.05) are then 

classified as putative SVs. Once the model has been fitted, Wrath outputs a list of putative 

SVs with their genomic coordinates and produces plots of the fitted model and identified 

outliers. The putative SVs are not classified into SV types and are intended to be used for 

prioritisation processes before further exploration. 

Wrath can be applied to single populations to visualise and explore putative SVs in each 

chromosome of the genome. It can also be applied to detect SVs in different populations 

separately, which can then easily be compared and scanned for overlaps using bedtools (see 

case-studies below). 

1.19.5   Visualisation of inversions, deletions, translocations, and 
duplications in a dataset of wild Heliconius butterflies using Wrath 

To test Wrath’s performance, I applied it to an existing haplotagging dataset of the two 

tropical butterfly species, Heliconius erato and melpomene (Meier et al., 2021). The dataset 

published in Meier et al., 2021 contains sequenced individuals from, H. melpomene and H. 

erato. Each species presents two morphs or races with mimetic wing patterns which 

hybridise: H. melpomene plesseni and malleti and H. erato notabilis and lativitta. I used this 

dataset to explore which SVs are found in these populations. First, I searched for any SVs 

present in the dataset genome-wide and identified 3,072 large (>50 kb) putative SVs in H. 



Results 85 

melpomene and 2,885 in H. erato. I then explored these using the heatmaps produced by 

Wrath (Figure 4.1). Patterns of barcode sharing observed in the heatmaps can be used to 

identify the type of SV present in the samples. For example, inversions result in a bowtie 

pattern in the heatmap, as more barcodes are shared than expected between loci that are far 

apart in the reference genome (Figure 4.1). I produced heatmap plots for all large scaffolds of 

H. melpomene and H. erato and explored the SVs present in the dataset (Figure 4.1C, 

Supplementary Data). For example, a known SV in chromosome 2 in H. erato was clearly 

visible in the heatmap (Supplementary Figure 4.1). With this, I show that Wrath can visualise 

patterns of barcode sharing and help prioritise the order of exploration of SVs, as visual 

examination of the haplotagging data helps explore the SV content in the samples. However, 

it needs to be considered that some SVs can have similar or matching signals. For example, 

patterns of interchromosomal translocations like that shown in Figure 4.1A can also be 

produced by TE insertions.  

Finally, I assessed the time required to run on the dataset. In a small subset of the data and 

running with 20 threads, the parallel implementation ran 10x faster than a single-threaded 

implementation of the same algorithm (Supplementary Figure 4.2).  

1.19.6   Multiple deletions are found at the colour associated locus near 
optix in H. melpomene and H. erato 

I was interested to know whether structural variation was associated with wing pattern in 

Heliconius. Using Wrath, I found multiple deletions of 1-10 kb at the locus associated with red 

pattern elements near the gene optix are associated with wing pattern (Figure 4.1D). 

Deletions leave an area depleted of barcode sharing, as reads do not map to the area, which 

can be visually identified using the heatmaps (Figure 4.1A-C). However, only polymorphic 

deletions can be identified, as deletions that are fixed in the population compared to the 

reference cannot be distinguished from assembly artefacts or poor mapping (e.g. repetitive 

regions for which mapping reads are filtered of due to low mapping quality). Larger deletions 

(>10 kb) leave an additional signature in the heatmap, showing increased barcode sharing 

between the breakpoints in the shape of a triangle (Figure 4.1A-C). This is because more 

molecules than expected span through the breakpoints in individuals presenting the deletion. 
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This signature is harder to detect in smaller deletions, as barcode sharing becomes higher 

between loci that are close together. 

I identified 7 polymorphic deletions of 1-10 kb in H. erato and 1 of 1 kb in H. melpomene at 

the optix locus by visual inspection of the heatmaps (Figure 4.1D). This locus contains cis-

regulatory elements that control the expression of optix and influence development of red 

colour elements, which have been functionally tested with CRISPR (Lewis et al., 2019). Thus, 

one possibility is that these deletions are disrupting the function of an optix CRE and affecting 

optix expression, although they will need to be functionally tested. The deletion detected in 

H. melpomene was detected previously using short-read sequencing of two different sub-

species (Wallbank et al., 2016).  
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Figure 4.1 | A. Hypothetical Wrath outputs for some SV types. On top of each heatmap are 
depicted the reference genome and its order of loci and below a depiction of the rearranged 
genome containing an SV. Points A, B, C and D depict different loci around the breakpoints of 
the SV that I use as a guide through the diagrams. B. Linked-read mapping pattern on the 
reference genome for each of the hypothetical SVs. C. Wrath output from the Heliconius 
dataset depicting possible SVs that match the hypothetical predictions. D. Wrath output 
heatmaps of the region around one of the loci (the optix locus) associated with colour pattern 
in H. erato (left) and H. melpomene (right). Each triangle half of the matrix depicts barcode 
sharing for one of the races—in each case depicted by the side. On top of the heapmap is 
plotted the Manhattan plot of the GWAS association of colour pattern between each pair of 
races. These have been zoomed in to show only the region around the associated optix locus. 
Grey triangles depict the correspondence of regions between the GWAS and heatmap. 
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1.19.7   Forewing mimicry in Hypolimnas misippus is controlled by the M 
locus 

To explore the genetic underpinnings of this complex case of Batesian mimicry, I first 

confirmed the previously described identity of the M locus. I sequenced 335 Hypolimnas 

misippus females collected in Kenya and other locations in Africa using haplotagging. The 

dataset contains 277 misippus individuals and 54 inaria/immima, sequenced to 0.81 coverage 

on average (Supplementary Table 1 and Supplementary Figure 4.3). By using haplotagging 

with a large dataset, I could sequence to low coverage per individual without compromising 

statistical power to detect loci associated with mimicry. This is because, although read 

coverage is low, molecular coverage (i.e. coverage of DNA molecules) is higher in linked read 

data, as SNP information of reads belonging to the same DNA molecule can be used for 

imputation and phasing (Marks et al., 2019; Meier et al., 2021). Also, using a large population 

sample (>200 individuals) ensures the detection of regions associated with the trait of interest 

(Lou et al., 2021).  

First, I parsed and demultiplexed the data using Wrath and then imputed SNPs and phased 

haplotypes, which resulted in the identification of 46.1 M SNPs. Mean haplotype length after 

phasing was 109.02 kb (Supplementary Figure 4.5). I used the phased haplotypes to perform 

a GWAS to identify the M locus. The highest peak of association with variation in forewing 

phenotype was found on chromosome 26 (6,731,000 - 6,743,400 bp; Figure 4.2A). I confirmed 

identity with the region previously identified as the M locus (VanKuren et al., 2019) by aligning 

the identified locus using to the HypMisi_v2 assembly using BLASTn. Furthermore, genes 

surrounding the peak of association are the same as in VanKuren et al., 2019 VanKuren et al., 

2019). The gene g1737, identified as Sox 5/6 in (VanKuren et al., 2019) has the closest 

similarity (BLASTp) Sox102F in D. melanogaster but with Sox 5/6 with  Principal Component 

Analysis of the whole of chromosome 26 showed no evidence for population structure in the 

data (Supplementary Figure 4.6). In contrast, when using just the associated region for PCA, 

samples of the same phenotype were found closer together (Supplementary Figure 4.7). 

Closer examination of the associated region in the GWAS result revealed 3 clearly separated 

peaks of association (Figure 4.2D), a pattern that could be caused by structural variation at 

the locus; to examine this more closely, I visualised the barcode sharing at the region using 

Wrath.  
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Figure 4.2 | Two deletions are found at the locus associated with forewing mimicry in mm 
individuals. A. GWAS of forewing phenotype shows a unique peak at chromosome 26. B. The 
GWAS peak showing local annotation track with the three main candidate genes coloured. 
Pink shown in pink, Sox 5/6 in yellow and g1743 in blue. C. Heatmap of barcode sharing of the 
region around the association peak. Upper triangle shows barcode sharing for M- individuals 
and lower triangle mm individuals. A different pattern of barcode sharing between mm and 
M- individuals is seen at the associated region. D. At a finer scale the association peak reveals 
a three-peak structure. E. A zoom in of the barcode sharing heatmap reveals signal depletion 
between the peaks of association in mm individuals, a signature of deletions. F. Read coverage 
around the associated region supports the hypothesis of deletions, as mm individuals present 
almost 0 coverage between the association peaks, while M- individuals have more constant 
coverage throughout the region.  
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1.19.8   misippus individuals show multiple TE insertions at the M locus 

The region associated with differences in forewing pattern is 10 kb in length, thus a very small 

window size is necessary to elucidate whether there is any structural variation at the locus. I 

therefore visualised barcode sharing using a window size of 100 bp around the M locus and 

identified two putative deletions at the M locus relative to the reference genome in recessive 

homozygotes (Figure 4.2C-D). Calling them deletions is only relative to the comparison 

reference genome and makes no reference to their ancestral or derived state. These two 

indels perfectly match the locations of the troughs of association seen in the GWAS analysis 

where read coverage is almost zero in mm individuals (Figure 4.2E). This explains the decline 

in association in the two regions, as SNPs cannot be confidently called in mm individuals.  

To verify the presence of these indels, I designed PCR primers flanking each indel, and at the 

breakpoints, and amplified them in the two phenotypes (3 individuals per phenotype; 

Supplementary Figure 4.8). This confirmed that two insertions of 2.4kb and 4.3kb are present 

in the dominant misippus phenotype relative to the recessive inaria/immima. A set of 

transposable elements (TE) insertions detected with RepeatMasker compose the entirety of 

the two insertions, which are situated in a 3’-UTR intron of the gene g16415, an ankyrin repeat 

and sterile alpha motif domain containing gene of unknown function (Figure 4.2B and 3A and 

Supplementary Table 2 and 3). Insertion A (most downstream) is composed of a tandem 

duplication of Helitron family transposable element and an unknown TE, while insertion B is 

composed of 3 Helictrons, 4 LINEs and 2 unknown TEs (Figure 4.3A and Supplementary Table 

4). Given that the insertions are found in the dominant allele, the most plausible explanation 

is that the insertion is modifying the expression of a nearby gene, either g16415 or others 

such as Sox 5/6 and pink by acting as or affecting existing cis-regulatory elements.  

Finally, I applied Wrath genome-wide to explore candidate SVs across the genome of H. 

misippus. I detected 6,335 large SVs (50 kb) in homozygous recessive individuals and 6,504 in 

heterozygous and homozygous dominant individuals. Of these, 3,184 and 3,097 are shared 

between the two groups with a minimum overlap of 80%. The differences in number of 

overlaps between the two groups happen because a large SV from one group might overlap 

with more than one SV in the other.  
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1.19.9   Comparisons with other Hypolimnas species suggests that the m 
allele is ancestral  

I next explored the evolutionary history of the M locus. The presence of the TE insertions 

could either be ancestral or derived and to test these hypotheses I explored this region in the 

H. bolina genome. First, I aligned the H. misippus and H. bolina reference genomes using 

Satsuma2, an aligner intended for inferring homology from sequence similarity (Grabherr et 

al., 2010). All alignments of the region around the M locus mapped on chromosome 26 in the 

H. bolina genome, suggesting that there have not been any interchromosomal rearrangement 

in the region in H. misippus since the most recent common ancestor (Figure 4.3B). Also, the 

alignment shows that, while the peaks of association had matching sequences in chromosome 

26 in H. bolina, the two indels between the peaks had no matches in the H. bolina genome 

(Figure 4.3B). This evidence also suggest that the m allele could be the ancestral allele shared 

with H. bolina. However, the high TE content of the insertions in the M allele could potentially 

be interfering with genome alignment and short read mapping.  

To further explore the origin of the alleles, I analysed whole genome resequencing data from 

4 other Hypolimnas species produced in Chapter 5, including 214 H. bolina, 4 H. anthedon, 4 

H. deceptor and 2 H. usambara (Figure 4.3D), sequenced to an average coverage of ~6.5X. 

First, I mapped all resequenced Hypolimnas to the H. misippus reference genome and 

quantified read coverage at the M locus (Figure 4.3C). Given the differences in numbers of 

individuals per species, I grouped all H. bolina individuals together and placed the other 

Hypolimnas in another group. Read coverage followed the same pattern in both groups, with 

a pronounced decrease in coverage matching the regions of TE insertions. This suggests that 

the TE insertions are not present in these species.  

To investigate in more detail the evolution of the M and m alleles, I evaluated the variation 

at the locus using Principal Component Analysis (PCA) using the SNPs of the associated region 

for the H. misippus and H. bolina samples (Figure 4.3E) and generated PCAs in genomic 

windows. Read coverage is very low per individual (~1X), which makes the use of phylogenetic  
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Figure 4.3 | TE insertions are found in the recessive allele m. A. Zoom in of the association 
peak showing a TE annotation track. The regions between the association peaks are 
composed by TE insertions. B. The alignment of the H. misipppus and H. bolina refrence 
genomes shows that H. bolina does not present the TE insertions. C. Read coverage of H. 
bolina and other Hypolimnas species suggests that other Hypolimnas do not carry the 
insertions and that those are thus derived. D. A phylogeny of the Hypolimnas species used 
and other Lepidoptera. H. deceptor is missing and would be in the same clade as H. anthedon 
and H. usambara. Phylogeny extracted from (Kumar et al., 2022). E. Principal Component 
Analysis (PCA) of the locus associated with forewing phenotype reveals structure by species, 
while PCA of the top associated SNP region of the first peak (Chromosome 26: 6732649-
6732923) reveals that the m allele is more similar to the H. bolina samples, supporting the 
hypothesis of the recessive allele being ancestral.   
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trees to explore the evolutionary history of the alleles unreliable. If enough SNPs are in linkage 

disequilibrium with the causal mutation, I would expect that the relationship between the 

alleles in the PCA would reflect colour phenotype to a greater degree than the rest of the 

genome. Particularly, I would expect two clusters, one with only haplotypes of the dominant 

allele of the M- individuals and another with all phased haplotypes from mm individuals and 

some phased haplotypes from M- individuals, as many of them are expected to be 

heterozygotes. And second, I would expect the ancestral allele to be more similar to the H. 

bolina alleles.   

Across the whole associated region that contains the M locus, the PCA reflects the species 

relationships, with one cluster for each species (Figure 4.3E top). After that, I generated PCAs 

of the associated region in genomic windows of 50 SNPs and examined them. I identified a 

region containing the top associated SNPs of the most upstream peak of association 

(6732649-6732923) for which the relationship between the samples did not reflect species’ 

relationship (Figure 4.3E bottom). One of the clusters is formed almost entirely by phased 

haplotypes from M- individuals, except for 4 haplotypes belonging to mm individuals. The 

other cluster contains all the remaining m phased haplotypes, the H. bolina haplotypes and 

haplotypes from M- individuals. The closer relationship of m phased haplotypes and the H. 

bolina haplotypes suggests that the m allele is ancestral. Taken all together, the read-

coverage, reference genome alignment and local PCA at the associated region suggest that 

the recessive m allele that produces orange wings in homozygosis is ancestral to the dominant 

M allele that produces black-and-white forewing tips.  
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1.20   Discussion 

Here, I identify two large insertions associated with wing pattern mimicry in the diadem 

butterfly, Hypolimnas misippus, a complex case of Batesian mimicry. H. misippus show 

detailed mimicry of the four morphs of the toxic Danaus chrysippus (Smith, 1976). Although 

the accuracy of the mimicry would suggest strong selection, intermediates are often found 

(Gordon et al., 2010) and a mismatch exists between the model present in a region and the 

most common mimic, which suggests that other evolutionary forces might be at play (Gordon 

et al., 2010). Despite the complexity of the mimicry, a single Mendelian locus (M locus) 

controls forewing mimicry in this species (Smith and Gordon, 1987; VanKuren et al., 2019). 

Negative-frequency dependant selection has been invoked as the force maintaining the 

phenotypes in the population (Gordon, 1987; Gordon et al., 2010). Another alternative is that 

structural variation maintains associative overdominance and prevents their loss even in 

scenarios of weak mimicry selection. An example of this has been shown in Heliconius numata 

in which a supergene containing three inversions controls wing phenotype (Jay et al., 2021). 

The inversions result in a region of low recombination, which in turn lead to the accumulation 

of deleterious mutations. This has resulted in the decrease in fitness of homozygous 

individuals and the maintenance of the polymorphism a process known as associative 

overdominance. Here, I present evidence of structural variation at the locus controlling 

forewing phenotype in the mimetic H. misippus. I detected two insertions of 2.4kb and 4.3kb 

in the dominant allele of the M-locus formed of several TE insertions. However, compared to 

the reduced recombination produced by a large inversion that can lead to associative 

overdominance, it is unclear if such small-scale SV can have a similar influence on the 

maintenance of the polymorphism.  

The TE insertions identified are found in the intron of the gene g16415, an ankyrin repeat and 

sterile alpha motif domain containing of unknown function. This represents a similar case to 

the peppered moth, where a 10-kb TE insertion increases the expression of cortex, resulting 

in the production of melanic morphs sterile alpha motif domain containing gene of unknown 

function (van’t Hof et al., 2016). Given that the insertion is found in an intergenic region, the 

most plausible explanation is that the insertion is modifying the expression of a nearby gene, 

either g16415 or others such as Sox 5/6 and pink by acting as or affecting existing cis-
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regulatory elements. Similarly, variation in wing colour in the Heliconius melpomene/timareta 

lineage is associated with a TE insertion in the cis-regulatory region of cortex, suggesting that 

cis-regulatory structural variation controls these mimetic phenotypes (Livraghi et al., 2021). 

One hypothesis is that the g16415 gene is involved in pattern determination in H. misippus 

and the TE insertion influences its expression leading to a change in phenotype. Given that 

the insertion is found in the dominant allele, an increase in expression of the candidate gene 

or a certain isoform are possible explanations, which could be achieved by the disruption of 

a repressor or the generation of a novel enhancing function. Alternatively, the M-locus could 

be modifying the expression of some other gene nearby, such as pink and Sox 5/6. Overall, 

this case adds more evidence that cis-regulatory mutations are associated with pattern 

variation, while coding mutations are more likely to be associated with colour, and sheds light 

on the adaptive importance of TEs (Casacuberta and González, 2013; Orteu and Jiggins, 2020; 

van’t Hof et al., 2016). Finally, by comparison to other Hypolimnas species, I show that the 

insertions are the derived allele. This suggests that the orange phenotype evolved first and 

that insertions at the M locus subsequently reverted the phenotype to a more Nymphalidae-

like phenotype. Melanised apexes in the forewing with subapical white bands are a common 

wing phenotype in Nymphalids such as Danaids or some Nymphalinae, including Antanartia 

and  Vanessa species (e.g. Vanessa cardui, Figure 4.4.3D) and have been suggested to be 

ancestral to the clade.  

Additionally, here I present Wrath, a user-friendly, flexible, and fast tool for the visualisation 

of haplotagging data and exploration candidate SVs. Wrath produces heatmap plots of 

barcode sharing that can be used to visually inspect the data and identify candidate SVs. 

Wrath can be run with any chosen window size, which gives flexibility to the user and allows 

for the detection of SVs of different sizes. By default, Wrath targets the detection of large SVs, 

defined as >50 kb, as such large SVs are probably of biological importance and can be easily 

detected using large window sizes, which minimises the computational resources necessary. 

Also, to minimize computational time, Wrath can be run in parallel. When comparing 

population or groups, Wrath can be run on each separately to automatically detect SVs, which 

can then be compared. Finally, Wrath can be run at chromosomal level or on only a specific 

region of the genome, which allows for flexibility depending on the research question. Thus, 

a candidate region can be explored at a finer scale using Wrath and detect small SVs. 
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I tested the effectiveness of Wrath using our dataset of Hypolimnas misippus and a published 

dataset from Heliconius butterflies. Using the Heliconius dataset, I demonstrate the success 

of Wrath at visualising all kinds of SVs such as inversions, inter- and intrachromosomal 

translocations, indels and duplications at the genome wide level. Furthermore, I show that 

using Wrath small structural variants can also be explored, which I demonstrate by detecting 

1-kb deletions at the optix locus in H. melpomene and H. erato through visual inspection of 

barcode sharing matrices. However, Wrath is limited in automatically detecting SVs, for which 

other programs exist. Furthermore, although linked-reads can provide a solution on the 

detection of structural variants, they are limited by SV size, as they do not provide additional 

information than short reads for their detection, and the ambiguity of some signals (e.g. 

translocations and transposable element insertions might have the same signal).  

Altogether, my study highlights the importance of structural variation in the evolution of 

adaptive phenotypes. Our results in Hypolimnas misippus add to the mounting evidence that 

TEs have an important role in the evolution of colour and mimetic phenotypes in Lepidoptera. 

Furthermore, our results in the Heliconius dataset contribute evidence of the possible 

involvement of deletions in wing pattern differences between races. Finally, with both 

analyses I have shown that Wrath is an easy and flexible way of visualising haplotagging data 

and exploring candidate SVs.  
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1.21   Methods 

1.21.1   Analyses of Heliconius data 

Data from (Meier et al., 2021), was used. First, reads were pre-processed, adapters and low-

quality ends were trimmed using TRIMMOMATIC (Bolger et al., 2014). Then, I mapped the 

reads to the respective reference genome, H. erato v1.0 (Nadeau et al., 2014) and H. 

mepomene v2.5 (Davey et al., 2017, 2016), using BWA-mem (Li, 2013)  and marked PCR 

duplicates using the MarkDuplicates utility from Picard tools 

(broadinstitute.github.io/picard). Alignment (BAM) files were used as input for Wrath, which 

I ran separately for each scaffold in the reference genome with a window size of 10 kb. Reads 

with a mapping quality below 10 were filtered out by Wrath. To examine the colour loci 

specifically, I ran Wrath with a window size of 1 kb and specifying the desired coordinates. 

1.21.2   Hypolimnas misippus sampling 

Samples were collected in multiple locations in Africa. Most sample bodies were preserved in 

100% ethanol immediately after collection, with some exceptions that were air dried. Samples 

in ethanol were kept at room temperature for 2 moths and then stored at -80C. A small (1/8) 

piece of the thorax was used for sequencing.  

1.21.3   H. misippus sequencing library construction 

Haplotag libraries were prepared essentially as described in Meier et al., 2021, with the 

following modifications. Broadly, haplotag libraries were prepared in batches of 96 samples. 

Briefly, genomic DNA sample was diluted to 0.15 ng/µl with 10 mM Tris, pH8 and quantified 

with Quant-iT PicoGreen dsDNA Assay Kit (Thermo Fisher Scientific). We used only 1.2 µl of 

haplotagging beads (~0.88 million beads, each carrying one of 885K well-specific barcodes) 

per sample; 30 µl of WASH buffer (20 mM Tris pH8, 50 mM NaCl, 0.1% Triton X-100); 10 µl of 

5x tagmentation buffer (50 mM TAPS pH 8.5 with NaOH, 25 mM MgCl2, 50% N,N-

dimethylformamide); and 25 µl of 0.6% SDS for Tn5-stripping following tagmentation. For 

sub-sampling, 1/10th of the beads+DNA (0.15 ng DNA per sample) from each of the 96 

samples was pooled into a single 8-tube-PCR-strip, and then again from every 8 pools into 4 

final samples pools. With only 4 pooled samples on the magnetic stand, the buffer was 
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removed, and 20 µl of 1x Lambda Exonuclease buffer, supplemented with 10 units of 

Exonuclease I and 5 units of Lambda Exonuclease (New England BioLabs), was added to each 

sample. Samples were incubated at 37 °C for 30 minutes, and then washed twice for 5 minutes 

with 150 µl of WASH buffer. DNA library was then amplified using Q5 High-Fidelity DNA 

Polymerase (New England BioLabs) in four 25 µl PCR reaction according to manufacturer’s 

instructions, using 4 µl of 10 µM TruSeq-F AATGATACGGCGACCACCGAGATCTACAC and 

TruSeq-R CAAGCAGAAGACGGCATACGAGAT primers, with the following cycling conditions: 10 

min at 72°C followed by 30 sec 98°C and 10 cycles of: 98°C for 15 sec, 65°C for 30 sec and 72°C 

for 60 sec. Libraries were pooled after PCR into a single library pool, size selected using 

Ampure magnetic beads (Beckman Coulter), Qubit quantified, and adjusted with 10 mM Tris, 

pH8, 0.1 mM EDTA to 2.5 nM concentration for sequencing.  

Sequencing and demultiplexing. Pooled libraries were sequenced by a HiSeq 3000 (Illumina) 

instrument at the Genome Core Facility at the MPI Tübingen Campus with a 150+13+12+150 

cycle run setting, such that the run produced 13 and 12nt in the i7 and i5 index reads, 

respectively. Sequence data were first converted into fastq format using bcl2fastq v2.17.1.14 

with the following parameters --use-bases-mask=Y150,I13,I12,Y150 --minimum-trimmed-

read-length=1 --mask-short-adapter-reads=1 --create-fastq-for-index-reads (Illumina). 

1.21.4   SNP calling and imputation  

First, molecules were de-multiplexed. When using haplotagging, the molecule of origin 

information is embedded in the read name in the fastq file as a string of four barcodes of six 

nucleotides each. This was done as described in described in Meier et al., 2021 to generate 

the modified fastq files. The molecule ID is then included in the BX tag of each read. Barcode 

mismatches caused by sequencing errors are allowed as long as there is an unambiguous 

closest match. Once the BX tag was created, I pre-processed the reads, cutting adapters and 

low-quality ends using TRIMMOMATIC, and marking PCR duplicates using the MarkDuplicates 

utility from Picard tools (broadinstitute.github.io/picard) with two specific options 

CREATE_INDEX=TRUE and READ_ONE_BARCODE_TAG=BX. I then de-multiplexed the 

individuals using their barcodes and included their individual ID information in the read group 

field.  
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SNPs were identified using the mpileup utility of bcftools v1.11 (Danecek et al., 2021), running 

each chromosome separately including the INFO/AD,AD,DP,DV,DPR,INFO/DPR,DP4,SP tags in 

the output (-a option), setting the minimum mapping quality to 10 (-q) and the minimum base 

quality to 20 (-Q), ignoring Read Group tags (--ignore-RG) and removing duplicates (-F 1024), 

and the optput directly piped to bcftools call using the alternative model for multiallelic and 

rare-variant calling (--multiallelic-caller), including only variants in the output (--variants-only) 

and the fields GQ and GP (-f GQ,GP). Then, using bcftools query (-f), I selected the generated 

a file containing the chromosome, position, reference and alternative alleles for each SNP and 

with that produced a file of SNP positions that I could use as one of the inputs for the SNP 

imputation program STITCH (Davies et al., 2016). Following that I generated genomic 

windows of 500 kb using bedtools over which I could iterate to run the remainder of the 

pipeline.  

I ran STITCH separately for each of the genomic intervals using all our bam files as input. 

STITCH imputes SNPs from read and linked-read information but requires fine tuning of the 

input parameters. To optimise the values, I tested multiple values and compared the results, 

evaluating their performance using the M locus (Supplementary Methods). SNPs at the M 

locus are expected to be 0/0 or 0/1 for misippus individuals and 1/1 for inaria individuals. 

Options that optimised the results were K=30, method=diploid, nGen=500, readAware=TRUE, 

keepInterimFiles=FALSE, shuffle_bin_radius=500, expRate=5, iSizeUpperLimit=500000, 

keepSampleReadsInRAM=TRUE, use_bx_tag=FALSE. I concatenated the resulting imputed 

variant calls (vcf files) using bcftools concat. 

1.21.5   SNP phasing in H. misippus 

To phase the SNPs into haplotypes, I used HapCut2(Edge et al., 2017), which I ran separately 

for each of the 500 kb intervals used for imputation and each individual separately. First, I 

filtered SNPs based on their informativeness (INFO_SCORE >= 0.2) and selected all 

heterozygous SNPs. I used this as input for the --extractHAIRS utility of HapCut2 together with 

the BAM files with marked duplicates and the option --10X turned on, which indicates that 

the input contains linked reads. This produced a filed with unliked fragments, which I then 

used as input for the LinkFragments.py script of HapCut2, which integrates the information 

of the linked reads. I specified a maximum distance of 50kb. Then, I used the linked fragment 
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file and vcf as input for the HAPCUT2 utility with the option --nf 1 --threshold 30 --

error_analysis_mode 1 --call_homozygous 1. Finally, I integrated the resulting vcf to out vcf 

of homozygous sites.  

1.21.6   Phenotyping and GWAS  

I photographed forewings and hindwings of each individual in a standardised set-up, using a 

green background and a colour checker. Phenotypes were scored by hand following the 

phenotype categorisations of (Gordon et al., 2010), coding misippus morphs as 1 and inaria 

as 0. All sample phenotypes are found in Supplementary Table 5.4 (Chapter 5). Using the 

merged HAPCUT2 output vcf file as input and the phenotype scores, I performed a GWAS with 

Plink v1.9(Purcell et al., 2007) using the option –assoc and –adjust to correct for multiple 

testing.  

1.21.7   Detection of SVs in H. misippus 

Genome wide SVs were identified using Wrath using the same method as for the Heliconius 

data. I used the intersect utility from bedtools v2.30.0 to assess overlap between SVs 

identified in homozygous recessive, and heterozygous and homozygous dominant individuals, 

setting the minimum fraction of overlap to 0.8 for both sets and extracting only one match 

per SV (intersectBed with options -f 0.8 -F 0.8 -u).  

1.21.8   DNA extractions and amplification of the M locus in H. misippus 

DNA extractions were carried out using a custom protocol using PureLink buffers and 

homemade magnetic beads. Briefly, a small piece of thorax tissue (1/10) is placed in a 8-tube 

PCR trip. Then, 45 uL of PureLink Digestion buffer and 10 uL of Proteinase K (20mg/mL) are 

added, and the mix is incubated at 58˚C with shaking (500 rpm). Thereafter, I added 2uL of 

RNAseA (DNAse free, 10mg/mL) and incubated it 10min at room temperature. Then, I added 

45uL of PureLink Lysis buffer and incubated at 58˚C for 30 minutes with shaking (500 rpm). I 

then used a homemade magnetic bead mix to extract the DNA from the lysate. First, I added 

37.5 uL of magnetic beads and 75 uL of lysate to a 96-well plate. After mixing, I incubated 15 

minutes at room temperature, placed the plate in a magnetic stand for 10 minutes, removed 

the supernatant and cleaned the beads with 80% ethanol. After drying out, I added 50uL of 
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10mM Tris (pH=8) to elute and incubated at 45˚C for 15min without resuspending. Then, I 

resuspended the beads and incubated for 20 minutes at room temperature. Finally, I placed 

the plate on the magnetic stand and, after 10 minutes, transferred the supernatant (the DNA) 

to a fresh tube.  

To amplify the regions of interest, I designed primers at each side of the deletions and at the 

breakpoints (SUP FIGURE XX). I used a Q5 High-Fidelity 2X Master Mix from New England 

BioLabs and with 35 cycles. I used 8 individuals, 3 inaria/immima (CAM035230, CAM035232, 

CAM035239, CAM035240, CAM035244, CAM035245, CAM035249, CAM035250). 

1.21.9   Reference genome alignments  

To identify putative homologous regions of the reference genomes of H. bolina and H 

misippus, I aligned the two references to each using Satsuma2 (Grabherr et al., 2010) with 

default parameters. I visualised the resulting alignments using the asynt R functions (Kim et 

al., 2022).  

1.21.10   Sample preparation and genome wide analysis of H. bolina 
samples and other Hypolimnas species 

214 wild and reared H. bolina samples (dataset2) from Chapter 5 were used. Briefly, samples 

DNA was extracted and DNA Nextera libraries prepared using custom protocols described in 

Chapter 5. Short-read data from whole genomes were sequenced to ~6.5X in coverage. Reads 

were trimmed using fastp (Chen et al., 2018) and mapped to the reference genome 

HypMisi_v2 and HypMisi_v1 using BWA-MEM2 (Vasimuddin et al., 2019). PCR duplicated 

were marked using MarkDuplicatesSpark from GATK (Auwera and O’Connor, 2020) and SNPs 

called bcftools v1.11 (Danecek et al., 2021) mpileup like described above. Imputation was 

carried out with STITCH (Davies et al., 2016) using the same settings as for H. misippus.  

1.21.11   Read depth analysis and identification of indels 

I calculated read depth from the bam files using the depth utility from samtools (Danecek et 

al., 2021) with the --a option to output depth for all sites, including those with no reads 

mapping to them. I visualised the optput in R v 4.1.2 using the ggplot2 package (Wickham, 

2016).  
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Individual BAM files with marked duplicates were subset for the region of interest using tabix 

and merged using samtools merge. This merged BAM files were then visualised using IGV. The 

candidate indels were identified through visual inspection. SNPs associated with the indel 

were as proxies to identify the individuals carrying the deletion and insertion. WHICH SNPS. 

100% of the reads carrying  

1.21.12   Principal Component Analysis  

VCFs of phased haplotypes were used for PCA, which was performed using Plink v1.9.  
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1.22   Supplementary Information  

1.22.1   Supplementary Methods 

1.22.2   Testing the performance of SNP imputation with STITCH 

Comparisons of the performance of SNP imputation of STITCH (Davies et al., 2016) with 

different parameter values were produced following methods from Meier, et al., 2021 

(Supplementary Figure 4.2). To evaluate the performance, SNPs were called at the locus 

associated with forewing pattern and evaluated using their genotype inferred from the 

phenotype. Comparisons using and not using STITCH were performed. If using STITCH, 

comparisons with or without BX tag (which integrates linked read data) were performed.  

If using STITCH without BX tag:  

• different values of k : number of founder / mosaic haplotypes to use 

• different values of nGen: Estimated number of generations since founding. In 

uncertain, estimate using 4 * Ne / K, where Ne is the effective population size 

Performance was measured by: Sensitivity = TP/(TP+FP). Where TP is True Positive, and FP is 

False Positive. Using the phenotype of the samples and the M locus in H. misippus we can 

calculate Sensitivity. We know that inaria and immima individuals are double recessive, while 

misippus individuals can be homozygote dominants or heterozygotes. Samples were coded 

as: misippus phenotype with 0/0 or 0/1 genotypes are TP, inaria/immima with 1/1 are also 

TP, misippus phenotype with 1/1 genotypes are FP and inaria/immima with 0/1 or 0/0 are 

also FP. This will be true for SNPs that are in linkage disequilibrium with the causal mutation. 

From previous studies we know that over a hundred SNPs could be perfectly associated with 

phenotype at the associated locus (VanKuren et al., 2019). 
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Supplementary Figures 

 

Supplementary Figure 4.1. Wrath output of scaffold Herato0204 in 10 kb windows identifies 
a known inversion. A bowtie pattern of barcode sharing can be observed off the diagonal. All 
Heliconius erato samples from Meier, et al., 2021, were used for the analysis.   
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Supplementary Figure 4.2. Performance tests show that Wrath is 10x faster with 20 threads 
than with a single thread. Performance tests were performed using a subset of genomic 
windows (100 and 200). 4 scenarios were compared and the run time calculated. To 
implement multithreading Simplequeue in Python3 was used. A single threaded 
implementation of Wrath without Simplequeue ran faster than a single thread run with 
Simplequeue. However, increasing the number of threads decreases run time considerably.  
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Supplementary Figure 4.3. Read coverage of Hypolimnas misippus haplotagging samples 
per barcode. H. misippus individuals were sequenced in four lanes, here shown each in a 
plot. Mean and median coverage per lane are shown in red and blue respectively. 
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Supplementary Figure 4.4. Testing the performance of SNP imputation of STITCH with 
different parameters. Y-axis shows the value of Sensitivity as calculated by TP/(TP+FN+FP). 
Tests using STITCH had higher sensitivity than without using STITCH. And STITCH without BX 
tag had higher sensitivity than with BX tag (including linked read information). Although 
difference is minimal and only significant for some comparisons. Other parameters don't 
make a difference.  
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Supplementary Figure 4.5. Haplotype length by chromosome of H. misippus samples after 
phasing with HAPCUT2 (Edge et al., 2017) 

 

 

 

  



Supplementary Information 109 

 

Supplementary Figure 4.6. Principal component Analysis (PCA) of H. misippus samples using 
the whole chromosome 29. PCA of the whole chromosome 29 reveals no structure by 
forewing phenotype (top). The percentage of variance explained by each principal component 
is low and constant, consistent with the absence of population structure (bottom). 
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Supplementary Figure 4.7. Principal component Analysis (PCA) of H. misippus samples using 
the region associated with forewing phenotype. PCA of the region associated with forewing 
phenotype reveals structure by forewing phenotype (top). The percentage of variance 
explained by each principal component is higher for the first three components, consistent 
with the presence of population structure (bottom). 
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Supplementary Figure 4.8. PCR of the insertions at the locus associated with forewing 
phenotype. A. Diagram of the region associated with forewing phenotype with drawings of 
the primers used and ladders used in PCRs. B. PCR of insertion A shows that mm individuals 
(all orange forewings) have no insertion, as the PCR product is small (500 bp). One M- is 
heterozygote and thus also presents a band. C. PCR of breakpoint C shows that M- individuals 
possess insertion A, while mm do not. D. PCR of breakpoint E shows that M- individuals 
possess insertion B, while mm do not. No PCR product was amplificated at breakpoint D and 
insertion B.  



112                             Chapter 4: TE insertions are associated with Batesian mimicry H. 
misippus 

Supplementary Tables  

Supplementary Table 1. Read coverage statistics per lane  

Lane Mean coverage Median Standard deviation 

183_L6 0.846 0.872 0.249 

184_L6    0.847 0.892 0.270 

184_L7    0.853 0.877 0.320 

184_L8    0.676 0.675 0.206 
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Supplementary Table 2. BLAST results of genes around the region around the associated locus 

with forewing phenotype against Drosophila melanogaster 

H.misippus 
transcript 

D.melanogaster 
protein 

D. melanogaster prot. description E-value Start 
pos. 

End pos. 

g1717.t1 NP_609354.1 uncharacterized protein 0 6001632 6069730 
g1717.t1 NP_725571.1 uncharacterized protein%2C isoform B 0 6001632 6069730 
g1717.t1 NP_611119.1 uncharacterized protein%2C isoform A 0 6001632 6069730 
g1719.t1 NP_649078.1 uncharacterized protein%2C isoform A 5.56E-59 6073069 6074392 
g1719.t1 NP_001262027.1 uncharacterized protein%2C isoform B 5.56E-59 6073069 6074392 
g1721.t1 NP_649853.1 uncharacterized protein%2C isoform A 4.68E-64 6086308 6100583 
g1721.t1 NP_001262394.1 uncharacterized protein%2C isoform B 4.68E-64 6086308 6100583 
g1723.t1 NP_609418.1 lipase 4%2C isoform A 1.75E-109 6107821 6110369 
g1727.t1 NP_648319.1 uncharacterized protein%2C isoform A 5.28E-44 6119757 6124412 
g1727.t1 NP_001137926.1 uncharacterized protein%2C isoform D 5.28E-44 6119757 6124412 
g1729.t1 NP_610796.1 Cyp301a1 0 6128617 6145667 
g1729.t1 NP_995803.1 Cyp49a1%2C isoform D 2.61E-155 6128617 6145667 
g1729.t1 NP_610588.2 Cyp49a1%2C isoform A 2.61E-155 6128617 6145667 
g1729.t1 NP_001246256.1 Cyp49a1%2C isoform E 2.61E-155 6128617 6145667 
g1730.t1 NP_995803.1 Cyp49a1%2C isoform D 3.7E-166 6158862 6200842 
g1730.t1 NP_610588.2 Cyp49a1%2C isoform A 3.7E-166 6158862 6200842 
g1730.t1 NP_001246256.1 Cyp49a1%2C isoform E 3.7E-166 6158862 6200842 
g1730.t1 NP_610796.1 Cyp301a1 1.53E-154 6158862 6200842 
g1731.t1 NP_649220.1 zye 0 6190393 6207540 
g1731.t1 NP_649220.1 zye 8.13E-45 6190393 6207540 
g1732.t1 NP_001137909.1 down syndrome cell adhesion molecule 

4%2C isoform H 
5.58E-35 6294473 6308283 

g1732.t1 NP_001137909.1 down syndrome cell adhesion molecule 
4%2C isoform H 

4.7E-31 6294473 6308283 

g1732.t1 NP_001137909.1 down syndrome cell adhesion molecule 
4%2C isoform H 

2.87E-16 6294473 6308283 

g1732.t1 NP_001137908.1 down syndrome cell adhesion molecule 
4%2C isoform D 

7.04E-35 6294473 6308283 

g1732.t1 NP_001137908.1 down syndrome cell adhesion molecule 
4%2C isoform D 

6.61E-31 6294473 6308283 

g1732.t1 NP_001137908.1 down syndrome cell adhesion molecule 
4%2C isoform D 

3.08E-16 6294473 6308283 

g1732.t1 NP_001137908.1 down syndrome cell adhesion molecule 
4%2C isoform D 

7.05E-15 6294473 6308283 

g1732.t1 NP_001036596.2 down syndrome cell adhesion molecule 
4%2C isoform E 

7.04E-35 6294473 6308283 

g1732.t1 NP_001036596.2 down syndrome cell adhesion molecule 
4%2C isoform E 

6.61E-31 6294473 6308283 

g1732.t1 NP_001036596.2 down syndrome cell adhesion molecule 
4%2C isoform E 

3.08E-16 6294473 6308283 

g1732.t1 NP_001036596.2 down syndrome cell adhesion molecule 
4%2C isoform E 

7.05E-15 6294473 6308283 

g1732.t1 NP_001036506.1 down syndrome cell adhesion molecule 
1%2C isoform BE 

1.95E-30 6294473 6308283 

g1732.t1 NP_001036506.1 down syndrome cell adhesion molecule 
1%2C isoform BE 

9.84E-29 6294473 6308283 

g1732.t1 NP_001036506.1 down syndrome cell adhesion molecule 
1%2C isoform BE 

1.69E-19 6294473 6308283 

g1732.t1 NP_001036506.1 down syndrome cell adhesion molecule 
1%2C isoform BE 

1.26E-15 6294473 6308283 
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g1732.t1 NP_649078.1 uncharacterized protein%2C isoform A 3.9E-26 6294473 6308283 
g1732.t1 NP_001262027.1 uncharacterized protein%2C isoform B 3.9E-26 6294473 6308283 
g1733.t1 NP_001036506.1 down syndrome cell adhesion molecule 

1%2C isoform BE 
3.8E-42 6310968 6333469 

g1733.t1 NP_001036506.1 down syndrome cell adhesion molecule 
1%2C isoform BE 

1.75E-22 6310968 6333469 

g1733.t1 NP_001036506.1 down syndrome cell adhesion molecule 
1%2C isoform BE 

6.91E-20 6310968 6333469 

g1733.t1 NP_001036506.1 down syndrome cell adhesion molecule 
1%2C isoform BE 

1.56E-19 6310968 6333469 

g1733.t1 NP_001137909.1 down syndrome cell adhesion molecule 
4%2C isoform H 

1.15E-36 6310968 6333469 

g1733.t1 NP_001137909.1 down syndrome cell adhesion molecule 
4%2C isoform H 

1.75E-23 6310968 6333469 

g1733.t1 NP_001137909.1 down syndrome cell adhesion molecule 
4%2C isoform H 

1.84E-21 6310968 6333469 

g1733.t1 NP_001137908.1 down syndrome cell adhesion molecule 
4%2C isoform D 

1.63E-36 6310968 6333469 

g1733.t1 NP_001137908.1 down syndrome cell adhesion molecule 
4%2C isoform D 

1.84E-23 6310968 6333469 

g1733.t1 NP_001137908.1 down syndrome cell adhesion molecule 
4%2C isoform D 

2.88E-21 6310968 6333469 

g1733.t1 NP_001036596.2 down syndrome cell adhesion molecule 
4%2C isoform E 

1.63E-36 6310968 6333469 

g1733.t1 NP_001036596.2 down syndrome cell adhesion molecule 
4%2C isoform E 

1.84E-23 6310968 6333469 

g1733.t1 NP_001036596.2 down syndrome cell adhesion molecule 
4%2C isoform E 

2.88E-21 6310968 6333469 

g1733.t1 NP_649078.1 uncharacterized protein%2C isoform A 2.05E-23 6310968 6333469 
g1733.t1 NP_001262027.1 uncharacterized protein%2C isoform B 2.05E-23 6310968 6333469 
g1735.t1 NP_001137908.1 down syndrome cell adhesion molecule 

4%2C isoform D 
5.34E-33 6351841 6361517 

g1735.t1 NP_001137908.1 down syndrome cell adhesion molecule 
4%2C isoform D 

4.59E-21 6351841 6361517 

g1735.t1 NP_001137908.1 down syndrome cell adhesion molecule 
4%2C isoform D 

3.73E-14 6351841 6361517 

g1735.t1 NP_001036596.2 down syndrome cell adhesion molecule 
4%2C isoform E 

5.34E-33 6351841 6361517 

g1735.t1 NP_001036596.2 down syndrome cell adhesion molecule 
4%2C isoform E 

4.59E-21 6351841 6361517 

g1735.t1 NP_001036596.2 down syndrome cell adhesion molecule 
4%2C isoform E 

3.73E-14 6351841 6361517 

g1735.t1 NP_001137909.1 down syndrome cell adhesion molecule 
4%2C isoform H 

5.48E-33 6351841 6361517 

g1735.t1 NP_001137909.1 down syndrome cell adhesion molecule 
4%2C isoform H 

4.64E-21 6351841 6361517 

g1735.t1 NP_001137909.1 down syndrome cell adhesion molecule 
4%2C isoform H 

4.01E-14 6351841 6361517 

g1735.t1 NP_001036506.1 down syndrome cell adhesion molecule 
1%2C isoform BE 

9.74E-27 6351841 6361517 

g1735.t1 NP_001036506.1 down syndrome cell adhesion molecule 
1%2C isoform BE 

4.86E-17 6351841 6361517 

g1735.t1 NP_001036506.1 down syndrome cell adhesion molecule 
1%2C isoform BE 

5.77E-16 6351841 6361517 

g1736.t1 NP_649810.1 pink%2C isoform A 3.19E-63 6363126 6372758 
g1736.t1 NP_001303456.1 pink%2C isoform C 3.19E-63 6363126 6372758 
g1736.t1 NP_001303455.1 pink%2C isoform B 3.19E-63 6363126 6372758 
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g1737.t1 NP_726612.1 Sox102F%2C isoform A 1.43E-69 6378212 6488360 
g1737.t1 NP_001259074.1 Sox102F%2C isoform D 1.43E-69 6378212 6488360 
g1737.t1 NP_001259073.1 Sox102F%2C isoform C 1.43E-69 6378212 6488360 
g1743.t1 NP_001163715.2 uncharacterized protein%2C isoform C 1.4E-75 6514980 7122953 
g1743.t1 NP_651143.2 uncharacterized protein%2C isoform B 3.45E-71 6514980 7122953 
g1743.t1 NP_001287484.1 uncharacterized protein%2C isoform D 3.45E-71 6514980 7122953 
g1743.t1 NP_001287483.1 uncharacterized protein%2C isoform C 3.45E-71 6514980 7122953 
g1741.t1 NP_001259889.1 earmuff%2C isoform B 6.19E-40 6918165 6931190 
g1741.t1 NP_001259889.1 earmuff%2C isoform B 9.93E-19 6918165 6931190 
g1742.t1 NP_651143.2 uncharacterized protein%2C isoform B 2.06E-82 6995476 7053560 
g1742.t1 NP_001287484.1 uncharacterized protein%2C isoform D 2.06E-82 6995476 7053560 
g1742.t1 NP_001287483.1 uncharacterized protein%2C isoform C 2.06E-82 6995476 7053560 
g1745.t1 NP_524638.3 twin of eyeless%2C isoform A 8.07E-167 7135073 7189742 
g1745.t1 NP_524638.3 twin of eyeless%2C isoform A 1.11E-28 7135073 7189742 
g1745.t1 NP_524628.2 eyeless%2C isoform A 2.58E-70 7135073 7189742 
g1745.t1 NP_524628.2 eyeless%2C isoform A 4.95E-43 7135073 7189742 
g1751.t1 NP_732660.1 torso-like%2C isoform B 2.52E-123 7256921 7344844 
g1751.t1 NP_524440.2 torso-like%2C isoform A 2.52E-123 7256921 7344844 
g1751.t1 NP_001262810.1 torso-like%2C isoform C 2.52E-123 7256921 7344844 
g1753.t1 NP_732660.1 torso-like%2C isoform B 4.77E-55 7362526 7369847 
g1753.t1 NP_524440.2 torso-like%2C isoform A 4.77E-55 7362526 7369847 
g1753.t1 NP_001262810.1 torso-like%2C isoform C 4.77E-55 7362526 7369847 
g1758.t1 NP_524225.1 ripped pocket%2C isoform A 5.35E-57 7390792 7398754 
g1762.t1 NP_524628.2 eyeless%2C isoform A 3.06E-69 7454928 7460431 
g1762.t1 NP_524638.3 twin of eyeless%2C isoform A 3.3E-65 7454928 7460431 
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Supplementary Table 3. BLAST results of genes around the region around the associated locus 

with forewing phenotype against Heliconius melpomene v2.5 

qseqid sseqid pident evalue start end 
g1717 HMEL032184g1 95.672 0 6001632 6069730 
g1719 HMEL012581g1 72.099 0 6073069 6074392 
g1720 HMEL003053g1 87.963 5.04E-148 6082880 6085879 
g1721 HMEL003054g1 92.26 0 6086308 6100583 
g1722 HMEL003055g1 75.676 6.74E-36 6100590 6104698 
g1723 HMEL003056g3 78.543 0 6107821 6110369 
g1723 HMEL003056g2 73.711 0 6107821 6110369 
g1723 HMEL003056g1.t2 54.251 0 6107821 6110369 
g1723 HMEL003056g1 65.405 0 6107821 6110369 
g1724 HMEL031494g1 30.182 3.24E-34 6114466 6115794 
g1725 HMEL036165g1 39.234 1.46E-38 6115855 6116574 
g1726 HMEL034362g1 31.751 3.66E-77 6116731 6118584 
g1727 HMEL003057g1 56.294 9.59E-106 6119757 6124412 
g1728 HMEL003057g2 62.5 2.12E-102 6125223 6127267 
g1729 HMEL003058-RA 93.384 0 6128617 6145667 
g1730 HMEL007856-RA 80.074 0 6158862 6200842 
g1731 HMEL022357g1 71.288 0 6190393 6207540 
g1731 HMEL022357g1 67.955 0 6190393 6207540 
g1731 HMEL022357g1 71.563 0 6190393 6207540 
g1731 HMEL022357g1 68.632 0 6190393 6207540 
g1731 HMEL022357g1 60.864 0 6190393 6207540 
g1731 HMEL022357g1 63.368 0 6190393 6207540 
g1732 HMEL032188g1 47.758 0 6294473 6308283 
g1733 HMEL032188g1 38.809 0 6310968 6333469 
g1734 HMEL032188g1 37.571 8.9E-68 6343149 6347605 
g1735 HMEL032189g1 53.026 0 6351841 6361517 
g1736 HMEL016538g2 73.567 0 6363126 6372758 
g1737 HMEL020265g1 91.374 0 6378212 6488360 
g1743 HMEL032196g1 74.827 0 6514980 7122953 
g1740 HMEL016757g1 29.257 1.35E-50 6907246 6912130 
g1741 HMEL011763g1 65.421 0 6918165 6931190 
g1742 HMEL011806g1.t2 94.333 0 6995476 7053560 
g1742 HMEL011806g1 93.333 0 6995476 7053560 
g1744 HMEL012216g1 73.496 0 7121438 7133011 
g1745 HMEL012214g1 96.928 0 7135073 7189742 
g1746 HMEL032198g1 51.485 4.6E-28 7249146 7250042 
g1747 HMEL005533g1 61.538 2.63E-19 7251519 7251945 
g1748 HMEL005532g1 29.921 3.97E-21 7253053 7256112 
g1751 HMEL032199g1 88.75 0 7256921 7344844 
g1751 HMEL032199g1.t2 77.808 0 7256921 7344844 
g1749 HMEL005007g1 63.087 3.14E-159 7269375 7274356 
g1753 HMEL032200g1 81.953 0 7362526 7369847 
g1754 HMEL032201g1 78.761 0 7370488 7382484 
g1755 HMEL032202g1 56.25 2.16E-70 7382770 7384085 
g1756 HMEL032203g1 65.726 1.54E-126 7384808 7387175 
g1757 HMEL032204g1 59.112 0 7387805 7390605 
g1758 HMEL032205g1 72.213 0 7390792 7398754 
g1759 HMEL009698g1 72.848 3.05E-79 7402208 7409244 
g1761 HMEL032207g1 69.565 3.7E-13 7448877 7449965 
g1762 HMEL021801g1 88.272 7.78E-101 7454928 7460431 



Supplementary Information 117 

Supplementary Table 4. Transposable elements at the locus associated with forewing pattern 

identified by RepeatMasker 

Chr. Start End Family Matching repeat Position 
29 6729052 6729213 RC/Helitron         rnd-4_family-1108 - 
29 6730618 6730842  RC/Helitron         rnd-5_family-121 - 
29 6730827 6730869  RC/Helitron         rnd-6_family-235 - 
29 6731047 6731220  Unknown             rnd-4_family-146 Peak 1 
29 6731227 6731396  Unknown             rnd-4_family-279 Peak 1 
29 6732514 6732589  RC/Helitron         rnd-6_family-52  Peak 1 
29 6733032 6733181  RC/Helitron         rnd-6_family-681 Peak 1 
29 6733276 6733314  Simple_repeat       (TATT)n          Peak 1 
29 6733396 6733458  LINE/L2             rnd-6_family-627 Peak 1 
29 6733459 6734488  RC/Helitron         rnd-4_family-122 Insertion A 
29 6734490 6735220  RC/Helitron         rnd-4_family-122 Insertion A 
29 6735155 6735671  Unknown             rnd-4_family-53  Insertion A 
29 6735672 6735711  Simple_repeat       (GACA)n          Peak 2 
29 6735712 6735757  Unknown             rnd-6_family-258 Peak 2 
29 6735753 6735835  LINE/L2             rnd-6_family-139 Peak 2 
29 6735762 6735870  LINE/L2             rnd-4_family-271 Peak 2 
29 6736485 6736644  LINE/R1             rnd-5_family-302 Peak 2 
29 6736763 6736792  Simple_repeat       (AT)n            Peak 2 
29 6736903 6737006  RC/Helitron         rnd-6_family-235 Insertion B 
29 6736923 6737070  RC/Helitron         rnd-4_family-489 Insertion B 
29 6736926 6737107  Unknown             rnd-4_family-219 Insertion B 
29 6737135 6737534  Unknown             rnd-5_family-759 Insertion B 
29 6737537 6738061  LINE/CR1            rnd-6_family-305 Insertion B 
29 6738127 6738890  LINE/CR1            CR1-4_Hmel_A     Insertion B 
29 6738890 6739670  LINE/CR1            rnd-6_family-79  Insertion B 
29 6739680 6740646  LINE/CR1            rnd-6_family-79  Insertion B 
29 6740805 6740954  RC/Helitron         rnd-4_family-166 Insertion B 
29 6741294 6741310  Unknown             rnd-5_family-927 Peak 3 
29 6741311 6741424  Unknown             rnd-5_family-442 Peak 3 
29 6741847 6741879  Simple_repeat       (AATAA)n         Peak 3 
29 6742085 6742124  Simple_repeat       (ATA)n           Peak 3 
29 6742596 6742667  Simple_repeat       (AT)n            Peak 3 
29 6742789 6742968  RC/Helitron         rnd-4_family-489 Peak 3 
29 6743031 6743064  Unknown             rnd-6_family-306 Peak 3 
29 6743065 6743213  RC/Helitron         rnd-4_family-183 Peak 3 
29 6743302 6743327  Simple_repeat       (TAA)n           Peak 3 
29 6743615 6743692  RC/Helitron         rnd-3_family-741 - 
29 6743763 6743827  RC/Helitron         rnd-5_family-201 - 
29 6744341 6744593  RC/Helitron         rnd-4_family-148 - 
29 6744779 6745035  RC/Helitron         rnd-4_family-149 - 
29 6745354 6745470  RC/Helitron         rnd-5_family-178 - 
29 6745905 6746033  RC/Helitron         rnd-5_family-897 - 
29 6746111 6746336  RC/Helitron         rnd-3_family-741 - 
29 6746825 6747024  DNA/TcMar-Mariner   rnd-2_family-183 - 
29 6747111 6747156  Simple_repeat       (AT)n            - 
29 6747210 6747247  Simple_repeat       (AATA)n          - 
29 6747468 6747524  Unknown             rnd-6_family-278 - 
29 6747949 6748103  RC/Helitron         rnd-4_family-183 - 
29 6748747 6748803  Unknown             rnd-6_family-105 - 
29 6748927 6749058  Unknown             rnd-6_family-515 - 
29 6749787 6749927  RC/Helitron         rnd-6_family-691 - 
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29 6749812 6749930  RC/Helitron         rnd-4_family-489 - 
29 6749843 6749941  Unknown             rnd-6_family-352 - 

 

 

 

 



 

5 

Cortex again: the repeated use of a 

mimicry hotspot gene 

1.23   Abstract 

The repeatability of evolution has been a widely debated topic among evolutionary biologists. 

Although rewinding the tape of life perhaps would not lead to the same outcome every time, 

the repeated use of the same genes for similar functions seems to be a common theme in 

evolution. Wing patterns of butterflies and moths have provided a wealth of examples of gene 

reuse, with certain ‘hotspot genes’ controlling wing patterning in multiple taxa. Here, I show 

that Batesian wing mimicry in two Hypolimnas butterfly species is likely to be controlled by 

cortex. Cortex has been shown to regulate wing pattern formation in many Lepidoptera 

species by affecting scale type development. In H. misippus and H. bolina mimicry is female 

limited and polymorphic and are an ideal case for the study of evolution of adaptive 

phenotypes. By dissecting the genetic architecture of the loci, I present evidence that 

suggests that distinct cis-regulatory elements control the development of white pattern 

elements in the forewing and hindwing of H. misippus and H. bolina and that no structural 

variation is found at the locus. Finally, I also show that orange colouration in H. bolina is 

associated with optix, a well-known patterning gene. Overall, my study shows that once more 

variation near the hotspot genes cortex and optix is associated with wing mimicry and 

highlights the repeatability of the evolution of wing phenotypes in butterflies.   
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1.24   Introduction 

Convergent evolution, defined as the independent evolution of similar traits in different 

lineages, often in response to similar environmental pressures, has long fascinated 

evolutionary biologists (Stern, 2013). Genetic analysis has revealed that convergent 

phenotypes fairly commonly involve similar genetic changes (Conte et al., 2012; Gompel and 

Prud’homme, 2009). Many examples of this come from colouration phenotypes, where 

certain ‘hotspot genes’ or homologous loci have been repeatedly linked to both similar and 

divergent phenotypes (reviewed in Chapter 1). These genetic hotspots are hypothesised to 

represent loci that maximise changes to the trait while minimising pleiotropic effects (Stern, 

2013). However, the apparent repeatability of evolution can be the result of different 

mechanisms that might affect the likelihood of those events, as parallel changes can originate 

from independent mutations at the same gene or locus (for example (Nadeau et al., 2016)) 

but also through other processes. Introgression of adapted alleles from other lineages (for 

example (Jones et al., 2018)) and selection on shared ancestral variation present at the locus 

after lineage divergence (i.e. standing genetic variation; for example (Jones et al., 2012)) can 

also lead to repeated evolution without independent mutational events in distinct lineages 

(Martin and Orgogozo, 2013; Stern, 2013). 

Butterfly wing phenotypes are a well-studied system for understanding the evolution of 

adaptive traits and the genetic basis of convergent phenotypes (Benson, 1972; Jiggins et al., 

2017; Mallet and Barton, 1989; Turner, 1987). Much attention has focussed on mimicry in 

tropical butterflies such as Heliconius and Papilio species. Heliconius is a genus of tropical 

butterflies with striking Mullerian mimicry, in which multiple sympatric and unpalatable 

species evolve to resemble one other, thereby sharing the costs of teaching predators 

(Turner, 1981). Four major effect genes have been associated with wing convergent 

phenotypes in several Heliconius species: cortex, aristalless1, WntA and optix (Mazo-Vargas 

et al., 2017; Nadeau et al., 2016; Reed et al., 2011; Westerman et al., 2018). Interestingly, 

cortex, which controls scale morphology and the switch between white/yellow and black/red 

in Heliconius (Livraghi et al., 2021; Nadeau et al., 2016), has also been implicated in colour 

phenotypes in other divergent Lepidoptera species (Beldade et al., 2009; Ito et al., 2016; van 

der Burg et al., 2020; van’t Hof et al., 2019, 2016; Wang et al., 2022). WntA and optix are also 
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involved in wing patterning in several other Lepidoptera highlighting the repeatability of the 

genetic control of wing phenotypes in butterflies and moths (Mazo-Vargas et al., 2017; Reed 

et al., 2011; Zhang et al., 2017b). However, the extent of the re-use of similar genes for wing 

phenotypes is still largely unexplored. Dissecting the genetic architecture of adaptive wing 

phenotypes in other species will improve our understanding of the evolution of adaptive 

alleles.  

Two species of Hypolimnas butterflies, H. misippus and H. bolina, show female limited 

polymorphic Batesian mimicry (Clarke and Sheppard, 1975; Gordon et al., 2010; Smith, 1976). 

In Southeast Asia H. bolina is a recognised Batesian mimic of multiple Euploea species, while 

in the south Pacific Islands and Australia it has several non-mimetic forms. The genetic basis 

of this wing pattern variation was extensively studied by Clarke and Sheppard, who 

hypothesised that three of the main wing morphs, nerina, naresi and eupoeoides, are 

determined by two autosomal loci (Clarke and Sheppard, 1975). They hypothesised that the 

E locus controls the differences between the all-brown mimetic morph euploeoides and the 

naresi morph, which presents a hindwing white spot and a subapical white band in the 

forewing (Figure 5.1). While the N locus controls the presence of forewing orange patch seen 

in nerina wings.  

Similarly, polymorphic H. misippus females show detailed resemblance to the four morphs of 

the unpalatable Danaus chrysippus. Genetic variation in D. chrysippus has been mapped to 

three loci, offering an opportunity to identify the genetic basis for wing pattern variation on 

both a model and its Batesian mimic species. In H. misippus forewing and hindwing 

phenotypes are controlled by independent loci and the matching mimetic morphs are 

achieved by different combinations of alleles in the forewing and hindwing (Gordon et al., 

2010; Gordon and Smith, 1989; Smith, 1976; VanKuren et al., 2019). The M locus controls the 

differences in forewing phenotype, with the dominant allele M producing the black-and-

white misippus wings, while the recessive m allele produces all-orange wings and 

intermediates known as inaria and immima (Figure 5.1)(VanKuren et al., 2019). Interestingly, 

the M locus has been narrowed down to an intergenenic region in which no known colour 

genes are found (see Chapter 3 and (VanKuren et al., 2019)). This shows that wing colour 

phenotypes can be controlled by novel genes not described in other species. Hindwing colour 

in H. misippus varies continuously from orange to white and is controlled by the A locus, 
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whose dominant allele produces hindwing white and presents incomplete dominance 

(Gordon and Smith, 1989). A suppressor locus, the S locus, has been hypothesised to 

counteract the effect of the A locus by limiting the presence of white in the hindwing. 

Furthermore, the A locus has been hypothesised to be epistatic with the M locus, controlling 

the switch between inaria and immima forewing phenotypes. In summary, H. misippus and 

H. bolina both have a simple genetic basis for polymorphic female limited Batesian mimicry. 

Crucially, white colouration in the hindwing is continuous but controlled by one or two loci of 

major effect of two alleles each and additional modifier loci (Gordon and Smith, 1989). 

Separated by 8 million years of evolution (Sahoo et al., 2018), H. misippus and H. bolina are a 

good case study to explore the genetics of wing mimicry and the extent of gene reuse in the 

evolution of these phenotypes. 

Here, I investigate the genetic basis of Batesian mimicry in H. misippus and H. bolina. I use 

whole genome analysis of linked-read and short read sequencing, synteny and phylogeny to 

investigate the genetic control and evolution of hindwing and forewing white colouration in 

the genus and compare it to other Lepidoptera.  
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1.25   Materials and Methods  

1.25.1   Sample collection, processing, and analysis of H. misippus 

To explore the genetic basis of hindwing colouration in Hypolimnas misippus, the samples 

described in Chapter 4 were used (Supplementary Table 4). Briefly, 335 individuals were 

collected in different parts of Africa and preserved in 100% ethanol or sun dried. DNA was 

then extracted from the samples and libraries prepared using custom protocols (described in 

Chapter 4) and sequenced using haplotagging a linked-read sequencing technique. BX tags 

including barcode information of the linked reads were included in the read information field 

(see Chapter 4). Low quality ends and adapters were trimmed using TRIMMOMATIC (Bolger 

et al., 2014). Then, reads were mapped to the H. misippus reference genome (HypMisi_v2, 

see Chapter 3) using BWA-mem (Li, 2013) and PCR duplicated marked using Picard 

(broadinstitute.github.io/picard). SNPs were called using bcftools v1.11 (Danecek et al., 

2021), imputed using STITCH (Davies et al., 2016) and phased using HapCut2 (Edge et al., 

2017).  

1.25.2   Collection and processing of wild H. bolina samples 

214 wild Hypolimnas bolina were collected from the island of Rurutu in French Polynesia in 

2004, 2005, 2007 and 2013, Moorea in 2005 and 2010 and Australia and Samoa 2018 and 

used to identify the genetic basis of Batesian mimicry in this species (Supplementary Table 3). 

First, DNA was extracted of the H. bolina samples following a custom protocol that uses 

PureLink buffers and homemade magnetic beads. To do that, a small piece of thorax tissue 

(1/10) was dissected and placed in a 8-tube PCR strip, to which 45 uL of PureLink Digestion 

buffer and 10 uL of Proteinase K (20mg/mL) was added and the samples incubated for 2-3 

hours at 58˚C with shaking (500rpm), manually inverting them vigorously every 30 minutes. 

After that, 2uL of RNAse (DNAse free) were added to each sample, mixed by inversion and 

incubated 10 minutes at room temperature. Tubes were then spined briefly and 45uL of 

PureLink Lysis Buffer added before mixing and incubating the samples for 30 min at 58˚C with 

shaking (500 rpm). Afterwards, to pellet any undigested solids, the samples were span at 

4000g for 10 at room temperature. Following that, the DNA was extracted from the lysate 

using a homemade magnetic bead mix. First, 37.5uL of magnetic bead mix was added in each 
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well of a 96-well plate. Then, 75uL of lysate was transferred to the well-plate and mixed by 

pipetting. Two rounds of 80% ethanol clean-ups were then performed, placing the well-plate 

in a magnetic stan. After the second round of clean-up, 50uL of 10mM Tris at pH 8 were added 

to elute the DNA the mix was incubated for 15 minutes at 45˚C, then the samples were mixed 

and incubated for 20 minutes at room temperature. Finally, the samples were placed on the 

magnet stand and transferred the clean DNA to a fresh strip tube.  

From the extracted DNA, libraries were prepared following a method based on Nextera DNA 

Library Prep (Illumina, Inc.) with purified Tn5 transposase (Picelli et al., 2014). PCR extension 

with the N701–N800 i7-index primer and the N501-N508 and N5017 i5-index primers was 

performed to barcode the samples. Library purification and size selection was done using the 

same homemade beads as above. Pooled libraries were sequenced to ~6.5X coverage on 

average by Novogene Cambridge, UK. 

1.25.3   Sample phenotyping  

Once samples had been collected, forewings and hindwings of H. misippus individual were 

photographed in a standardised set-up consisting of a CS-920S Copy Stand holding a Cannon 

EOS 700D camera with a Cannon EFS 60mm macro lens 43 cm above the wings. Two Godox 

SK400 lights were used, and the wings were placed in green background with a white (Ocean 

Optics, Inc. WS-1) and a grey balance checker (Grey White Balance Colour Cards). Phenotypes 

of H. misippus were then scored from the photographs following (Gordon and Smith, 1989), 

in which hindwings are classified according to the number of sections of the wing (interveins) 

containing white scales. In this scale, 8 is the maximum amount of white possible and 0 the 

minimum, with the wing being fully orange. For the categorical classification, 0 was assigned 

to any individual with a 0 in the continuous scale and 1 to all the other scores (1-8). H. bolina 

samples were phenotyped by the presence (1) or absence (0) of white patched in the forewing 

and hindwing separately. Also, forewings were also scored by the presence (1) or absence (0) 

of an orange patch. All phenotypes are included in Supplementary Table 1-3.  
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1.25.4   Analysis of H. bolina reared individuals and Quantitative Trait 
Locus (QTL) mapping  

To identify the genetic basis of wing mimicry in H. bolina, a QTL mapping analysis was 

performed using family samples from Chapter 3 (Supplementary Table 2). Briefly, two families 

were reared two related individuals mated to a wild one and offspring reared. DNA was 

extracted and libraries prepared using the same custom protocols as for the wild individuals. 

Samples were then sequenced to ~11X in the offspring and ~20X in the parents. Low quality 

ends and adapters were trimmed using TrimGalore! (Krueger, 2015), reads mapped using 

BWA-mem (Li, 2013) and PCR duplicated were marked with Picard tools. SNPs were called 

using bcftools v1.11 (Danecek et al., 2021) and QTL mapping performed using the R package 

qtl2 (Broman et al., 2019). 

1.25.5   Genome wide analysis of Samoan H. bolina (dataset 1) 

To confirm and further explore the results of the QTL mapping, wild H. bolina from (Hornett 

et al., 2014) were used for a preliminary study together with the reared individuals 

(Supplementary Table 2). GWAS correcting for population structure and relatedness using 

GEMMA. First, a PCA was generated using Plink v 1.9 (Purcell et al., 2007). Then the 

relatedness matrix was built with GEMMA (Zhou and Stephens, 2012) and used, together with 

the first 20 PCs, as input for the linear mixed model utility of GEMMA. This approach has been 

previously used with good results (VanKuren et al., 2019). 

1.25.6   Genome wide analyses of H. bolina (dataset 2) 

The results from QTL mapping and the preliminary GWAS produced a broad associated region, 

to narrow it down the 214 wild H. bolina samples were used. Reads were first trimmed using 

fastp (Chen et al., 2018), which performs quality control and trims low quality ends and 

adapters. Then, processed reads were mapped to the two reference genomes produced in 

Chapter 2 HypMisi_v2 and HypBol_v1 using BWA-MEM2 (Vasimuddin et al., 2019) and 

marked duplicates produced by PCR using the MarkDuplicatesSpark from GATK (Auwera and 

O’Connor, 2020). SNPs were called on each chromosome separately using bcftools v1.11 

(Danecek et al., 2021) mpileup requesting the INFO/AD,AD,DP,DV,DPR,INFO/DPR,DP4,SP tags 

to output (-a option), setting the minimum mapping quality to 10 (-q) and the minimum base 
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quality to 20 (-Q), ignoring Read Group tags (--ignore-RG) and removing duplicates (-F 1024). 

The output was piped of bcftools mpileup directly to bcftools call to obtain the final vcf files 

of called SNPs using the alternative model for multiallelic and rare-variant calling (--

multiallelic-caller), including only variants in the output (--variants-only) and the fields GQ and 

GP (-f GQ,GP). After that, the data were filtered based on genotype quality (>30) and depth 

(>2 and <12). Thresholds were set after exploring a subset of the data.  

1.25.7   Genome Wide Association Studies (GWAS) 

GWAS was used to identify regions associated with wing phenotype. To do that, a principal 

component analysis (PCA) analysis in H. bolina (dataset 2) and H. misippus was first carried 

out using Plink v1.9 (Purcell et al., 2007)(Supplementary Figure 3) and the first 5 principal 

components used as covariates in the association test, which was performed with Plink using 

the –assoc option. The -log10 significance levels were calculated using Bonferroni correction 

to account for multiple testing, which were 8.75 and 9.11 in H. bolina mapped to the H. bolina 

reference and to the H. misippus reference respectively, and 8.96 in H. misippus, calculated 

from the 27,889,110, 64,636,142 and 46,088,305 SNPs used.  

1.25.8   Chromosome naming 

The chromosomes for H. misippus and H. bolina were named based on homology to M. cinxia as in 

Chapter 3. Briefly, BUSCO (Seppey et al., 2019) matches using the odb_insecta10 gene set are used to 

infer homology. The homology between H. misippus and H. bolina chromosomes with M. cinxia is 

summarised in Supplementary Table 1. Unless specified, all H. bolina and H. misippus chromosomes 

mentioned refer to the names based on homology to M. cinxia. 

1.25.9   Reference genome alignments  

To investigate the origin of the adapted alleles, homology between regions associated with 

wing phenotype in each species was explored. To identify putative orthologous regions 

between the reference genomes of H. bolina and H misippus, the two references, HypMisi_v2 

and HypBol_v1, were aligned with Satsuma2 (Grabherr et al., 2010) using default parameters. 

The resulting alignments were visualised using the asynt R functions (Kim et al., 2022).  
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1.25.10   Read Depth analysis and identification of indels 

Identification of indels putatively associated with wing phenotype was performed by 

calculating read depth from the bam files using the depth utility from samtools (Danecek et 

al., 2021) with the –a option to output depth for all sites, including those with no reads 

mapping to them. The output was visualised in R using the ggplot2 package.  

Individual BAM files with marked duplicates were subset for the region of interest using tabix 

and merged using samtools merge. These merged BAM files were then visualised using IGV. 

The candidate indels were identified through visual inspection. SNPs associated with the indel 

were used as proxies to identify the individuals carrying the deletion and insertion.  

1.25.11   Phylogenetic trees 

To explore the evolution of the alleles, phylogenetic trees were generated in genomic 

windows. To do that, genotype files were first produced using the parseVCF.py from the 

genomics_general toolkit using the phased vcf files produced by HAPCUT2 as input. Then 

phylogenetic trees of the cortex locus were generated in windows of 50 SNPs using the 

phyml_sliding_windows.py of the genomics_general toolkit setting the options –windType 

sites –model GTR –optimise n.  
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1.26   Results 

1.26.1   Forewing white and hindwing white are controlled by 
independent functional elements at the E locus in H. bolina   

Clarke and Sheppard hypothesised that the differences between the all-brown euploeoides 

morph and the white-spotted naresi morph were controlled by a single locus of major effect, 

the E locus (Clarke and Sheppard, 1975). A single cross described here provides evidence for 

recombination between forewing and hindwing elements within this major locus. Given that 

polymorphism is female-limited, genotypic information from crosses comes only from female 

phenotypes. A first cross was performed between a female presenting a forewing white band 

and a large hindwing white patch, which would be considered a naresi morph. Then, a female 

offspring of this cross with a forewing white band but only a reduced hindwing white patch 

was mated to a wild male (Family 1, Supplementary Table 2). All the offspring of this cross 

had a forewing white band, while they varied in the presence and size of the hindwing patch, 

with 34 individuals having all-brown wings and 18 individuals with a white patch (varying in 

size). The segregation of hindwing but not forewing white in this cross suggests that there are 

two functionally distinct linked elements. Tight physical linkage between the two elements 

would explain the joint inheritance of the traits but also the existence of recombinants.    

1.26.2   GWAS for white colouration points at cortex as the main 
candidate  

Next, I identified the region of the genome controlling the presence of white elements in H. 

bolina using two datasets. Using the reared families from Chapter 2, I performed a 

quantitative trait mapping (QTL) analysis, which showed that the locus associated with 

hindwing white variation is found on chromosome 8 (Supplementary Figure 1, Supplementary 

Table 2). In H. bolina, males are uninformative for the E locus genotype, as they are 

monomorphic. This together with the fact that there is substantial continuous variation in 

hindwing white hinders the correct genotyping of samples from phenotype information. 

Given the segregation pattern of hindwing phenotype (1:2), I deduced that one of the parents 

was heterozygote for the E locus and the other homozygous. I performed two QTL analyses 

assuming heterozygosity of either parent producing the same results, an association peak at 

chromosome 8. Given that there is no recombination in female butterflies (Turner and 
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Sheppard, 1975), when the mothers of the crosses are assumed to be heterozygous, the 

association can only be narrowed down to the chromosomal level (Supplementary Figure 1).  

To confirm this result, I used these families together with a dataset of 45 sequenced wild 

individuals publicly available from (dataset 1)(Hornett et al., 2014) and performed a GWAS 

correcting for population structure and relatedness using GEMMA. This approach has been 

previously used with good results (VanKuren et al., 2019). This confirmed the association of 

hindwing white and forewing white on chromosome 8 but given the sample size and high 

relatedness, the peak was broad (Supplementary Figure 2, Supplementary Table 2). Photos of 

these samples are not available, thus, to identify and narrow down the loci associated with 

morph variation in H. bolina I sequenced a dataset of wild individuals.   

To narrow down the associated locus, I sequenced whole genomes from 214 H. bolina 

individuals (dataset 2) varying in hindwing colouration and performed a GWAS for each of the 

traits of interest (Supplementary Table 3). Similarly, I identified the locus associated with 

hindwing white variation in H. misippus using a dataset of genome wised sequences of 335 

wild H. misippus (Supplementary Table 3). These analyses identified a region of chromosome 

8 associated with hindwing white in both species and forewing white in H. bolina (Figure 5.1A-

B). As chromosomes in both genomes were named based on similarity to the Melitaea cinxia 

genome, these are homologous chromosomes, but coordinates within those chromosomes 

are not comparable between the two reference genomes. To explore possible candidate 

genes for the control of the trait and clarify homology between the two regions, I surveyed 

the genes annotated near each of the associated regions, and cortex was a clear candidate in 

both cases (Figure 5.1C-D). SNPs associated with hindwing polymorphism in both species fall 

in the non-coding sequence around cortex. This is reminiscent of other studies that have 

linked cortex to white/yellow colouration, such as in Heliconius melpomene and Heliconius 

erato, in which cis-regulatory variation near cortex has been found to cause the switch 

between colour phenotypes. On the other hand, the region associated with forewing 

phenotype in H. bolina is broad and covers the upstream and downstream regions and cortex 

itself.  

A second peak of association is seen in the Z chromosome the H. misippus GWAS. This could 

be a second major effect allele contributing to variation in the trait, which would fit the 
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previous hypothesis of two loci, the S and A loci, controlling hindwing colour variation in H. 

misippus. The top 6 SNPs fall in the intron of a gene (g10224), which could be linked to this 

phenotype but is uncharacterised in D. melanogaster and other Lepidoptera species 

(similarity assessed by BLASTp). A gene in the vicinity, g10223, is identified as a Cytochrome 

b-c1 complex subunit Rieske (HMEL010374g1 in H. melpomene), which could be a better 

candidate. However, further work is necessary to explore the association peak and its 

candidate genes.  

Variation in forewing phenotype in H. misippus is controlled by a major effect Mendelian 

locus, the M locus (Smith, 1976; VanKuren et al., 2019)(Chapter 4). The dominant allele 

produces the black-and-white misippus wings, while recessive homozygotes can have either 

the all-orange inaria wings and immima intermediates. The switch between inaria and 

immima wings has been hypothesised to be caused by epistasis with the A locus, one of the 

major effect loci contributing to hindwing variation. To identify the locus controlling the 

switch between inaria and immima morphs, I performed a GWAS but found no genomic 

regions associated with the two morphs (Supplementary Figure 4). Furthermore, to explore 

whether the genomic region associated with hindwing variation has an epistatic effect of 

forewing phenotype as hypothesised for the A locus, I analysed the relationship between 

haplotypes at that region. Using phylogenetic trees of varying window size, I found no 

structure among the haplotypes distinguishing the inaria and immima morphs, which suggest 

that the region might not be involved in the control of forewing phenotype or that the 

differences in the alleles are small. Alternatively, it could be that the low coverage (average 

of 1X) of the samples impedes any meaningful phylogenetic analysis of the alleles, even with 

imputation and phasing aided by long-read information.  
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Figure 5.1 | Variation near Cortex is associated with white coloration in Hypolimnas misippus 
and Hypolimnas bolina. A. GWAS for the presence/absence of a hindwing white spot in H. 
misippus reveals an association peak on chromosome 8. B. Similarly, GWAS for the 
presence/absence of a hindwing white spot and a forewing subapical band, both reveal an 
association peak in the same region of chromosome 8. C. Zooming into the associated region 
in H. misippues shows that the gene cortex (negative strand) is just downstream of the 
association peak. D. Similarly, zooming into the two association peaks for hindwing and 
forewing white in H. bolina shows that cortex (positive strand) is found by the association 
peak.   
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1.26.3   No large structural variants are present at the associated locus in 
H. misippus  

In some cases in which cortex has been associated with wing phenotype morphs, structural 

variants such as inversions have been shown to be present. For example, multiple inversions 

around (and including) cortex are involved in morph diversity in Heliconius numata and in 

oakleaf butterflies of the Kallima genus (Joron et al., 2011; Wang et al., 2022). I examined 

whether there was any structural variation associated with hindwing white using Wrath 

(Chapter 4). I analysed barcode sharing between genomic windows and generated heatmaps 

to explore the presence of SVs in the dataset. First, I used a small window size (100 bp) to 

explore the region along and around the associated locus and did not detect any signs of 

structural variants present in the data (Supplementary Figure 5). Using a small window size 

allows for a fine-grained detection of SVs, but computational requirements limit the 

application to only small genomic regions. Then, I analysed the whole chromosome 8 with a 

larger window size, with which I would be able to detect larger SVs in the dataset, and also 

did not detect any SVs near cortex (Supplementary Figure 5). The number of samples used of 

each phenotype, 104 of individuals with white hindwings and 228 with orange ones, should 

be enough to detect any SVs present at the associated locus as shown for the M locus in 

Chapter 4. However, an insertion in the non-reference allele cannot be ruled out, as SVs can 

only be detected through the mapping signatures present in the reference genome.  

1.26.4   The elements controlling white colouration in Hypolimnas  

Next, I explored the evolutionary history of hindwing colour in the two species. More 

specifically, I wanted to test whether haplotypes associated with hindwing colouration in H. 

bolina and H. misippus were homologous. I first defined regions around the top associated 

SNPs in each species for hindwing and forewing white (Figure 5.1C-D). In H. bolina, I defined 

a region of 343,476 bp (Chromosome 8:14,149,517-14,492,993) for the forewing white 

association and a region of 6,149 bp (Chromosome 8:14,145,391-14,151,540) for hindwing 

white, while for H. misippus the region defined was of 33,000 bp (Chromosome 8:2,897,000-

2,930,000) in the hindwing white GWAS. Then, to infer sequence homology, I aligned the two 

reference genomes using Satsuma2 and looked for alignment tracks overlapping the defined 

regions of association (Figure 5.2A). First, the regions of highest association with hindwing 
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white did not seem to be homologous based on the alignment. That is, the region containing 

the top associated SNPs in H. bolina maps to a region of chromosome 8  ~125 kbp away from 

the region of top associated SNPs in H. misippus. Contrastingly, the region of highest 

association with forewing white in H. bolina, overlaps with the region of top associated SNPs 

with hindwing white in H. misippus (Figure 5.2A-B). However, homology of the two regions 

cannot be determined as the region associated with forewing white in H. bolina is too broad 

(~343 kb, Figure 5.2B). Next, I mapped the H. bolina sequence reads to the H. misippus 

reference genome and carried out the GWAS again. This showed that the three regions of top 

associated SNPs are not identical in the H. misippus reference genome, but the association 

peak for H. bolina forewing variation is broad and overlaps the region of association in H. 

misippus. Interestingly, the associated loci for hindwing white in both species are situated at 

opposite sides of cortex: the H. misippus associated locus is downstream of cortex (3’ end), 

while the H. bolina one is upstream (5’) of cortex (Figure 51C-D).  

  



134                                    Chapter 5: Cortex again: the repeated use of a mimicry hotspot gene 

Figure 5.2 | Cis-regulatory elements (CREs) associated hindwing white are not homologous 
between H. bolina and H. misippus. A. Genome alignments between H. misippus and H. bolina 
show that the CRE associated with hindwing white in H. bolina (yellow) does not overlap with 
the locus associated with hindwing white in H. misippus (pink). B. Contrastingly, the region 
associated with forewing white in H. bolina (orange) overlaps with the locus associated with 
forewing white in H. misippus, suggesting possible homology. C. Mapping to the H. misippus 
reference genome (HypMisi_v2) and generating a GWAS for hindwing and forewing white in 
the two species shows that the loci associated with hindwing white in the two species are not 
overlapping, while the locus associated with forewing white in H. bolina is broad and overlaps 
the locus associated with hindwing white in H. misippus.  
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1.26.5   Two transposable element insertions at the candidate locus in H. 
misippus are associated with continuous variation in hindwing white 

Transposable element insertions at the cis-regulatory region of cortex have been shown to be 

involved in wing pattern variation in Heliconius butterflies (Livraghi et al., 2021) and in the 

peppered moth Biston betularia (van’t Hof et al., 2016). Crucially, I have found that TE 

insertions are found in the M locus determining forewing phenotype in H. misippus (Chapter 

4). To explore whether TE insertions are involved in hindwing colour variation in Hypolimnas, 

I calculated read depth at the region of association using BAM files and pooling H. misippus 

individuals by hindwing phenotype. I observed two regions with differential read depth 

between pooled individuals with all-brown hindwings and those with white spots, I named 

those insertion A (downstream) and insertion B (upstream; Figure 5.3A). Insertion A contains 

an insertion of a LINE TE, while Insertion B contains three consecutive TE insertions, two 

Helitrons and an unknown TE.  

Then, I determined the insertion genotype of each of the individuals by using a SNP in linkage 

with each insertion, I identified two SNPs each associated with one of the insertions. Insertion 

A was associated with a SNP at 2,923,994 on chromosome 8, which had two alleles A (n=238) 

and G (n=130). All reads covering the SNP site and across insertion breakpoint 

(HiC_scaffold_29:2,924,003) had the A allele (n=231), while all reads presenting a G at the 

SNP site mapped only until the breakpoint, except for one read carrying a G and covering the 

first nucleotide of the insertion. The SNP at 2,927,362 on chromosome 8 presented two alleles 

G (n=386) and T (n=118). 99.2% (n=256) of reads covering the SNP site and the breakpoint 

presented a G, while the 0.8% (n=2) presented a T. 98.3% of reads carrying a T at the SNP site 

did not cover the insertion breakpoint, while 66.3% of reads carrying a G covered the 

breakpoint.   

Once I had determined the insertion genotype of the individuals, I quantified the association 

of the insertions with continuous variation in colouration in the hindwing (from orange to 

having a large white spot). I observed that individuals that are homozygous for either of the 

insertions have wings that are orange or have a reduced white spot than individuals not 

carrying them, while heterozygotes have intermediate phenotypes when analysing each 

insertion separately (ANOVA 2 d.f. X2927362 p-value = 1.234e-07 and X2923994 p value = 
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2.016e-08; Figure 5.3B). This inheritance fits with Gordon and Smiths’ hypothesis for the A/S 

loci, as both loci were hypothesised to have incomplete dominance and variation in their 

penetrance (Gordon and Smith, 1989). I then quantified the association of hindwing 

phenotype with both insertions combined and observed that individuals that are homozygous 

for at least one of the insertions have darker wings (i.e. have a reduced or absent white spot) 

than those being homozygous for the deletion in at least one of the sites, while double 

heterozygotes presented intermediate phenotypes (ANOVA 4 d.f. p-value 6.185e-09; Figure 

5.3B). Interestingly, out of the 128 individuals with genotypes at both diagnostic sites, none 

of them was homozygote for the deletion at one site and homozygote for the insertion at the 

other.  

 

 

Figure 5.3 | Two insertions are associated with continuous variation in hindwing white in H. 
misippus. A. Read coverage at chromosome 8 shows two distinct regions of lower coverage 
in individuals with a hindwing white spot (middle track) compared to individuals with orange 
hindwings (top track). Transposable elements are found in both insertions (bottom track). 
Insertion A is indicated in green and insertion B in yellow. B. Continuous variation in hindwing 
white is associated with the genotype of the insertions, X2923994 (top) and X2927362 
(bottom) where homozygous individuals for the insertion (Ins/Ins) have a smaller or absent 
white spot in the hindwing, homozygous individuals without the insertion (Del/Del) have 
larger white spots and heterozygotes are intermediates.  
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1.26.6   GWAS for orange colouration in H. bolina points to optix as the 
main candidate  

Wing pattern variation in H. bolina also includes variation in orange colouration in the 

forewing (Figure 5.4C). The nerina morphs have an orange spot in the forewing, while the 

other two morphs, euploeoides and naresi, do not (Figure 5.4C)(Clarke and Sheppard, 1975). 

This orange element is genetically determined by the N locus, whose dominant allele 

produces the nerina phenotype. Combinations between the two loci determining wing 

pattern in H. bolina generate all possible phenotypes, out of which E_nn produce euploeoides, 

the only mimetic form, eenn produce naresi, eeN_ generate nerina and the rest are 

intermediates. To identify the N locus, I performed a GWAS on the wild H. bolina sequenced 

samples. This analysis revealed a significant association peak in chromosome 14 (Figure 5.4A). 

From the genes around the associated region, one clear candidate stood out, the gene optix 

(Figure 4B). optix has been linked to orange and red colouration in multiple species of 

butterflies including some Heliconius species and Vanessa cardui using association studies 

and functional testing with CRISPR, and thus is a strong candidate for the control of this 

phenotype (Reed et al., 2011; Zhang et al., 2017b).  

Finally, a fourth morph exists, pallescens, whose phenotype might be controlled by a different 

allele at the N locus or by a third distinct locus (Clarke and Sheppard, 1975). However, no 

individuals of this phenotype were sampled and thus no evaluation of it was possible.   
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Figure 5.4 | Orange forewing colouration is associated with variation near optix in H. bolina. 
A. Genome wide association study of orange colouration shows the highest peak of 
association in chromosome 14. B. A zoom in of the associated region reveals two peaks of 
association in non-coding loci, between which the gene optix is found. C. The different morphs 
of H. bolina: naresi, euploeoides and nerina.   
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1.27   Discussion 

Studies of convergent evolution have revealed the repeated use of the same ‘hotspot genes’ 

when dissimilar species evolve similar phenotypes. Here, I have used whole genome analysis 

of 645 individual butterflies to demonstrate that putative cis-regulatory regions near two 

well-known wing patterning genes, cortex and optix, are associated with differences between 

Batesian mimicry morphs in Hypolimnas butterflies. I have found that an intergenic region 

near cortex is associated with variation in white pattern elements in the forewing and 

hindwing of H. bolina and in H. misippus hindwings. The cortex gene has now been implicated 

in controlling crypsis, warning colour, Batesian and Mullerian mimicry patterns across the 

Lepidoptera, making this gene a genuine ‘hotspot’ for genetic change. 

Cortex is in a family of cell cycle regulator genes and has been shown to determine scale 

identity, resulting in changes in pattern and colouration (Livraghi et al., 2021). It has been 

repeatedly linked to switches between melanic and white/yellow wing pattern elements in 

multiple Lepidoptera including Heliconius species and other butterflies and moths. For 

example, a single TE insertion in an intron of cortex has been shown to cause the switch 

between the peppered and melanic morphs of the peppered moth, Biston betularia (van’t 

Hof et al., 2016), while in the Batesian mimic Papilio clytia, cortex has been associated with 

the differences between mimetic morphs; one with brown wings and reduced white elements 

in the apex mimicking Euploea models like H. bolina, and another with melanic black and 

pigmented white scales in a pattern resembling a toxic tiger butterflies (VanKuren et al., 

2019). Cortex has also been linked to changes in colour phenotypes in other moths such as 

the silk moth Bombyx mori and some geometrids, and butterflies such as Junonia coenia and 

Bicyclus anynana (Beldade et al., 2009; Ito et al., 2016; van der Burg et al., 2020; van’t Hof et 

al., 2019). Crucially, in some of these cases, cis-regulatory variation around cortex has been 

shown to be the cause of the phenotypic changes, with two cases in which TE insertions at 

regulatory regions have been implicated (Livraghi et al., 2021; van der Burg et al., 2020; van’t 

Hof et al., 2016). In Heliconius, cortex controls the switch between type I scales, which can be 

either yellow or white, and type II scales, which can be black or red (Livraghi et al., 2021). The 

added effect of two other genes, optix and aristaless1, determines the final colouration of 
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each scale type (Reed et al., 2011; Westerman et al., 2018). Thus, cortex is a strong candidate 

for controlling development of white pattern elements in Hypolimnas species.  

Alternatively, it is possible that other genes around the associated locus could have a role in 

wing phenotype in H. bolina and H. misippus. Crucially, the genes domeless and washout 

found next to cortex have been suggested to be involved in wing phenotype determination in 

Heliconius (Livraghi et al., 2021; Moest et al., 2020). Similarly, evidence from H. numata, in 

which wing polymorphism is controlled by a supergene around cortex containing three 

inversions, suggests that other genes around cortex also have a function in wing phenotype 

(Saenko et al., 2019).  

The data in H. bolina suggest that there may be distinct cis-regulatory elements (CRE) 

controlling the presence of the forewing white band and the hindwing white spot. In reared 

families, I have shown that these elements can segregate independently, and they show 

distinct albeit partially overlapping association peaks. Strong linkage disequilibrium due to 

physical linkage and potentially also recent selection, could lead to longer haplotypes and a 

broad association peak that could contribute to this overlap. Interestingly, it seems likely that 

the CREs causing differences in white colouration in the hindwing are not homologous 

between the two species, as they map to slightly different locations. These results highlight 

the complexity of the region around cortex and suggest that modular CREs have spatially 

restricted effects in Hypolimnas bolina. These results strongly parallel those of Heliconius, 

where evidence for recombination within the locus between different elements in the same 

species is also found (Ferguson et al., 2010), and adjacent but distinct CREs have been 

implicated in convergence of mimetic species (Livraghi et al., 2021) and modular variation at 

two narrow regions upstream and downstream of cortex have been associated with hindwing 

yellow pattern variation (Enciso-Romero et al., 2017). 

Hindwing phenotype in H. misippus varies continuously, and wings can be completely orange 

or have a white spot with highly variable size. Two major effect loci, the A and S loci, have 

been hypothesised to control such variation. However, using GWAS, I find evidence of only 

one of those loci. This could be due to the samples present in the dataset. Furthermore, the 

A locus has been hypothesised to be a supergene with effects in hindwing colouration, 

forewing pattern (differences between inaria and immima morphs) and body size (Gordon 



Discussion 141 

and Smith, 1989). However, I find no genomic region associated with the differences between 

inaria and immima morphs. Nonetheless, the GWAS for hindwing white in H. misippus reveals 

a second peak of association in the Z chromosome, which could be the second locus 

hypothesised (A/S).   

Similar to cortex, cis-regulatory variation around the transcription factor optix has been 

associated with colour pattern differences in Heliconius (Martin et al., 2014; Reed et al., 2011; 

Wallbank et al., 2016). CRISPR-cas9 knock-outs have shown that optix has an effect on 

structural colouration and on the red and orange pattern differences in Heliconius species as 

well as in Junonia coenia, Agraulis vanilla and Vanessa cardui (Zhang et al., 2017b). This 

highlights the widespread importance of cortex and optix in the evolution of wing pattern 

across diverse Lepidoptera species. 

In 1945, Goldschmidt proposed that mimicry could be favoured by shared developmental 

systems, in which single mutations could activate ancestral developmental pathways to 

create the same phenotype in model and mimic (Goldschmidt, 1945). In Heliconius, it has 

been shown that convergent mimicry does indeed result from allelic variation at the same 

few hotspot loci (Livraghi et al., 2021; Mazo-Vargas et al., 2017; Reed et al., 2011). However, 

as the convergence is between species in the same genus, perhaps it is not surprising that 

these species show a similar developmental basis. Hypolimnas offers an opportunity to study 

Batesian mimicry between far more distantly related species. Unlike in Müllerian systems, 

Batesian mimicry has a clear model and mimic, so there is a clear hypothesis for the order in 

which evolutionary divergence has occurred. The fact that H. misippus mimics the four 

morphs of D. chrysippus makes it an ideal system to investigate if convergence in phenotype 

results from similar molecular changes in more distantly related species (84 MYA, (Kumar et 

al., 2022)).  

Crucially and similarly to Goldschmidt, Bernardi (Bernardi, 1974) and Pierre (Pierre, 1980) 

suggested that mimetic patterns of female H. misippus are ancestral and the male pattern 

derived and propose that the female phenotypes of H. misippus are homologous to those of 

D. chrysippus, dating back to a time of common ancestry. The identification of the loci 

controlling wing phenotypes in both species is crucial to shed light to these hypotheses. In 

Danaus chrysippus, wing phenotype is controlled by three main loci A, B and C (Smith, 1975; 
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Smith et al., 1993). Whilst the B and C loci control forewing phenotype and are part of a 

supergene found in chromosome 15, the A locus controlling hindwing variation is found in 

chromosome 4 (Martin et al., 2020). Crucially, none of these loci are close to cortex 

(chromosome 8) or optix (chromosome 14). This contrasts with my results showing that 

hindwing variation in white colouration is likely controlled by cortex at chromosome 8 and 

possibly by a locus at the Z chromosome, and that forewing mimicry is associated with a locus 

at chromosome 29 (Chapter 4). Overall, these results indicate that the convergence in wing 

phenotype seen in H. misippus to mimic D. chrysippus does not have an homologous genetic 

basis and oppose the ideas of Goldschmidt, Bernardi and Pierre (Goldschmidt, 1945)  

The putative ancestral phenotype of Hypolimnas butterflies has been suggested to have black 

wings with white elements similar to those seen in the naresi morph of H. bolina and  H. 

misippus and H. bolina males, as these are common among Hypolimnas species (Swinhoe, 

1896). Given that the same locus at chromosome 8 seems to be controlling the presence of 

white pattern elements in H. bolina and H. misippus at least in the hindwing, it could be that 

this control is ancestral in the genus, with cortex having a common function. Furthermore, 

while hindwing white colouration has a clear mimetic benefit in H. misippus, that is not the 

case in H. bolina, in which the only morph, euploeoides, does not present hindwing white 

colouration or a subapical forewing band. This could suggest that the mimetic morph is 

derived in H. bolina and that the reduction of hindwing white could have evolved 

independently in the two species.  

Taken together, my results highlight the importance of ‘genetic hotspots’ in the evolution 

wing phenotypes and particularly of cortex and optix in determining wing pattern in diverse 

Lepidoptera species. More generally, they add to the evidence showing that convergent 

phenotypes are often the result of repeated evolution at the genetic level (i.e., genetic 

parallelism or convergence)(Conte et al., 2012; Stern, 2013). Exploring the genetic basis of 

other adaptive phenotypes in diverse clades is necessary to clarify if this genetic reuse is as 

generalised as the current evidence suggests.  
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1.28   Supplementary Information  

Supplementary Table 5.1 | Chromosome homology between H. misippus and H. bolina 

chromosomes and M. cinxia. 

M. cinxia H. bolina H. misippus 
1 31 1 
2 13 18 
3 2 32 
4 8 27 
5 7 30 
6 5 17 
7 14 19 
8 11 29 
9 10 24 
10 1 23 
11 4 12 
12 15 25 
13 12 6 
14 6 28 
15 3 10 
16 18 11 
17 16 16 
18 20 15 
19 9 13 
20 21 3 
21 19 31 
22 22 26 
23 23 9 
24 25 5 
25 24 4 
26 17 14 
27 26 22 
28 27 8 
29 28 2 
30 29 21 
31 30 20 
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Supplementary Table 5.2 | Phenotypes and origin of reared H. bolina samples and samples 

collected in Samoa in 2010 and 2001 used for QTL mapping and preliminary GWAS. 

Sample 
Hindwing white 
0 = no white; 1 = 
white patch 

Forewing Orange 
0 = no orange; 1 = 
orange patch 

Family 

CAM035065 0 1 Family 1 
CAM035066 0 1 Family 1 
CAM035067 0 1 Family 1 
CAM035068 1 1 Family 1 
CAM035069 1 1 Family 1 
CAM035070 0 1 Family 1 
CAM035071 0 1 Family 1 
CAM035072 0 1 Family 1 
CAM035073 0 1 Family 1 
CAM035074 1 1 Family 1 
CAM035075 0 1 Family 1 
CAM035076 1 1 Family 1 
CAM035077 0 1 Family 1 
CAM035078 0 1 Family 1 
CAM035079 0 1 Family 1 
CAM035080 1 1 Family 1 
CAM035081 0 1 Family 1 
CAM035082 0 1 Family 1 
CAM035083 0 1 Family 1 
CAM035084 1 1 Family 1 
CAM035085 0 1 Family 1 
CAM035086 1 1 Family 1 
CAM035087 1 1 Family 1 
CAM035088 1 1 Family 1 
CAM035089 0 1 Family 1 
CAM035090 1 1 Family 1 
CAM035091 0 1 Family 1 
CAM035092 0 1 Family 1 
CAM035093 0 1 Family 1 
CAM035094 0 1 Family 1 
CAM035095 1 1 Family 1 
CAM035096 1 1 Family 1 
CAM035097 1 0 Family 2 
CAM035098 1 0 Family 2 
CAM035099 0 0 Family 2 
CAM035100 0 0 Family 2 
CAM035101 1 0 Family 2 
CAM035102 0 0 Family 2 
CAM035103 1 0 Family 2 
CAM035104 1 0 Family 2 
CAM035105 0 0 Family 2 
CAM035106 1 0 Family 2 
CAM035107 0 0 Family 2 
CAM035108 1 0 Family 2 
CAM035109 1 0 Family 2 
CAM035110 0 0 Family 2 
CAM035111 0 0 Family 2 
CAM035112 1 0 Family 2 
CAM035113 1 0 Family 2 
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CAM035114 1 0 Family 2 
CAM035115 1 0 Family 2 
CAM035116 0 0 Family 2 
CAM035117 0 0 Family 2 
CAM035118 0 0 Family 2 
CAM035119 1 0 Family 2 
CAM035120 0 0 Family 2 
CAM035121 0 0 Family 2 
CAM035122 0 0 Family 2 
CAM035123 0 0 Family 2 
CAM035124 0 0 Family 2 
CAM035125 1 0 Family 2 
CAM035126 1 0 Family 2 
CAM035127 0 0 Family 2 
CAM035128 1 0 Family 2 
CAM035129 0 0 Family 2 
CAM035130 1 0 Family 2 
CAM035131 1 0 Family 2 
CAM035132 0 0 Family 2 
CAM035133 0 0 Family 2 
CAM035134 0 0 Family 2 
CAM035135 0 0 Family 2 
CAM035136 0 0 Family 2 
CAM035137 1 0 Family 2 
CAM035138 0 0 Family 2 
CAM035139 0 0 Family 2 
CAM035140 0 0 Family 2 
CAM035141 0 0 Family 2 
CAM035142 0 0 Family 2 
CAM035186 0 0 Mother Family 1 
CAM035187 NA NA Father Family 2 
CAM035188 NA NA Father Family 1 
CAM035189 0 0 Mother Family 2 
Sample_54-SAM1001 0 1 Samoa2010 
Sample_55-SAM1002 1 1 Samoa2010 
Sample_58-SAM1005 0 1 Samoa2010 
Sample_60-SAM1007 0 1 Samoa2010 
Sample_61-SAM1008 1 1 Samoa2010 
Sample_63-SAM1010 1 1 Samoa2010 
Sample_70-SAM1017 0 1 Samoa2010 
Sample_72-SAM1019 1 1 Samoa2010 
Sample_74-SAM1021 1 1 Samoa2010 
Sample_77-SAM1024 0 1 Samoa2010 
Sample_79-SAM1026 1 1 Samoa2010 
Sample_85-SAM1034 0 1 Samoa2010 
Sample_88-SAM1037 1 1 Samoa2010 
Sample_96-SAM1045 0 1 Samoa2010 
Sample_10-SAM10 1 1 Samoa2001 
Sample_11-SAM11 1 1 Samoa2001 
Sample_12-SAM13 1 1 Samoa2001 
Sample_13-SAM14 1 1 Samoa2001 
Sample_14-SAM15 1 0 Samoa2001 
Sample_15-SAM16 1 1 Samoa2001 
Sample_16-SAM17 1 1 Samoa2001 
Sample_17-SAM19 1 0 Samoa2001 
Sample_18-SAM20 1 1 Samoa2001 
Sample_1-SAM1 1 0 Samoa2001 
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Sample_22-SAM24 1 1 Samoa2001 
Sample_2-SAM2 1 0 Samoa2001 
Sample_39-SAM41 1 1 Samoa2001 
Sample_3-SAM3 1 1 Samoa2001 
Sample_40-SAM43 1 1 Samoa2001 
Sample_41-SAM44 1 1 Samoa2001 
Sample_42-SAM45 1 0 Samoa2001 
Sample_43-SAM46 1 1 Samoa2001 
Sample_44-SAM48 1 0 Samoa2001 
Sample_45-SAM49 1 1 Samoa2001 
Sample_46-SAM50 1 1 Samoa2001 
Sample_47-SAM51 1 1 Samoa2001 
Sample_48-SAM52 1 1 Samoa2001 
Sample_4-SAM4 1 1 Samoa2001 
Sample_50-SAM54 1 0 Samoa2001 
Sample_51-SAM55 1 1 Samoa2001 
Sample_52-SAM56 1 0 Samoa2001 
Sample_5-SAM5 1 1 Samoa2001 
Sample_6-SAM6 1 0 Samoa2001 
Sample_8-SAM8 1 1 Samoa2001 
Sample_9-SAM9 1 1 Samoa2001 
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Supplementary Table 5.3 | Phenotypes and origin of reared and wild H. bolina samples used 

for GWAS of hindwing and forewing white and forewing orange pattern elements. 

Sample Origin Year 
Forewing 
white 

Forewing 
orange 

Hindwing 
white 

Reared or wild 

CAM035507 Moorea 2005 0 0 1 offspring of FP17MO05-F1-02 
CAM035508 Moorea 2005 0 0 1 offspring of FP17MO05-F1-02 
CAM035509 Moorea 2005 1 1 1 offspring of FP17MO05-F1-02 
CAM035510 Moorea 2005 0 0 1 offspring of FP17MO05-F1-02 
CAM035511 Moorea 2005 0 1 1 offspring of FP17MO05-F1-02 
CAM035512 Moorea 2005 0 0 1 offspring of FP17MO05-F1-02 
CAM035717 Moorea 2005 0 1 1 offspring of FP17MO05-F1-02 
CAM035513 Moorea 2005 0 1 1 offspring of FP17MO05-F1-02 
CAM035514 Moorea 2005 0 0 1 offspring of FP17MO05-F1-02 
CAM035515 Moorea 2005 0 1 1 offspring of FP17MO05-F1-02 
CAM035516 Moorea 2005 0 1 1 offspring of FP17MO05-F1-02 
CAM035517 Moorea 2005 0 0 1 offspring of FP17MO05-F1-02 
CAM035518 Moorea 2005 1 0 1 offspring of FP17MO05-F1-02 
CAM035519 Moorea 2010 0 0 1 offspring of FP17MO10-FI-001 
CAM035520 Moorea 2010 0 1 1 offspring of FP17MO10-FI-001 
CAM035521 Moorea 2010 0 0 1 offspring of FP17MO10-FI-001 
CAM035522 Moorea 2010 0 0 1 offspring of FP17MO10-FI-001 
CAM035523 Moorea 2010 0 1 1 offspring of FP17MO10-FI-001 
CAM035524 Moorea 2010 0 0 1 offspring of FP17MO10-FI-001 
CAM035525 Moorea 2010 0 0 1 offspring of FP17MO10-FI-001 
CAM035716 Moorea 2010 0 0 1 Wild 
CAM035526 Moorea 2010 0 0 1 Wild 
CAM035527 Moorea 2010 0 0 1 Wild 
CAM035528 Moorea 2005 1 0 1 Offspring of FP17MO05 
CAM035529 Moorea 2005 1 1 1 Offspring of FP17MO05 
CAM035530 Moorea 2010 1 0 0 offspring of FP17MO10 - parent of family 

2017MO1001 
CAM035531 Moorea 2010 1 0 0 offspring of FP17MO10 
CAM035532 Moorea 2012 1 1 1 offspring of FP17MO12 
CAM035533 Australia 2018 1 1 0 female parent of family 2018-fam8 
CAM035534 Australia 2018 1 1 0 female parent of family 2018-fam10 
CAM035535 Australia 2018 1 1 0 female parent of family 2018-fam12 
CAM035536 Australia 2018 0 1 1 Wild 
CAM035537 Australia 2018 0 0 1 male parent of family 2018-fam13 
CAM035538 Australia 2018 1 1 0 Hb-2018-fam14-05 
CAM035539 Australia 2018 1 1 0 parent of 2018-fam19 
CAM035540 Australia 2018 1 1 0 Hb-2018-fam14-09 
CAM035541 Australia 2018 1 1 0 Hb-2018-fam14-13 
CAM035542 Australia 2018 1 1 0 Hb-2018-fam14-14 
CAM035543 Australia 2018 1 1 0 Hb-2018-fam14-17 
CAM035544 Australia 2018 1 0 0 Hb-2018-fam15-01 
CAM035545 Australia 2018 1 1 0 parent of 2018-fam14 
CAM035546 Australia 2018 1 1 0 parent of 2018-family 15 
CAM035547 Samoa 2018 0 0 0 parent of family 2018-fam1 
CAM035548 Samoa 2018 1 0 0 parent of family 2018-fam2 
CAM035549 Samoa 2018 1 0 0 parent of family 2018-fam3 
CAM035550 Samoa 2018 0 0 0 parent of family 2018-fam5 
CAM035551 Samoa 2018 1 0 0 parent of family 2018-fam6 
CAM035552 Samoa 2018 0 0 0 parent of family 2018-fam7 
CAM035553 Samoa 2018 0 0 1 parent of family 2018-fam9 
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CAM035554 Samoa 2018 1 0 0 parent of family 2018-fam11 
CAM035715 Ruturu 2004 1 0 1 Wild 
CAM035555 Ruturu 2004 1 1 0 Wild 
CAM035556 Ruturu 2004 1 1 0 Wild 
CAM035557 Ruturu 2004 1 1 0 Wild 
CAM035558 Ruturu 2004 1 1 0 Wild 
CAM035559 Ruturu 2004 1 0 0 Wild 
CAM035560 Ruturu 2004 1 1 0 Wild 
CAM035561 Ruturu 2004 1 0 0 Wild 
CAM035562 Ruturu 2004 1 0 0 Wild 
CAM035563 Ruturu 2004 1 0 0 Wild 
CAM035564 Ruturu 2004 1 1 0 Wild 
CAM035565 Ruturu 2004 0 0 1 Wild 
CAM035566 Ruturu 2004 1 0 0 Wild 
CAM035567 Ruturu 2004 1 0 1 Wild 
CAM035568 Ruturu 2004 1 1 0 Wild 
CAM035569 Ruturu 2004 1 1 0 Wild 
CAM035570 Ruturu 2004 1 1 0 Wild 
CAM035571 Ruturu 2004 1 0 1 Wild 
CAM035572 Ruturu 2004 0 1 1 Wild 
CAM035573 Ruturu 2004 1 1 1 Wild 
CAM035574 Ruturu 2004 1 1 0 Wild 
CAM035575 Ruturu 2004 1 1 0 Wild 
CAM035576 Ruturu 2004 1 1 0 Wild 
CAM035577 Ruturu 2004 1 0 0 Wild 
CAM035578 Ruturu 2004 1 1 1 Wild 
CAM035579 Ruturu 2004 1 0 0 Wild 
CAM035580 Ruturu 2004 1 1 1 Wild 
CAM035581 Ruturu 2004 1 1 1 Wild 
CAM035582 Ruturu 2004 1 1 0 Wild 
CAM035583 Ruturu 2004 1 1 0 Wild 
CAM035584 Ruturu 2004 0 0 1 Wild 
CAM035585 Ruturu 2005 0 0 0 Wild 
CAM035586 Ruturu 2005 1 1 0 Wild 
CAM035587 Ruturu 2005 1 1 1 Wild 
CAM035588 Ruturu 2005 1 1 1 Wild 
CAM035589 Ruturu 2005 1 1 0 Wild 
CAM035590 Ruturu 2005 1 1 0 Wild 
CAM035591 Ruturu 2005 1 1 0 Wild 
CAM035592 Ruturu 2005 1 1 1 Wild 
CAM035593 Ruturu 2005 1 1 1 Wild 
CAM035712 Ruturu 2005 1 0 1 Wild 
CAM035594 Ruturu 2005 0 0 1 Wild 
CAM035595 Ruturu 2005 1 1 1 Wild 
CAM035596 Ruturu 2005 1 1 0 Wild 
CAM035597 Ruturu 2005 1 1 1 Wild 
CAM035598 Ruturu 2005 1 1 1 Wild 
CAM035599 Ruturu 2005 1 1 1 Wild 
CAM035720 Ruturu 2005 1 1 0 Wild 
CAM035600 Ruturu 2005 1 0 0 Wild 
CAM035601 Ruturu 2005 1 1 1 Wild 
CAM035713 Ruturu 2005 1 1 0 Wild 
CAM035602 Ruturu 2005 1 0 1 Wild 
CAM035603 Ruturu 2005 1 0 1 Wild 
CAM035604 Ruturu 2005 1 0 1 Wild 
CAM035605 Ruturu 2005 1 0 1 Wild 
CAM035606 Ruturu 2005 1 1 0 Wild 
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CAM035607 Ruturu 2005 1 1 0 Wild 
CAM035608 Ruturu 2005 1 1 0 Wild 
CAM035609 Ruturu 2005 1 1 0 Wild 
CAM035610 Ruturu 2005 1 1 0 Wild 
CAM035611 Ruturu 2005 1 1 0 Wild 
CAM035612 Ruturu 2005 1 1 0 Wild 
CAM035613 Ruturu 2007 0 0 1 Wild 
CAM035614 Ruturu 2007 1 0 0 Wild 
CAM035615 Ruturu 2007 1 1 1 Wild 
CAM035616 Ruturu 2007 1 1 1 Wild 
CAM035617 Ruturu 2007 1 1 0 Wild 
CAM035618 Ruturu 2007 1 0 0 Wild 
CAM035619 Ruturu 2007 1 1 0 Wild 
CAM035620 Ruturu 2007 1 1 0 Wild 
CAM035621 Ruturu 2007 1 1 0 Wild 
CAM035622 Ruturu 2007 1 1 0 Wild 
CAM035623 Ruturu 2007 1 1 0 Wild 
CAM035624 Ruturu 2007 1 1 0 Wild 
CAM035625 Ruturu 2007 1 1 1 Wild 
CAM035626 Ruturu 2007 1 0 1 Wild 
CAM035627 Ruturu 2007 1 1 0 Wild 
CAM035628 Ruturu 2007 1 0 1 Wild 
CAM035629 Ruturu 2007 1 1 1 Wild 
CAM035630 Ruturu 2007 1 1 0 Wild 
CAM035631 Ruturu 2007 0 1 1 Wild 
CAM035632 Ruturu 2007 1 0 1 Wild 
CAM035633 Ruturu 2007 0 0 1 Wild 
CAM035634 Ruturu 2007 1 1 0 Wild 
CAM035635 Ruturu 2007 1 1 0 Wild 
CAM035636 Ruturu 2007 1 0 1 Wild 
CAM035637 Ruturu 2007 1 0 0 Wild 
CAM035638 Ruturu 2007 1 0 1 Wild 
CAM035639 Ruturu 2007 1 1 0 Wild 
CAM035640 Ruturu 2007 1 1 1 Wild 
CAM035641 Ruturu 2013 0 0 1 Wild 
CAM035642 Ruturu 2013 1 1 0 Wild 
CAM035643 Ruturu 2013 1 1 0 Wild 
CAM035644 Ruturu 2013 1 1 0 Wild 
CAM035645 Ruturu 2013 0 0 1 Wild 
CAM035646 Ruturu 2013 1 0 0 Wild 
CAM035647 Ruturu 2013 1 1 0 Wild 
CAM035648 Ruturu 2013 1 1 0 Wild 
CAM035649 Ruturu 2013 0 0 1 Wild 
CAM035650 Ruturu 2013 0 0 1 Wild 
CAM035651 Ruturu 2013 0 0 1 Wild 
CAM035652 Ruturu 2013 1 1 0 Wild 
CAM035653 Ruturu 2013 0 0 1 Wild 
CAM035654 Ruturu 2013 1 0 0 Wild 
CAM035655 Ruturu 2013 1 1 0 Wild 
CAM035656 Ruturu 2013 1 1 1 Wild 
CAM035657 Ruturu 2013 1 0 0 Wild 
CAM035658 Ruturu 2013 1 1 0 Wild 
CAM035659 Ruturu 2013 0 0 1 Wild 
CAM035660 Ruturu 2013 1 1 0 Wild 
CAM035661 Ruturu 2013 1 1 0 Wild 
CAM035662 Ruturu 2013 1 1 0 Wild 
CAM035663 Ruturu 2013 1 1 0 Wild 



150                                    Chapter 5: Cortex again: the repeated use of a mimicry hotspot gene 

CAM035664 Ruturu 2013 1 0 1 Wild 
CAM035665 Ruturu 2013 1 1 0 Wild 
CAM035666 Ruturu 2013 1 1 0 Wild 
CAM035667 Ruturu 2013 0 0 1 Wild 
CAM035668 Ruturu 2013 1 1 0 Wild 
CAM035669 Ruturu 2013 0 1 1 Wild 
CAM035670 Ruturu 2013 1 1 0 Wild 
CAM035671 Ruturu 2013 1 1 0 Wild 
CAM035672 Ruturu 2013 1 1 0 Wild 
CAM035673 Ruturu 2013 0 0 1 Wild 
CAM035674 Ruturu 2013 1 1 0 Wild 
CAM035675 Ruturu 2013 0 1 1 Wild 
CAM035676 Ruturu 2013 1 1 0 Wild 
CAM035677 Ruturu 2013 1 0 0 Wild 
CAM035678 Ruturu 2013 1 1 0 Wild 
CAM035679 Ruturu 2013 1 1 0 Wild 
CAM035680 Ruturu 2013 1 1 0 Wild 
CAM035714 Ruturu 2013 1 0 0 Wild 
CAM035681 Ruturu 2013 1 1 0 Wild 
CAM035682 Ruturu 2013 0 0 1 Wild 
CAM035683 Ruturu 2013 1 1 0 Wild 
CAM035684 Ruturu 2013 1 1 0 Wild 
CAM035685 Ruturu 2013 1 0 1 Wild 
CAM035686 Ruturu 2013 1 1 1 Wild 
CAM035687 Ruturu 2013 1 1 0 Wild 
CAM035688 Ruturu 2013 1 0 0 Wild 
CAM035689 Ruturu 2013 0 1 1 Wild 
CAM035690 Ruturu 2013 1 0 0 Wild 
CAM035691 Ruturu 2013 1 1 0 Wild 
CAM035692 Ruturu 2013 1 0 0 Wild 
CAM035719 Ruturu 2013 1 1 0 Wild 
CAM035718 Ruturu 2013 1 1 0 Wild 
CAM035693 Ruturu 2013 1 1 0 Wild 
CAM035694 Ruturu 2013 1 1 1 Wild 
CAM035695 Ruturu 2013 1 1 0 Wild 
CAM035696 Ruturu 2013 1 0 0 Wild 
CAM035697 Ruturu 2013 1 1 1 Wild 
CAM035698 Ruturu 2013 1 0 1 Wild 
CAM035699 Ruturu 2013 1 1 1 Wild 
CAM035700 Ruturu 2013 0 1 0 Wild 
CAM035701 Ruturu 2013 1 1 0 Wild 
CAM035702 Ruturu 2013 1 0 0 Wild 
CAM035703 Ruturu 2013 0 1 1 Wild 
CAM035704 Ruturu 2013 0 0 0 Wild 
CAM035705 Ruturu 2013 1 1 0 Wild 
CAM035706 Ruturu 2013 1 1 0 Wild 
CAM035707 Ruturu 2013 1 1 0 Wild 
CAM035708 Ruturu 2013 1 0 0 Wild 
CAM035709 Ruturu 2013 0 0 1 Wild 
CAM035710 Ruturu 2013 1 1 0 Wild 
CAM035711 Ruturu 2013 1 1 0 Wild 
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Supplementary Table 5.4 | Phenotypes and origin of the wild H. misippus samples used for 
GWAS of hindwing and forewing white pattern elements. Genotype information at the two 
loci used to genotype indels is also included.  

Sample Genotype at 
Chr8:2927362 

Genotype at 
Chr8:2923994 

Forewing phenotype 
(i=immima/inaria, 
m=misippus) 

Hindwing white 
(o=orange=1=aa, 
w=white=0=A) 

Hindwing white 
continuous  

Immima (1) 
or inaria (0) 

CAM035929 G/G A/A i o 0 1 
CAM035418 G/G A/A i o 0 0 
CAM035232 G/G A/A i o 0 1 
CAM035422 G/G A/A i o 0 1 
CAM035443 G/G A/A i o 0 1 
CAM035505 G/G A/A i o 0 0 
CAM035253 G/G A/A i o 0 1 
CAM035275 G/G A/A i o 0 1 
CAM035285 G/G A/A i o 0 1 
CAM035287 G/G A/A i o 0 1 
CAM035328 G/G A/A i o 0 1 
CAM035145 G/G A/A m o 0 NA 
CAM035156 G/G A/A m o 0 NA 
CAM035161 G/G A/A m o 0 NA 
CAM035174 G/G A/A m o 0 NA 
CAM035205 G/G A/A m o 0 NA 
CAM035213 G/G A/A m o 0 NA 
CAM035216 G/G A/A m o 0 NA 
CAM035225 G/G A/A m o 0 NA 
CAM035233 G/G A/A m o 0 NA 
CAM035235 G/G A/A m o 0 NA 
CAM035241 G/G A/A m o 0 NA 
CAM035246 G/G A/A m o 0 NA 
CAM035268 G/G A/A m o 0 NA 
CAM035276 G/G A/A m o 0 NA 
CAM035303 G/G A/A m o 0 NA 
CAM035308 G/G A/A m o 0 NA 
CAM035330 G/G A/A m o 0 NA 
CAM035346 G/G A/A m o 0 NA 
CAM035348 G/G A/A m o 0 NA 
CAM035349 G/G A/A m o 0 NA 
CAM035352 G/G A/A m o 0 NA 
CAM035356 G/G A/A m o 0 NA 
CAM035365 G/G A/A m o 0 NA 
CAM035368 G/G A/A m o 0 NA 
CAM035384 G/G A/A m o 0 NA 
CAM035405 G/G A/A m o 0 NA 
CAM035419 G/G A/A m o 0 NA 
CAM035429 G/G A/A m o 0 NA 
CAM035431 G/G A/A m o 0 NA 
CAM035434 G/G A/A m o 0 NA 
CAM035436 G/G A/A m o 0 NA 
CAM035440 G/G A/A m o 0 NA 
CAM035442 G/G A/A m o 0 NA 
CAM035452 G/G A/A m o 0 NA 
CAM035454 G/G A/A m o 0 NA 
CAM035455 G/G A/A m o 0 NA 
CAM035460 G/G A/A m o 0 NA 
CAM035487 G/G A/A m o 0 NA 
CAM035501 G/G A/A m o 0 NA 
CAM035503 G/G A/A m o 0 NA 
CAM035247 G/G A/A m w 0 NA 
CAM035257 G/G A/A m w 0 NA 
CAM035269 G/G A/A m w 4 NA 
CAM035271 G/G A/A m w 5 NA 
CAM035292 G/G A/A m w 3 NA 
CAM035301 G/G A/A m w 5 NA 
CAM035307 G/G A/A m w 0 NA 
CAM035322 G/G A/A m w 4 NA 
CAM035334 G/G A/A m w 3 NA 
CAM035383 G/G A/A m w 0 NA 
CAM035389 G/G A/A m w 2 NA 
CAM035393 G/G A/A m w 2 NA 
CAM035445 G/G A/A m w 0 NA 
CAM035461 G/G A/A m w 3 NA 
CAM035488 G/G A/A m w 2 NA 
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CAM035470 G/T A/A m o 0 NA 
CAM035181 N/N A/A i o 0 0 
CAM035339 N/N A/A m o 0 NA 
CAM035298 N/N A/A m w 0 NA 
CAM035219 T/G A/A m o 0 NA 
CAM035446 G/G A/G i o 0 1 
CAM035251 G/G A/G i o 0 1 
CAM035279 G/G A/G i o 0 1 
CAM035404 G/G A/G i o 0 1 
CAM035414 G/G A/G i o 0 1 
CAM035167 G/G A/G m o 0 NA 
CAM035211 G/G A/G m o 0 NA 
CAM035317 G/G A/G m o 0 NA 
CAM035423 G/G A/G m o 0 NA 
CAM035437 G/G A/G m o 0 NA 
CAM035481 G/G A/G m o 0 NA 
CAM035502 G/G A/G m o 0 NA 
CAM035217 G/G A/G m w 3 NA 
CAM035316 G/G A/G m w 3 NA 
CAM035441 G/G A/G m w 1 NA 
CAM035169 G/T A/G m o 0 NA 
CAM035286 G/T A/G m o 0 NA 
CAM035342 G/T A/G m o 0 NA 
CAM035347 G/T A/G m o 0 NA 
CAM035382 G/T A/G m o 0 NA 
CAM035310 G/T A/G i w 1 1 
CAM035492 G/T A/G i w 3 1 
CAM035350 G/T A/G i w 2 1 
CAM035265 G/T A/G m w 7 NA 
CAM035280 G/T A/G m w 4 NA 
CAM035332 G/T A/G m w 1 NA 
CAM035341 G/T A/G m w 8 NA 
CAM035358 N/N A/G m o 0 NA 
CAM035367 N/N A/G m o 0 NA 
CAM035411 N/N A/G m o 0 NA 
CAM035493 N/N A/G m o 0 NA 
CAM035379 N/N A/G i w 4 1 
CAM035306 N/N A/G i w 0 1 
CAM035324 N/N A/G i w 5 1 
CAM035240 N/N A/G m w 7 NA 
CAM035395 N/N A/G m w 5 NA 
CAM035408 N/N A/G m w 1 NA 
CAM035165 T/G A/G m w 6 NA 
CAM035451 T/G A/G m w 1 NA 
CAM035243 T/T A/G m w 7 NA 
CAM035148 G/G G/A i o 0 0 
CAM035417 G/G G/A i o 0 1 
CAM035333 G/G G/A m o 0 NA 
CAM035354 G/G G/A m o 0 NA 
CAM035302 G/G G/A i w 6 1 
CAM035313 G/G G/A m w 0 NA 
CAM035315 G/G G/A m w 6 NA 
CAM035337 G/G G/A m w 7 NA 
CAM035385 G/G G/A m w 2 NA 
CAM035327 G/T G/A m o 3 NA 
CAM035366 G/T G/A m o 0 NA 
CAM035338 G/T G/A m w 5 NA 
CAM035335 N/N G/A m o 0 NA 
CAM035430 N/N G/A m w 0 NA 
CAM035498 T/G G/A i o 0 0 
CAM035204 T/G G/A m o 0 NA 
CAM035370 T/G G/A m w 1 NA 
CAM035428 T/G G/A m w 2 NA 
CAM035344 G/T G/G m w 4 NA 
CAM035360 G/T G/G m w 6 NA 
CAM035387 G/T G/G m w 6 NA 
CAM035409 G/T G/G m w 4 NA 
CAM035506 G/T G/G m w 6 NA 
CAM035176 N/N G/G m o 0 NA 
CAM035293 N/N G/G i w 2 1 
CAM035238 N/N G/G m w 6 NA 
CAM035245 N/N G/G m w 4 NA 
CAM035433 N/N G/G m w 4 NA 
CAM035462 N/N G/G m w 6 NA 
CAM035453 T/G G/G i o 0 0 
CAM035151 T/T G/G m o 0 NA 
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CAM035166 T/T G/G i w 5 1 
CAM035202 T/T G/G i w 3 1 
CAM035144 T/T G/G m w 3 NA 
CAM035378 T/T G/G m w 2 NA 
CAM035390 T/T G/G m w 2 NA 
CAM035396 T/T G/G m w 6 NA 
CAM035424 T/T G/G m w 8 NA 
CAM035264 G/G N/N i o 0 0 
CAM035439 G/G N/N i o 0 0 
CAM035489 G/G N/N i o 0 0 
CAM035496 G/G N/N i o 0 0 
CAM035157 G/G N/N i o 0 1 
CAM035203 G/G N/N i o 0 0 
CAM035474 G/G N/N i o 0 1 
CAM035155 G/G N/N i o 0 1 
CAM035239 G/G N/N i o 0 0 
CAM035252 G/G N/N i o 0 1 
CAM035254 G/G N/N i o 0 1 
CAM035274 G/G N/N i o 0 1 
CAM035325 G/G N/N i o 0 1 
CAM035386 G/G N/N i o 0 1 
CAM035407 G/G N/N i o 0 1 
CAM035146 G/G N/N m o 0 NA 
CAM035149 G/G N/N m o 0 NA 
CAM035154 G/G N/N m o 0 NA 
CAM035159 G/G N/N m o 0 NA 
CAM035179 G/G N/N m o 0 NA 
CAM035180 G/G N/N m o 0 NA 
CAM035182 G/G N/N m o 0 NA 
CAM035208 G/G N/N m o 0 NA 
CAM035209 G/G N/N m o 0 NA 
CAM035218 G/G N/N m o 0 NA 
CAM035223 G/G N/N m o 0 NA 
CAM035226 G/G N/N m o 0 NA 
CAM035227 G/G N/N m o 0 NA 
CAM035228 G/G N/N m o 0 NA 
CAM035230 G/G N/N m o 0 NA 
CAM035234 G/G N/N m o 0 NA 
CAM035249 G/G N/N m o 0 NA 
CAM035255 G/G N/N m o 0 NA 
CAM035258 G/G N/N m o 0 NA 
CAM035261 G/G N/N m o 0 NA 
CAM035270 G/G N/N m o 0 NA 
CAM035273 G/G N/N m o 0 NA 
CAM035277 G/G N/N m o 0 NA 
CAM035278 G/G N/N m o 0 NA 
CAM035281 G/G N/N m o 0 NA 
CAM035283 G/G N/N m o 0 NA 
CAM035284 G/G N/N m o 0 NA 
CAM035288 G/G N/N m o 0 NA 
CAM035314 G/G N/N m o 0 NA 
CAM035323 G/G N/N m o 0 NA 
CAM035329 G/G N/N m o 0 NA 
CAM035336 G/G N/N m o 0 NA 
CAM035345 G/G N/N m o 0 NA 
CAM035351 G/G N/N m o 0 NA 
CAM035353 G/G N/N m o 0 NA 
CAM035359 G/G N/N m o 0 NA 
CAM035361 G/G N/N m o 0 NA 
CAM035371 G/G N/N m o 0 NA 
CAM035380 G/G N/N m o 0 NA 
CAM035381 G/G N/N m o 0 NA 
CAM035391 G/G N/N m o 0 NA 
CAM035392 G/G N/N m o 0 NA 
CAM035399 G/G N/N m o 0 NA 
CAM035400 G/G N/N m o 0 NA 
CAM035401 G/G N/N m o 0 NA 
CAM035402 G/G N/N m o 0 NA 
CAM035403 G/G N/N m o 0 NA 
CAM035406 G/G N/N m o 0 NA 
CAM035410 G/G N/N m o 0 NA 
CAM035415 G/G N/N m o 0 NA 
CAM035416 G/G N/N m o 0 NA 
CAM035421 G/G N/N m o 0 NA 
CAM035425 G/G N/N m o 0 NA 
CAM035426 G/G N/N m o 0 NA 
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CAM035427 G/G N/N m o 0 NA 
CAM035435 G/G N/N m o 0 NA 
CAM035438 G/G N/N m o 0 NA 
CAM035444 G/G N/N m o 0 NA 
CAM035456 G/G N/N m o 0 NA 
CAM035459 G/G N/N m o 0 NA 
CAM035467 G/G N/N m o 0 NA 
CAM035471 G/G N/N m o 0 NA 
CAM035473 G/G N/N m o 0 NA 
CAM035475 G/G N/N m o 0 NA 
CAM035476 G/G N/N m o 0 NA 
CAM035477 G/G N/N m o 0 NA 
CAM035478 G/G N/N m o 0 NA 
CAM035482 G/G N/N m o 0 NA 
CAM035495 G/G N/N m o 0 NA 
CAM035497 G/G N/N m o 0 NA 
CAM035500 G/G N/N m o 0 NA 
CAM035504 G/G N/N m o 0 NA 
CAM035222 G/G N/N i w 7 1 
CAM035244 G/G N/N i w 0 1 
CAM035312 G/G N/N i w 1 1 
CAM035150 G/G N/N m w 2 NA 
CAM035152 G/G N/N m w 0 NA 
CAM035153 G/G N/N m w 0 NA 
CAM035160 G/G N/N m w 8 NA 
CAM035162 G/G N/N m w 0 NA 
CAM035164 G/G N/N m w 0 NA 
CAM035168 G/G N/N m w 0 NA 
CAM035173 G/G N/N m w 0 NA 
CAM035236 G/G N/N m w 5 NA 
CAM035242 G/G N/N m w 4 NA 
CAM035259 G/G N/N m w 3 NA 
CAM035263 G/G N/N m w 2 NA 
CAM035266 G/G N/N m w 7 NA 
CAM035290 G/G N/N m w 1 NA 
CAM035291 G/G N/N m w 6 NA 
CAM035295 G/G N/N m w 5 NA 
CAM035296 G/G N/N m w 4 NA 
CAM035299 G/G N/N m w 4 NA 
CAM035305 G/G N/N m w 3 NA 
CAM035326 G/G N/N m w 5 NA 
CAM035369 G/G N/N m w 1 NA 
CAM035373 G/G N/N m w 5 NA 
CAM035375 G/G N/N m w 5 NA 
CAM035448 G/G N/N m w 1 NA 
CAM035465 G/G N/N m w 3 NA 
CAM035484 G/G N/N m w 3 NA 
CAM035490 G/G N/N m w 3 NA 
CAM035183 G/G N/N NA NA NA NA 
CAM035184 G/G N/N NA NA NA NA 
CAM035212 G/T N/N i o 0 0 
CAM035177 G/T N/N m o 0 NA 
CAM035178 G/T N/N m o 0 NA 
CAM035207 G/T N/N m o 0 NA 
CAM035294 G/T N/N m o 0 NA 
CAM035319 G/T N/N m o 0 NA 
CAM035331 G/T N/N m o 0 NA 
CAM035357 G/T N/N m o 0 NA 
CAM035374 G/T N/N m o 0 NA 
CAM035397 G/T N/N m o 0 NA 
CAM035398 G/T N/N m o 0 NA 
CAM035432 G/T N/N m o 0 NA 
CAM035468 G/T N/N m o 0 NA 
CAM035143 G/T N/N m w 0 NA 
CAM035147 G/T N/N m w 4 NA 
CAM035158 G/T N/N m w 7 NA 
CAM035210 G/T N/N m w 1 NA 
CAM035260 G/T N/N m w 1 NA 
CAM035262 G/T N/N m w 4 NA 
CAM035267 G/T N/N m w 6 NA 
CAM035282 G/T N/N m w 5 NA 
CAM035304 G/T N/N m w 5 NA 
CAM035362 G/T N/N m w 2 NA 
CAM035363 G/T N/N m w 4 NA 
CAM035364 G/T N/N m w 3 NA 
CAM035394 G/T N/N m w 4 NA 
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CAM035450 G/T N/N m w 1 NA 
CAM035479 G/T N/N m w 7 NA 
CAM035206 N/N N/N i o 0 0 
CAM035472 N/N N/N i o 0 1 
CAM035175 N/N N/N m o 0 NA 
CAM035220 N/N N/N m o 0 NA 
CAM035229 N/N N/N m o 0 NA 
CAM035297 N/N N/N m o 0 NA 
CAM035311 N/N N/N m o 0 NA 
CAM035343 N/N N/N m o 0 NA 
CAM035376 N/N N/N m o 0 NA 
CAM035412 N/N N/N m o 0 NA 
CAM035420 N/N N/N m o 0 NA 
CAM035458 N/N N/N m o 0 NA 
CAM035469 N/N N/N m o 0 NA 
CAM035483 N/N N/N m o 0 NA 
CAM035486 N/N N/N m o 0 NA 
CAM035215 N/N N/N i w 1 0 
CAM035485 N/N N/N i w 3 0 
CAM035256 N/N N/N i w 4 1 
CAM035377 N/N N/N i w 0 1 
CAM035237 N/N N/N m w 0 NA 
CAM035289 N/N N/N m w 8 NA 
CAM035309 N/N N/N m w 7 NA 
CAM035340 N/N N/N m w 8 NA 
CAM035355 N/N N/N m w 6 NA 
CAM035388 N/N N/N m w 4 NA 
CAM035457 N/N N/N m w 2 NA 
CAM035463 N/N N/N m w 2 NA 
CAM035491 N/N N/N m w 1 NA 
CAM035185 N/N N/N NA NA NA NA 
CAM035321 N/N N/N NA NA 0 NA 
CAM035318 T/G N/N m o 0 NA 
CAM035413 T/G N/N m o 0 NA 
CAM035447 T/G N/N m o 0 NA 
CAM035449 T/G N/N m o 0 NA 
CAM035480 T/G N/N m o 0 NA 
CAM035272 T/G N/N m w 5 NA 
CAM035250 T/G N/N NA NA 6 NA 
CAM035214 T/T N/N m o 0 NA 
CAM035372 T/T N/N m w 2 NA 
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Supplementary Figure 5.1 | QTL mapping of hindwing white using a backcross design with 
heterozygous mother (A) and heterozygous father (B). Chromosome have not been named 
by homology to M. cinxia, but by size. Chromosome 11 in the figure is chromosome 8 by 
homology to M. cinxia.   
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Supplementary Figure 5.2 | GWAS of hindwing white using the two reared families and the 
published Samoan Samples (Hornett et al., 2014). A. Whole chromosome 8. B. Zoom in of 

the association peak.
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Supplementary Figure 5.3 | Principal Component Analysis of the H. bolina samples used for 
GWAS. 
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Supplementary Figure 5.4 | GWAS of H. misippus immima and inaria individuals does not 
show any clear association peak. Chromosome are numbered based on the original H. 
misippus numbering (unrelated to Merian units; see Supplementary Table 1).  
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Supplementary Figure 5.5 | No large structural variants are found around cortex in H. 
misippus. Wrath analysis of haplotagging data of a large dataset (335 samples), shows no 
evidence of SVs around cortex when analysing the whole chromosome 8 with a window size 
of 10000 bp (A) or a subset of it Chr8:2800100-2930000 with a window size of 50 bp (B). 
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Supplementary Figure 5.6 | Continuous variation of hindwing colouration associated with 
genotype at the two insertions, when both insertions are homozygous for the deletion (Hom-
Del_both), one is homozygous for the deletion and the other heterozygous (Hom-Del&Het), 
both are heterozygous (Het_both), one is homozygous for the insertion and the other 
heterozygous (Hom-Ins&Het) and both are homozygous for the insertion (Hom-Ins_both).  
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A yellow gene controls male colour 

polymorphism in the wood tiger moth 

2.1   Abstract 

Unpalatable species often use colouration to advertise their toxicity. These cases of warning 

colouration are expected to be under positive frequency dependent selection, with 

populations converging onto one aposematic phenotype to share the costs of teaching 

predators. However, there are several puzzling cases of aposematic polymorphisms found in 

the wild. The wood tiger moth (Arctia plantaginis) is a palearctic species that uses bright 

hindwing colouration to advertise its toxicity, in which males have two distinct morphs that 

are maintained in the populations. The male morphs have yellow or white hindwings and vary 

in other phenotypic traits such as behaviour, chemical defences, and physiology. This complex 

phenotype is maintained at stable population frequencies and is determined by a single 

Mendelian locus with two alleles. Here, in collaboration with Dr Melanie Brien, I show that a 

white specific duplication of a yellow gene is associated with morph determination. Using 

gene expression analyses of A. plantaginis individuals across development, I show that the 

duplicated gene, which we name valkea, is highly expressed in the dominant morph and 

absent in the recessive. The yellow gene family is involved in melanin pigmentation and 

behaviour in other species of insects and is thus a strong candidate for this phenotype. This 

study adds to the evidence suggesting that multiple co-adapted traits can have a simple 

genetic architecture and will serve as the basis for future work on complex phenotypes.   
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2.2   Introduction 

Understanding how phenotypic diversity is generated and maintained in the wild is a key 

question in evolutionary biology. Polymorphisms are of special interests to evolutionary 

biologists, as selection and drift are expected to reduce genetic diversity, pushing the alleles 

with the highest fitness to fixation. However, there are multiple examples of stable 

polymorphisms in the wild, from Heliconius butterflies to wall lizards (Andrade et al., 2019; 

Brown and Benson, 1974).  

A particularly interesting case are complex polymorphisms, adaptive combinations of multiple 

traits that are inherited together and that are maintained in the population. The stability of 

complex polymorphisms is dependent on its genetic architecture, as linkage between the 

various co-adapted traits is necessary to ensure their joint inheritance. In the literature, two 

possible architectures have been hypothesised, a single regulatory gene hypothesis and 

supergenes (reviewed in (Thompson and Jiggins, 2014)). Under the single regulatory gene 

hypothesis, a single gene interacts with multiple downstream targets affecting their 

expression or function. This gene is therefore the regulator of all the co-adapted traits in the 

complex polymorphism. It seems plausible that a gene such as a transcription factor could 

play such a role, but it is unclear how other genes could have such a broad phenotypic effect 

(Andrade et al., 2019). In contrast, in the supergene hypothesis, co-adapted alleles controlling 

each trait of the polymorphism are in linkage disequilibrium, maintaining the co-inheritance 

of all traits. Often, supergenes contain structural variation such as inversions and deletions 

that reduce the recombination rate across the region and ensure the joint inheritance of 

divergent alleles (Küpper et al., 2015; Lamichhaney et al., 2016; Schwander et al., 2014; Wang 

et al., 2013). Unravelling the genetic basis of complex polymorphisms can therefore shed light 

on how phenotypic diversity is maintained in the wild.  

Some of the most prominent examples of polymorphisms come from the Lepidoptera. The 

genetic basis of warning colouration in tropical Heliconius butterflies has been extensively 

studied (Hines et al., 2011; Nadeau et al., 2016; Reed et al., 2011; Westerman et al., 2018; 

Zhang et al., 2017b). Although historically moths have received less attention, some of the 

most remarkable examples are found in this group, such as the stable polymorphism in the 

scarlet tiger moth (O’Hara, 2005) and melanism in the peppered moth (van’t Hof et al., 2016).  



Introduction 165 

The wood tiger moth (Arctia plantaginis) is a particularly attractive system to investigate the 

evolution of colour polymorphism. Males of this species are polymorphic in warning 

colouration, both locally and on broader geographical scales. Discrete hindwing morphs are 

found across Europe, with yellow and white being the most common (Hegna et al., 2015). 

Such polymorphism is not expected in aposematic species, as selection is stronger against 

rare forms creating positive frequency dependence. However, in the wood tiger moth, 

geographic and temporal variation in predation pressure produces changes in morph fitness 

and maintains the polymorphism (Galarza et al., 2014). Colour morphs are associated with a 

suit of other traits such as chemical defences (Rojas et al., 2017), flight activity (Rojas et al., 

2015), sexual selection (Gordon et al., 2015; Nokelainen et al., 2012) and immune response 

(Nokelainen et al., 2013), and are determined by a single Mendelian locus with two alleles, 

the dominant white (W) and the recessive yellow allele (y). Although much is known about 

the ecology of male wing colour polymorphism in wood tiger moth, its genetic underpinnings 

remain a mystery.  

This chapter represents a collaboration in which we have used QTL, GWAS and RNAseq 

approaches to identify a single gene from the yellow gene family as the gene controlling the 

development of male wing colour morphs in the wood tiger moth. Previous work had carried 

out a GWAS and QTL mapping analysis of male polymorphism. I used these results to 

determine a list of candidate genes, obtain RNA-seq data from several stages of development, 

describe the gene expression patterns observed in pupal wings and pinpoint the genes 

presenting differential gene expression between morphs. I also examined the functions of the 

differentially expressed genes between morphs throughout development and performed an 

enrichment analysis. Finally, I described the gene expression patterns observed in tiger moth 

wings throughout development and compared them to the Nymphalid butterfly Vanessa 

cardui.  
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2.3   Methods 

2.3.1   Rearing and dissections  

A. plantaginis were reared at the University of Jyväskylä in Finland by Prof Johanna Mappes 

research group, where lines of homozygous dominant white males (WW) and homozygous 

recessive yellow males (yy) were established. Pupae and larvae were sent to Cambridge, UK, 

where they were kept between 22 and 30˚C. Larvae were fed fresh dandelions (Taraxacum 

sp.) leaves until pupation. Pupae were sexed and only males were used.  

 

 

Figure 6.1 | Experimental design used to identify candidate genes associated with colour morphs. Four 
sampling points were used along pupal development. Two early stages, 72 hours and 5 days, in which 
no colouration was visible, and two later ones, pre-melanin and melanin, in which yellow and black 
pigmentation had been deposited.   

 

To explore which genes are involved in colour formation in A. plantaginis, I collected hindwing 

tissue across development. Given that yellow genes and other melanin pathway genes are 

highly expressed in pupal stages (Ferguson et al., 2011; Zhang et al., 2017a), I focussed on 

these (see section 6.3.3). I sampled 4 developmental times using morphological differences 

to define those (Figure 6.1 and Supplementary Figure 6.1); 72-hours and 5 days, where no 

colouration has appeared; pre-melanin stage, where yellow colouration is visible in yy 

individuals; and melanin stage, where black melanin s deposited. I sampled 5 individuals per 

genotype and stage (40 individuals in total). Hindwings and forewings were stored separately 

in RNA-later (Sigma-Aldrich) at 4˚C for 2 weeks and later transferred to -20 ˚C, while the rest 

of the body was stored in pure ethanol at -20˚C.  
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2.3.2   RNA extractions  

Once the dissections had been performed, I extracted total RNA from hindwing tissue using a 

standard hybrid protocol. First, I transferred the wing tissue into Trizol Reagent (Invitrogen) 

and homogenised it using dounce tissue grinders (Sigma-Aldrich). Then, I performed a 

chloroform phase extraction, followed by DNase treatment (Ambion) for 30 mins at 37˚C. I 

measured the concentration of total RNA using Qubit Fluorometric Quantitation (Therofisher) 

and performed a quality check of the RNA integrity number (RIN) using an Agilent 4200 

TapeStation (Agilent). The extracted total RNA was stored at -20˚C before being sent to 

Novogene UK for library preparation and sequencing.   

2.3.3   Differential gene expression of A. plantaginis  

First, I performed quality control and low quality base and adapter trimming using 

TrimGalore! (Krueger, 2015). Using STAR (Dobin et al., 2013), I then mapped the trimmed 

reads to the A. plantaginis reference genome assembled using the homozygous W individual. 

I performed a second round of mapping (2pass) including as input the output splice junctions 

from the first round. The A. plantaginis genome annotation iArcPla.TrioW.Curated.20190705 

(Yen et al., 2020) was included in each round of mapping. I then used FeatureCounts to 

summarise read counts by gene (Liao et al., 2013).  

To identify the gene or genes controlling the development of wing colour in A. plantaginis, I 

performed a genome wide differential expression analysis using limma-voom in R (Ritchie et 

al., 2015). First, I defined a categorical variable, ‘GenStage’, with 8 levels containing the 

genotype and stage information of every individual sample (e.g., yy72h, WW72h, yy5days, 

etc.). Then, I built the design matrix fitting a model with GenStage as the only fixed effect 

factor contributing to the variance in gene expression and included family as a random effect 

factor (gene expression ~ 0 + GenStage + (1|Family)). After that, I filtered lowly expressed 

genes, which resulted in a reduction of the number of tested genes from 17,930 to 10,920 in 

the W-mapped one. MDS plots were generated using the plotMDS function from limma. 

Finally, I extracted the list of genes that are differentially expressed in each stage using the 

Benjamini-Hochberg procedure to correct for multiple testing.   
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2.3.4   Orthology Assignment  

To infer orthology between A. plantaginis and V. cardui, D. melanogaster and H. melpomene, 

I used OrthoFinder (Emms and Kelly, 2019), a comparative genomics tools that finds orthologs 

and infers rooted trees among protein sequences. To do that, I used protein sequences from 

6 Lepidoptera species, Plutela xylostella (GCA_905116875_2), Bombyx mori 

(GCF_014905235_1), Spodoptera frugiperda (GCF_011064685_1), Parnassius apollo 

(GCA_907164705_1), Pieris macdunnoughi (GCA_905332375_1) amd Pararge aegeria 

(GCF_905163445_1) and Drosophila melanogaster (GCF_000001215_4).  I ran the 

primary_transcript.py utility from OrthoFinder to extract only one transcript per protein, and 

then ran OrthoFinder with default settings.  

Not all genes were assigned to orthogroups. To get the most likely candidate homologue for 

remaining genes, BLASTp was used between A. plantaginis and H. melpomene and D. 

melanogaster (BLAST, 2013). First, I extracted the amino acid sequences for all predicted 

proteins in the A. plantaginis and used BLASTp to find the most similar match in a database 

of H. melpomene predicted proteins. All matches were required to have an e-value < 1e-5 and 

only the top result was used for each protein, selecting the match with the minimum e-value 

and in case of two matches having the same e-value, I selected the one with the highest 

identity percentage.  

2.3.5   Gene Ontology analysis  

Once all orthologues had been identified, I extracted the GO terms for each gene in the 

genome using the interprot database (Blum et al., 2021). After that, I performed a Gene 

Onthology (GO) analysis using the package TopGo in R (Alexa and Rahnenführer, 2022). GO 

terms enrichment was analysed separately for each developmental stage. 
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2.3.6   Analysis of V. cardui RNA-seq data and genome-wide gene expression 
comparison of V. cardui and A. plantaginis  

I downloaded V. cardui developmental RNA-seq data from SRA, project id PRJNA293289. I 

analysed the reads following the same methods used for the A. plantaginis data (see above), 

using the V.cardui reference genome ASM2240509v1 (Zhang et al., 2021) for mapping. I 

analysed the count data by fitting a model with ‘developmental stage’ as the only factor (gene 

expression ~ 0 + developmental stage). Then, using a contrast matrix, I compared the 

expression between all pairs of stages. Only genes with p-value < 0.001 in any of the 

comparisons were retained. To be able to compare datasets, I re-analysed the W-mapped A. 

plantaginis data fitting a model with two factors, genotype and developmental stage (gene 

expression ~ 0 + genotype + developmental stage) and extracting the appropriate contrasts. 

For the comparison with V. cardui, I retained only the top differentially expressed genes (p-

value < 5e-07) 
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2.4   Results 

2.4.1   yellow family genes are found at the GWAS association peak 
Previous results had shown that male colour polymorphism in the wood tiger moth is 

controlled by a narrow region of the genome situated in scaffold 206 of the reference genome 

iArcPla.TrioY.Curated.20190705 (Figure 6.2A)(Yen et al., 2020). To identify candidate genes 

for the control of morph development, I searched for orthologous protein sequences in the 

Drosophila melanogaster and Heliconius melpomene genome and identified the genes in and 

around the GWAS association peak. The association peak is 98,836 bp long and includes two 

genes, yellow-e and yellow-g2 (Figure 6.2B-C). Both genes belong to the yellow gene family, 

which has been previously associated with melanin wing colour development in Lepidoptera 

and Drosophila (Zhang et al., 2017a). These two genes found within the association peak are 

thus strong candidates for the control of male wing polymorphisms in the A. plantaginis. 

However, another possibility could be that the associated region contains a regulatory 

element that modifies the expression pattern of a gene found outside the association peak. 

15 genes are found in the broader candidate region (9,700,000 to 10,150,000 in Scaffold 206). 

Of those, 5 are yellow family genes, including the 2 genes found in the association peak, and 

6 are ATP binding cassette subfamily A members (Supplementary Table 6.1.). To pinpoint 

which of these candidate genes is controlling male wing polymorphism development in A. 

plantaginis I obtained RNA samples and performed gene expression analysis.  
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Figure 6.2 | A region in scaffold 206 is associated with variation between male colour morphs. A. A 
GWAS between yellow and white males shows a unique peak in scaffold 206. B and C. The associated 
peak of ~98kb includes two yellow family genes.  
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2.4.2   The association peak contains a duplication 
The trio binning method used by Yen et al. 2020 to produce the A. plantaginis reference 

genome produced two reference sequences, one for a white and one for a yellow allele. In 

collaboration with Dr Melanie Brien, I extracted the region containing the QTL interval from 

the yellow reference and aligned it with the white reference. This showed a duplicated region 

approximately 100kb long in the white reference, containing 5 genes (Supplementary Figure 

6.1). Using BLASTp searches and pairwise alignments, we determined that the yellow-e gene 

is duplicated in the white reference. One copy (jg1310) has 7 exons and is similar to the 

yellow-e gene in the yellow reference (99.7% identity in coding sequences). The second copy 

unique to the white scaffold (jg1308) has only the first 5 exons (81.8% identical to the gene 

in the yellow reference). We named this gene valkea, meaning ‘white’ in Finish. In the light of 

these results, I performed differential gene expression analysis on the W reference genome, 

as it contains the duplicated region that includes valkea.  

2.4.3   Developmental stage is the main driver of genome wide gene 
expression 

To pinpoint which of these candidate genes controls male wing polymorphism, I performed 

gene expression analysis of A. plantaginis individuals across development (Figure 6.1). Based 

on knowledge of the expression patterns of yellow genes (Ferguson et al., 2011) and other 

colouration genes particularly involved in melanin synthesis in Lepidoptera (Zhang et al., 

2017a), I hypothesised that changes in gene regulation that control the development of wing 

colour morphs in the tiger moth most likely occurs during pupal development. Therefore, I 

generated RNA-seq libraries for wing tissue from wood tiger moth males across pupal 

development. I first described pupal development of the wood tiger moth, in order to choose 

the developmental stages for transcriptomic analysis. Pupal development in the wood tiger 

moth lasts for 8 days. Yellow colouration appears first at day 7, and a few hours after that, 

black melanin is deposited. I used these morphological differences between stages to define 

my sampling developmental times (Figure 6.1 and Supplementary Figure 6.1). I sampled 4 

developmental times, two stages early in development, 72-hours and day 5, in which no 

colouration is present in the wings; and two stages later in development, once yellow 

coloration has appeared (pre-melanin, 7 days old pupae) and the other after black melanin 

has also been deposited (melanin, 7-8 days old).  
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Then I obtained RNAseq of the samples and analysed the whole genome pattern of 

expression. I filtered out lowly expressed genes and retained 10,920 genes for DE analysis. 

Then, I examined the genome-wide variation in gene expression between samples using a 

multidimensional scaling (MDS) and determined that developmental stage was the main 

factor explaining most of the variation in gene expression (Figure 6.3). Such a pattern would 

be expected as many genes are involved in development and thus are likely to be differentially 

expressed between developmental stages. No apparent clustering can be observed among 

samples of the same colour morph, perhaps consistent with the fact that the phenotype is 

controlled by a single Mendelian locus such that few genes are DE between morphs. Although 

that would not be necessarily expected if the expression of many downstream genes is also 

affected. These results suggest that more genes are involved in expression profiles specific to 

the developmental stage, rather than the wing phenotype.   

 

 

Figure 6.3 | Genome wide expression patterns are shaped by developmental stage. Multidimensional 
scaling of gene expression shows that samples cluster by developmental stage rather than male colour 
morph. Developmental stage names have been abbreviated: 72h=72 hours, 5d=5 days, Premel=pre-
melanin and Mel=melanin.  
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2.4.4   Valkea is highly expressed in the white morph at the colour forming 
stage  

Following that, I examined differential expression between colour morphs. Overall, 99 genes 

were differentially expressed (FDR < 0.05) between the two morphs (Figure 6.4). Of these, 49 

were upregulated in the yy morph, while the remaining 50 were upregulated in WW 

individuals. The earliest developmental stage, 72-hours, was the stage with the highest 

number of DE genes (n = 48), while the 5-day old stage had the fewest (n=7). One gene was 

over-expressed in yy in the three first stages (see section 6.3.5).  

From the 22 genes identified within the GWAS and QTL candidate region, only two, yellow-e 

and valkea, were differentially expressed in any of the comparisons. valkea was 

overexpressed in white individuals in the pre-melanin stage with a Log Fold Change of 10.32 

and a p-value of 2.18e-06 (Figure 6.4B-C). Since valkea is only present in the W genome any 

expression in the Y genome must result from mismapped reads. yellow-e was also 

overexpressed in white individuals with a Log Fold Change of 3.86 and adjusted p-value of 

5.62e-06. In other developmental stages, neither valkea nor yellow-e showed differences in 

expression between morphs (Figure 6.4B).   
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Figure 6.4 | Valkea is overexpressed in white males in the pre-melanin stage. A. Genome wide 
differential expression (DE) analysis between yellow and white males shows that the 72 hours stage 
has the most DE genes, followed by the pre-melanin, melanin, and 5 days. B. Expression of valkea 
across developmental timepoints shows that it has higher expression measured in Log2 CPM (Counts 
Per Million) in white individuals compared to yellow ones.  C. DE analysis of all genes at the pre-
melanin stage shows that valkea is the most DE gene (i.e. gene with the highest Log Fold Change).  

 

Finally, it could also be that the GWAS and QTL peak contain a cis-regulatory element (CRE) 

that regulates the expression of a gene outside the peak but in the same linkage group 

(chromosome 12). 10 genes are differentially expressed between colour morphs apart from 

yellow-e and valkea and are located on chromosome 12 of the WW assembly (chromosome 

9 of the yy). These genes are differentially expressed at different stages, 1 gene at 72 hours, 

2 at 5-days, 4 at pre-melanin and 3 at the melanin stage. 5 of these genes have orthologues 

in D. melanogaster and of particular interest is cryptochrome (jg2035), which is a circadian 

clock regulator (Supplementary Table 6.2).  
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2.4.5   The transcription factor, CG2129, is overexpressed in white individuals 
in three consecutive developmental stages  

When looking at the expression patterns of genes outside the region of association, I 

identified one gene, CG2129 (jg15945, identified by orthology with D. melanogaster) found 

in chromosome 25, that is significantly overexpressed in yellow individuals in three different 

consecutive stages, 72 hours, 5 days and pre-melanin (Supplementary Figure 6.2 and 6.3). 

CG2129 encodes a zinc finger transcription factor in D. melanogaster expressed during 

embryo development (Brown et al., 2014), which makes it a good candidate for male colour 

morph development. One possibility is that a cis-regulatory element at the W-specific 

insertion controls the expression of a regulatory gene early in development, which regulates 

the expression of CG2129. In turn, CG2129 regulates the expression of other downstream 

genes.  

2.4.6   Gene Ontology analysis  

To explore the functional differences between the transcriptomic profiles of the two morphs, 

I performed a gene ontology (GO) analysis. 99 genes showed DE between morphs (p value < 

0.05), of those, 49 were overexpressed in yy individuals and 50 in WW. To find the GO terms 

associated with these genes, I first found their orthologues in the Heliconius melpomene 

genome and then retrieved the list of GO terms associated with each gene. Out of the 99 

genes annotated in the A. plantaginis genome, 90 genes had orthologues in the H. 

melpomene genome, all of which had annotated GO terms. From the GO terms strongly 

enriched (elimKS < 0.01), none was shared between stages (Supplementary Figure 6.4). Each 

stage presented 1 to 3 significantly enriched GO terms.  

2.4.7   Comparison of gene expression through development of the wood 
tiger moth and Vanessa cardui 

Finally, I wanted to explore further the genome wide expression patterns through 

development in A. plantaginis and to compare them to other Lepidoptera species. If 

development pathways have been conserved across the Lepidoptera, I would expect to find 

genes with similar patterns of expression through time. To do that, I analysed an RNA-seq 

dataset of Vanessa cardui from (Zhang et al., 2021), which includes dissected hindwings 

across development, including the same developmental timepoints as my dataset (72 hours, 
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5 days, pre-melanin and melanin). V. cardui is a Nymphalid butterfly distantly related to A. 

plantaginis (99 MYA; (Kumar et al., 2022)). Crucially, colour pattern development in V. cardui 

parallels that of A. plantaginis. Development lasts for 8 days in both species, with early 

developmental stages (up to 6 days) showing no pigment deposition but white scales being 

visible (Connahs et al., 2016). After that, orange/yellow pigments are deposited at day 6-7, 

followed by melanin deposition. Despite the parallels, orange colouration is formed by 

ommochrome pigments in V. cardui, while pheomelanins are the most likely pigment that 

produce yellow colouration in A. plantaginis (Appendix B).  

The two datasets require the use of different reference genomes. Thus, to be able to compare 

the results, I identified orthology relationships between the two annotations using OrthoDB. 

I included 6 Lepidoptera species and Drosophila melanogaster to maximise the chances of 

inferring the correct orthologue pairs (see Methods). First, I analysed the two datasets 

separately, producing lists of differentially expressed genes in each species, comparing all 

pairs of developmental stages. Then, I merged the results using the orthology relationships 

previously produced.  

The genome wide patterns of expression recapitulated differences between species (p-value 

< 0.05, MDS). However, when focusing on the top 91 differentially expressed genes between 

stages (p-value < 5e-07 for A. plantaginis and p-value < 0.001 for V. cardui), most of the 

variation in gene expression was explained by stage rather than species (Figure 6.6.A-B). That 

means, that there is a set of genes with a pattern of gene expression that is stage specific and 

conserved between the two species. Clustering analysis using k-means groups samples by the 

4 developmental stages, except for the two pre-melanin V. cardui samples which are grouped 

with all the melanin samples. There are no differentially expressed genes between the pre-

melanin and melanin V. cardui samples, which explains why the samples group together in 

the k-means clustering and MDS. These 91 genes differentially expressed in both species are 

broadly linked to various gene ontology terms relating to metabolic processes, such as organic 

substances, nitrogen and chitin metabolic processes, and transcriptional processes 

(Supplementary Table 6.3). 
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Figure 6.5 | 91 genes show stage-specific expression patterns that are common between A. 
plantaginis and V. cardui. A. Multidimensional scaling of Log Fold Change of the top 91 DE genes 
between stages shows clustering by developmental stage, instead of species. B. The study systems V. 
cardui (top) and A. plantaginis (bottom). C. Clustering analysis shows that the 91 candidate genes have 
stage specific expression that is common in both species. Samples are clustered by similarities in their 
expression profiles.  
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2.5   Discussion  

Male Arctia plantaginis present distinct hindwing colour morphs that also co-vary in other 

life-history, physiological and behavioural traits, making it a complex polymorphism. Using 

gene expression data, I have shown that a yellow family gene, valkea, is the most likely 

controller of morph development. valkea is situated at the centre of the association peak 

identified though GWAS and QTL mapping and is a recent duplication of yellow-e, which has 

been linked to colour polymorphisms in other Lepidoptera (Ferguson et al., 2011). A 

duplication of yellow-e and its flanking region produced an insertion that is only found in 

white alleles and contains valkea, and such asymmetry between morphs (i.e. 

presence/absence of the insert) reduces recombination and maintains the joint inheritance 

of the loci in the insert. Furthermore, valkea is highly expressed in white individuals in the 

pre-melanin stage of development, and not present in yellow individuals. This pattern of 

expression would be expected from the gene responsible for morph development as colour 

is inherited as a Mendelian single locus with two alleles, where the white allele is dominant 

over yellow. 

The genetic control of complex polymorphisms has been a long-standing puzzle for 

evolutionary biologists. Historically they have been explained by invoking ‘supergenes’, a 

tightly linked cluster of genes that control multiple phenotypic traits and are inherited 

together. Recently multiple spectacular examples of supergenes controlling complex 

polymorphisms have been described (Küpper et al., 2015; Lamichhaney et al., 2016; Yan et 

al., 2020); reviewed in (Schwander et al., 2014). However, in the absence of a supergene, it is 

unclear how a single gene, i.e. valkea, can control the development of a such broad array of 

phenotypic traits. A possible explanation is that valkea has a similar function to input-output 

genes; these are genes that sit at the centre of developmental pathways, having many input 

sources and interacting with multiple downstream gene targets. By influencing the expression 

of several genes, input-output genes can control the development of complex characters. A 

potential example of this has been identified in Colias butterflies, in which two alternative life 

history strategies are controlled by a single gene, BarH-1 (Woronik et al., 2019). Nonetheless, 

BarH-1 is a transcription factor, and it is thus more feasible that it could interact with multiple 

downstream targets and with that have a broad phenotypic effect. It is less clear, though, 
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how a gene that does not code for a transcription factor and that is situated downstream of 

a colour pathway, such as in the case of valkea, can also alter the development of other 

characteristics apart from colour. 

Crucially, hypothesising that valkea is the central gene controlling the complex phenotype in 

A. plantaginis assumes that it can alter the expression of multiple downstream genes and 

influence several phenotypic traits. The yellow family of genes, to which valkea belongs, have 

a highly conserved function in melanin colouration throughout insects (Ferguson et al., 2011; 

Miyazaki et al., 2014; Wittkopp et al., 2002; Zhang et al., 2017a). Interestingly, yellow has also 

been linked to male courtship in D. melanogaster and Bicyclus anynana (Wilson et al., 1976). 

Furthermore, yellow genes share a common origin with Major Royal Jelly Protein (MRJP) 

genes, which are crucial for caste regulation in honey bees (Drapeau et al., 2006). Thus, it 

could be that valkea has a similar function to MRJP genes regulating behaviour and other 

phenotypic traits. However, the differences in courtship behaviour in D. melanogaster males 

have been shown to be a direct effect of the variation in pigmentation in yellow mutants, as 

reduced melanisation results in changes in the structure of sex combs, which are necessary 

for mating (Massey et al., 2019). Thus, the function of yellow genes in colouration in insects 

is well-defined, but it is less clear if and how they can influence other phenotypic traits.  

An alternative explanation of how the duplication is determining morph identity is that a cis-

regulatory element (CRE) found in the white specific flanking regions of valkea controls the 

expression of a gene situated outside the region. That gene could regulate the expression of 

many downstream targets that produce the range of linked traits in the morphs, including the 

high expression of valkea in white individuals. This could explain the over-expression of 

CG2129 in yellow individuals in the early pupal stages (72 hours, 5 days and pre-melanin), 

which would be a target gene. CG2129 is a transcription factor and could regulate other 

downstream genes. The reduction in recombination caused by the presence-absence of the 

insertion in the white and yellow individuals would ensure the joint inheritance of the CRE 

and valkea and guarantee the correct development of the white morph with all its associated 

traits. In such a case, the insertion should be considered a supergene.  

Furthermore, there is the possibility that differences in expression of valkea or other genes 

have been missed due to the experimental design. Differences in gene expression happening 
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either earlier in development (e.g. larval or very early pupa) or in other tissues would have 

been missed in the analysis. Nevertheless, a gene with such a broad effect and controlling a 

developmental cascade is likely to be expressed widely in the body, including the wings. 

Lastly, it could be that valkea has a tissue and/or stage specific effect—that it is differentially 

expressed in other tissues and/or stages, but that in those it has another function other than 

colouration.  

Finally, I explored gene expression through development in A. plantaginis and I have shown 

that the expression of a core set of 91 genes is conserved through development compared to 

V. cardui, which are 99 MYA. These genes produce a stage specific expression pattern that is 

common to both species and can be recognised by clustering and dimensionality reduction 

analyses and are related to broad transcriptional and metabolic processes. These results show 

that a core group of genes is conserved in Lepidoptera species, which could be used for 

comparative staging of wing development in other species. 

In summary, I have identified a yellow family gene, valkea, as the main candidate for the 

control of a complex polymorphism in A. plantaginis. However, further functional tests are 

necessary to prove causality, explore how valkea is regulating the co-adapted traits and 

evaluate whether a CRE present in the duplicated region is controlling the expression of 

multiple downstream genes that regulate the co-adapted traits. This study is an intriguing 

example showing that polymorphisms involving multiple co-adapted traits can have a simple 

genetic basis and provides the basis for further work on the genetic architecture of complex 

phenotypes.  
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2.6   Supplementary Information  
 

Start 

Position 

End 

Position 

A.pla ID D.mel ID Gene Name 

D.mel 

% 

identity 

Length Start 

Position 

257 1494 jg6745.t1 NP_001259764.1 Abca3 34.97 1264 257 
257 1494 jg6745.t1 NP_001259765.1 Abca3 34.97 1264 257 
94 1808 jg6747.t1 NP_001259764.1 Abca3 36.72 1792 94 
94 1808 jg6747.t1 NP_001259765.1 Abca3 36.72 1792 94 
6 541 jg6746.t1 NP_608445.2 ABCA 42.17 543 6 
6 541 jg6746.t1 NP_001259765.1 Abca3 42.17 543 6 
6 541 jg6746.t1 NP_001259764.1 Abca3 42.17 543 6 
23 410 jg6738.t1 NP_651912.3 yellow-h 38.69 398 23 
14 393 jg6742.t1 NP_524344.1 yellow-e  47.66 384 14 
35 1767 jg6749.t1 NP_608445.2 ABCA 39.36 1771 35 
58 366 jg6743.t1 NP_523888.1 yellow-g 29.69 320 58 
17 1625 jg6748.t1 NP_001259764.1 Abca3 41.04 1657 17 
17 1625 jg6748.t1 NP_608445.2 ABCA 41.04 1657 17 
17 1625 jg6748.t1 NP_001259765.1 Abca3 41.04 1657 17 
72 241 jg6741.t1 NP_650289.2 yellow-e2 42.78 180 72 
65 781 jg6744.t1 NP_001286856.1 Usp15-31 43.76 825 65 
65 781 jg6744.t1 NP_001286855.1 Usp15-31 43.76 825 65 
113 497 jg6739.t1 NP_651912.3 yellow-h 42.71 391 113 

 
Supplementary Table 6.1 | BLAST results of A. plantaginis genes found in and around the QTL 
and GWAS peak. All BLAST hits were filtered by e-value < 1e-5. If two matches had the same 
e-value, the one with the highest % identity was chosen.   
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Supplementary Table 6.2 | List of differentially expressed genes found in the linkage group 
containing scaffold 419 (WW reference). 
 

Genes Log Fold 
Change 

Average 
Expr. 

t P. Value Adjusted 
P.Value 

B Stage 

jg1153 -6.95 -3.46 -7.64 5.37E-09 5.86E-05 8.08 mel 
jg1308 10.31 1.41 5.64 2.18E-06 1.19E-02 4.58 premel 
jg1310 3.86 4.91 5.33 5.62E-06 2.05E-02 3.96 premel 
jg14032 -1.70 6.31 -4.70 3.81E-05 3.78E-02 2.14 premel 
jg14802 3.04 0.14 4.49 7.21E-05 4.01E-02 1.53 premel 
jg15101 -3.88 -1.38 -6.56 1.34E-07 4.88E-04 6.41 mel 
jg15103 1.64 2.04 4.73 3.54E-05 1.68E-02 2.26 72h 
jg15168 2.21 1.02 5.19 8.67E-06 3.15E-02 3.25 5days 
jg2034 2.49 1.94 4.38 1.02E-04 4.44E-02 1.29 premel 
jg2035 2.95 1.93 4.32 1.19E-04 4.81E-02 1.15 premel 
jg8680 3.42 -0.10 6.69 9.09E-08 9.46E-04 7.72 5days 
jg9028 3.24 0.51 4.67 4.22E-05 3.89E-02 2.02 mel 
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Supplementary Figure 6.3 | Wing development in A. plantaginis. At 5 days of pupal 
development, no colour has deposited in white (WW, a) or yellow individuals (yy, b). At 7 
days, white individuals show no colour, while yellow individuals present yellow colouration 
(c). After 8 days of development, white (f-g) and yellow (h-i) males show fully formed wings.  
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Supplementary Figure 6.2 | Venn-diagram of differentially expressed genes between male 
colour morphs in each developmental stage.    
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Supplementary Figure 6.3 | Gene expression in Log2 Counts Per Million of the gene jg15945 
(CG2129). Expression between white (WW) and yellow (yy) morphs is significantly different 
(p.value<0.05) at 72 hours (72h), 5 days (5d) and pre-melanin stage (Premel), but nor at the 
melanin stage (Mel).    
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Supplementary Figure 6.4 Gene Ontology (GO) term analysis of gene expression by 
developmental stage in A. plataginis shows that there are not any GO terms shared between 
developmental stages. 
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Conclusions 

Studies of colouration have been crucial to improve our understanding of adaptive evolution 

(Chapter 1). Wing phenotypes of butterflies and moths have provided compelling examples 

of adaptations, such as mimicry and warning colouration, and of their genetic basis (reviewed 

in (Jiggins et al., 2017). Through multiple studies of Lepidoptera species, two general patterns 

have started to emerge. First, that gene re-use for adaptive wing phenotypes is widespread 

in the Lepidoptera (Livraghi et al., 2021; Martin et al., 2014; Martin and Reed, 2014; Palmer 

and Kronforst, 2020; van’t Hof et al., 2016). And second, that structural variation is key in the 

evolution of adaptive wing phenotypes (Jay et al., 2018; Joron et al., 2011; Kim et al., 2022; 

Livraghi et al., 2021; Martin et al., 2020; van’t Hof et al., 2016; Woronik et al., 2019). In this 

thesis, I have used large genomic and transcriptomic datasets of Hypolimnas butterflies and 

the wood tiger moth, Arctia plantaginis, to explore these two generalities.  

2.7   Gene re-use for adaptive wing phenotypes is widespread in 
the Lepidoptera 

Repeated phenotypic evolution has been a topic of interest for evolutionary biologists for a 

long time, particularly with the aim of clarifying if convergent phenotypes are indeed the 

result of similar genetic changes (reviewed in (Stern, 2013)). Theory predicts that the most 

likely genetic changes that will spread through a population under directional selection, and 

thus to underlie adaptations, are those that produce the advantageous phenotype with the 

minimum number of changes and that have low pleiotropic effects (Gompel and 

Prud’homme, 2009; Stern, 2013, 2011; Stern and Orgogozo, 2008). Genes with a small 

number of functions in several species might have limited pleiotropic effects and evolve 

independently to control convergent phenotypes. This echoes the speculations of Haldane, 

who suggested that repeated evolution arose by a combination of similar selective pressures 

and shared genetic biases in the production of genotypic variations (Haldane, 1932).  
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In line with this, the shape of developmental pathways has been argued to be crucial in 

repeated evolution at the genetic level with ‘input-output’ genes sitting at central points of 

developmental pathways and acting as switches for more complex phenotypes (Chapter 

1)(Gompel and Prud’homme, 2009; Martin and Courtier-Orgogozo, 2017; Stern, 2013, 2011; 

Stern and Orgogozo, 2008). This has been claimed to be of particular importance in 

phenotypes encompassing multiple traits and thus requiring the coordinated action of 

multiple genes. In those cases, ‘input-output’ genes have minimum pleiotropy, as they can 

alter the expression of the necessary downstream genes concertedly. Contrastingly, changes 

in patterning genes upstream of input-output genes would have effects that would be too 

broad, while mutations at genes downstream would have effects that would be too limited. 

The genes shavenbaby and scute in Drosophila species are considered examples of input-

output genes, as they integrate patterning information to direct trichome and bristle 

development, which requires the coordinated effect of several genes (Stern and Orgogozo, 

2008). Another possible example of input-output genes are the Bab transcription factors, 

which integrate segment and sex specific information to direct melanisation pattern in 

Drosophila species (Dembeck et al., 2015). In chapter 5, I show that convergent wing mimicry 

in two species of Hypolimnas butterflies is likely to be controlled by cortex, a gene that has 

been repeatedly linked to wing pattern phenotypes in Lepidoptera (Beldade et al., 2009; 

Hanly et al., 2022; Ito et al., 2016; Livraghi et al., 2021; Nadeau et al., 2016; van der Burg et 

al., 2020; van’t Hof et al., 2019). cortex controls scale morphology in Heliconius butterflies 

acting as a switch between type II and type II scale types, like an input-output gene (Livraghi 

et al., 2021). Importantly, temporal and spatial expression differences in cortex have been 

hypothesised to create the differences in wing pattern. Given the number of species in which 

cortex controls wing phenotype, I speculate that cortex acts as an ‘input-output’ gene and this 

capacity to determine scale identity locally through cis-regulatory changes limits pleiotropic 

effects and thus favours the co-option of cortex for wing phenotypes. However, testing this 

hypothesis would be challenging. Crucially, I have shown that the loci associated with 

hindwing white colouration in H. misippus and H. bolina are not homologous, which suggests 

that different putative CRE are determining wing pattern. This is in line with results in 

Heliconius, in which distinct modular enhancers drive cortex expression and determine wing 

phenotype (Enciso-Romero et al., 2017; Livraghi et al., 2021). Finally, although cortex is a 
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strong candidate, the evidence I have provided is only correlational and thus it is possible that 

other genes around cortex are functionally important.  

Similar to cortex, the transcription factor optix has also been linked to wing phenotypes in 

multiple species. In Chapter 5, I show that variation near optix is associated with orange 

colouration in H. bolina. optix is a likely candidate for the control of this phenotype as it has 

been shown to be involved in orange and red colour formation in multiple species of 

Lepidoptera, including several Heliconius species (Reed et al., 2011), Vanessa cardui, Junonia 

coenia and Agraulis vanillae (Zhang et al., 2017b). Interestingly, female H. bolina morphs 

showing a forewing orange spot are non-mimetic, which raises the question of what forces 

have led to the appearance and maintenance of this phenotype (Clarke and Sheppard, 1975). 

In H. misippus the presence of orange colouration is sexually dimorphic in clearly linked to 

mimicry and I hypothesise that it might have evolved by regulatory changes of optix. 

However, I could not test this hypothesis with the datasets produced in this thesis, as all H. 

misippus females are orange and thus no association studies can be performed.   

The evolution of convergent phenotypes can also be the result of different genetic changes, 

particularly when similar phenotypes are generated by distinct molecular processes or 

pathways. For example, red colouration in animals can be produced by ommochromes as well 

as phaeomelanins (Chapter 1) and given that different pathways are involved in the 

production of these pigments, different genes are expected to be the target of adaptations 

relating to variation on these phenotypes. This would lead to convergence in phenotype but 

not in the genetic mechanisms. In chapter 5, I show that a yellow family gene, valkea, is 

associated with alternative reproductive morphs in the wood tiger moth, in which morphs 

differ in several traits including wing colouration, physiology, and behaviour (Gordon et al., 

2015; Nokelainen et al., 2013, 2012; Rojas et al., 2017, 2015). yellow is known to be involved 

in melanin production in Drosophila melanogaster (Wittkopp et al., 2002) and has been 

associated with melanin pigments butterflies including in V. cardui and Papilio xutus (Zhang 

et al., 2017a), and moths including Bicyclus anynana (Matsuoka and Monteiro, 2018; Zhang 

et al., 2017a) and the silk moth, Bombyx mori (Ito et al., 2010), which would explain the 

differences in colouration in the wood tiger moth as those are pheomelanin based. This 

contrasts with the control of yellow pattern elements in Heliconius, which are controlled by 
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the joint effect of cortex and aristaless1 (Livraghi et al., 2021; Westerman et al., 2018). 

However, yellow colouration in Heliconius is produced by 3-OH-K pigments, which requires 

the action of a different molecular pathway than melanins.  

Crucially, it is clear how a valkea, a yellow family gene can be linked to colouration differences 

seen in males, but it is harder to explain how it can be involved in the determination of traits 

unrelated to colour such as the behavioural and physiological differences between the male 

morphs. One option could be that valkea acts as an ‘input-output’ gene controlling multiple 

traits through changes in expression of downstream genes. However, it is hard to understand 

how a colouration gene that is not a transcription factor could regulate the expression of 

target genes. Another option could be that the morphs are involved in an energetical trade 

off stemming from the production of pigment that has knock-on effects on other traits. An 

example of this is seen in Colias butterflies, where behavioural and physiological differences 

between the white alba and orange morphs might be a result of an energetical trade-off 

(Woronik et al., 2019). Finally, another option is that a cis-regulatory element near valkea 

controls the expression of a regulatory gene nearby, which in turn regulates valkea. 

Interestingly, a similar case is found in wall-lizards, in which differences between sympatric 

morphs that vary in colouration and in their ecology and behaviour are associated with two 

narrow regions near a pterin and carotenoid metabolism genes (Andrade et al., 2019).  

Finally, in Chapter 1, I speculate that changes in complex phenotypes such as pattern are 

expected to happen more often in cis-regulatory regions, while changes on simpler 

phenotypes such as colour might happen in coding regions (Chapter 1). This is reminiscent of 

the cis-regulatory hypothesis that proposes that most mutations causing morphological 

variation are expected to reside in cis-regulatory, rather than coding regions of 

developmental genes (Stern and Orgogozo, 2008). Disruption of coding sequences are more 

likely to control colour rather than pattern, as the presence or absence of a pigment can be 

easily produced by a loss-of-function mutation. Examples of this are the multiple cases of 

coding mutations in the melanin gene MC1R, a transmembrane transporter gene that 

activates the pathway leading to the production of black and brown eumelanin (Gross et al., 

2009; Mundy Nicholas I, 2005). In island flycatchers, coding mutations in the MC1R gene or 

Agouti, which encodes MC1R’s antagonist, result in fully melanised plumage(Uy J. Albert C. et 
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al., 2016). Similarly, in budgerigars, variation in feather colouration is associated with a coding 

mutation in the gene MuPKS, which has been shown to produce yellow pigments when 

heterologously expressed in yeast (Cooke et al., 2017). 

In contrast, complex changes in pattern, might require the fine tuning of the expression of 

regulatory genes, rather than an on and off switch. For example, variation in stripe patterning 

in two closely related species of cichlid fish, Pundamilia nyererei and Haplochromis sauvagei, 

are determined by a 1.1 kbp cis-regulatory element controlling the expression of Agrp2, a 

gene of the Agouti family that regulates melanosome aggregation (Kratochwil et al., 2018). 

Similarly, flower colour pattern differences in two species of monkeyflowers, Mimulus lewisii 

and Mimulus cardinalis, is controlled by a cis-regulatory element at the gene LAR1, which is 

involved in the switch between the synthesis of pink anthocyanins and colourless flavonols 

(Yuan et al., 2016). In line with this, in chapter 4 and 5, I show that regulatory changes at the 

M and A/S loci are associated with Batesian mimicry in H. misippus. Similarly, regulatory 

changes at the E and N loci are associated with white hindwing colouration and orange 

forewing colouration in H. bolina. 

2.8   Batesian mimicry as a system for the study of convergent 
evolution 

Mimicry systems offer an ideal opportunity to analyse the repeatability of evolution. In 1945, 

Goldschmidt speculated that mimicry could be produced by shared developmental systems 

between model and mimic, in which single changes could activate ancestral developmental 

pathways to generate the same phenotype in both species (Goldschmidt, 1945). Studies in 

Heliconius butterflies have shown that the multiple events of convergent evolution in wing 

phenotype in the genus are controlled by four main genes cortex (Nadeau et al., 2016), optix 

(Reed et al., 2011), WntA (Mazo-Vargas et al., 2017) and Aristales1 (Westerman et al., 2018). 

These results agree with Goldschmidt’s hypothesis on the evolution of mimicry, but the 

phenotypic closeness of the co-mimics makes the repeated evolution of the control of 

mimicry unsurprising. Also, on many occasions, the adaptive alleles have been shared 

between species through introgression, rather than evolved independently multiple times 

(Jay et al., 2018; Kronforst et al., 2006; Pardo-Diaz et al., 2012; Zhang et al., 2016). 

Contrastingly,  
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Exploring cases of Batesian mimicry, where mimic and model are phylogenetically further 

apart, is crucial to understand if similar phenotypes are always made by similar genetic 

mechanisms as it has been suggested. In chapter 4 and 5, I identified the loci determining 

wing phenotype in the pantropical butterfly in Hypolimnas misippus, which is a Batesian 

mimic of the defended Danaus chrysippus. First, I have shown that the M locus that controls 

the switch between black and white apex and orange forewings is found in chromosome 29. 

The dominant allele M that generates black-and-white wing tips presents two large insertions 

of transposable elements that might be disrupting the function of a cis-regulatory element 

(CRE) of a nearby gene. Contrastingly, forewing phenotype in D. chrysippus is controlled by 

the C locus found in chromosome 15 as part of the BC supergene (Martin et al., 2020). An 

inversion of the BC supergene has reduced recombination between the B locus determining 

brown scales in the wings and the C locus. Second, I have identified the locus controlling 

hindwing white colouration to a region in chromosome 8 near the gene cortex. The same 

phenotype in D. chrysippus is controlled by the A locus found in chromosome 7 (Martin et al., 

2020), which suggests that convergent wing phenotypes in D. chrysippus and H. misippus are 

not produced by homologous loci. This contrasts with the results in Heliconius butterflies 

where different co-mimic species have reached convergent phenotypes by changes in the 

same hotspot loci. Interestingly, brown background colour in D. chrysippus seems to be 

controlled by a gene of the yellow family, the same family as the gene determining the switch 

between morphs in the wood tiger moth. These suggests that brown colouration in D. 

chrysippus could be produced by melanin pigments, as yellow genes have been repeatedly 

shown to be involved in their production, and highlights the importance of understanding the 

pigment basis of colouration.  

2.9   Structural variation is key in the evolution of adaptive 
phenotypes 

Another generality that has started to emerge from studies of wing phenotype in butterflies 

and moths is the involvement of structural variation (SV) in these phenotypes (Joron et al., 

2011; Kim et al., 2022; Livraghi et al., 2021; van’t Hof et al., 2016; Woronik et al., 2019). More 

broadly, structural variants such as inversions have been shown to be crucial in the evolution 

of adaptive phenotypes. For example, alternative reproductive strategies in the ruff, which 
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show differences in plumage colouration, behaviour and body size, have been shown to be 

determined by a supergene containing around a 100 genes. An inversion in the alleles of two 

of the morphs ensures the joint inheritance of the co-adapted loci and leads to the 

maintenance of the polymorphism. Similarly, the two social forms of the fire ant showing 

differences in X and Y differ in a large inversion containing X genes (Wang et al., 2013). Smaller 

SVs, like transposable element insertions, have also been associated with adaptive evolution. 

For example, plumage variation between two subspecies of European crows, Corvus corvus 

corvis and C. corvus corone, is associated in a 2.25 kb retrotransposon insertion that affects 

plumage (Kim et al., 2019). Similarly, TE activity has been shown to be crucial in the evolution 

of stress response in yeast (Weissensteiner et al., 2020) and have been suggested to play a 

role in adaptation in the invasive ant, Cardiocondyla obscurior (Schrader et al., 2014). In 

Chapter 4 and 6 I show that SVs are found at the loci associated with wing polymorphism in 

both H. misippus and A. plantaginis. It is possible that reduced recombination caused by the 

duplication enhances the maintenance of the polymorphism in A. plantaginis. A similar case 

has been seen in Primula plants, in which flower morphology is determined by the S locus, a 

supergene containing five genes that evolved via stepwise duplications (Huu et al., 2020; Li et 

al., 2016). The thrum flower form carries the S locus, while it is absent in pin flowers, which 

has led to the reduction in recombination and the maintenance of the polymorphism (Li et 

al., 2016). Similarly, the TE insertions in the M locus of H. misippus identified in Chapter 4 

might also be reducing recombination, which could lead to the accumulation of deleterious 

mutations through reduced purifying selection. This accumulation of deleterious mutations 

could be leading to associative overdominance, in which heterozygotes are favoured, which 

is seen in the supergene controlling wing phenotype in H. numata (Jay et al., 2021). However, 

it is unclear if such small SVs as the ones in the M locus could reduce recombination to the 

extent of limiting the effect of purifying selection in the region.  

2.10   Future directions 

My thesis has laid the foundation for future work in the evolutionary genetics of wing 

polymorphism in Hypolimnas butterflies and in the wood tiger moth, A. plantaginis. Firstly, 

the first future directions in Hypolimnas would be to functionally test the involvement of 

cortex in hindwing phenotype. Crucially, the putative CRE could be identified and targeted 
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following studies in Heliconius, in which a chromatin accessibility analysis was performed 

(Livraghi et al., 2021). That could help confirm the modularity of the CREs in H. bolina in 

controlling forewing and hindwing white separately. A crucial step would be to clarify the 

evolutionary history of white colouration in H. misippus and H. bolina. I have provided 

evidence that the loci controlling hindwing colouration are not homologous, but it is unclear 

if that is also the case for forewing white patterns elements. Furthermore, to fully understand 

the role of cortex in the evolution of wing phenotypes, scale structure and pigment analyses 

should be performed in Hypolimnas. This would clarify whether cortex has a similar function 

as in Heliconius in determining scale identity and would shed light on the forces behind 

repeated evolution of phenotypes.  

A crucial aspect of the evolution of H. misippus is the maintenance of mimetic polymorphism 

in the population in the apparent absence of selection for mimicry. Now that the loci 

determining wing mimicry have been identified, long-term population studies could be 

carried out to estimate selection at these loci. Furthermore, I have hypothesised that 

forewing polymorphism in H. misippus might be maintained through associative 

overdominance. This hypothesis could be tested by exploring fitness differences in the 

distinct M locus genotypes. Future work could also explore how TE insertions can cause such 

differences in wing phenotype and clarify if they are disrupting a genetic network and 

reversing the phenotype to a more ancestral one. Finally, in Chapter 4, I hypothesised that 

the first mimetic morph to evolve in H. misippus is the all-orange inaria morph. By comparison 

to H. bolina in which orange colouration are associated with an inter-genic region near optix, 

I speculate that changes at optix are controlling orange pigmentation in H. misippus too. 

Identifying the genes determining orange colouration in H. misippus would help clarify how 

mimicry evolved in this species.  

My results shown in Chapter 6 on the genetic basis of wing phenotype in the wood tiger moth 

are only the first steps towards understanding the molecular mechanisms controlling such a 

complex polymorphism. Performing functional testing and evaluating the effects on the co-

adapted traits would enhance our understanding of the joint inheritance of the phenotypes 

and on the role of valkea in morph determination. Future work could bring together our 



Concluding remarks 197 

understanding of the genetic basis of the polymorphism with the ecological observations to 

explore its evolutionary history.  

2.11   Concluding remarks  

In summary, in this thesis, I have explored the extent of repeated evolution in the Lepidoptera 

and shown that often the same genes underlie adaptive phenotypes, such as in white pattern 

elements in Hypolimnas and male wing colouration in the wood tiger moth. These results 

suggest that biases in the repeatability of evolution might exist, with genes with certain 

developmental roles being repeatedly targeted, but this hypothesis remains to be tested. 

Particularly, more evidence and concrete examples are necessary on the role of ‘input-output’ 

genes in convergent evolution. Furthermore, I have shown that structural variants are central 

to wing pattern evolution, with TEs being repeatedly associated with wing phenotypes. These 

results add to the growing evidence from multiple other systems such as ants (Schrader et al., 

2014), yeasts (Esnault et al., 2019), and birds (Weissensteiner et al., 2020) that TE insertions 

play a crucial role in adaptive evolution. Future population genetic studies testing the link 

between small SVs and TE insertions and adaptive loci are necessary to evaluate the statistical 

significance of this hypothesis. Finally, my results support the intriguing possibility of small 

SVs driving the maintenance of a polymorphism through associative overdominance as a 

result of reduced recombination. Assessments of the impact of small SVs on the local 

recombination rate in butterflies and other systems will clarify if small SVs can have a large 

enough effect to lead to the significant accumulation of deleterious mutations at a locus. All 

in all, this thesis has contributed to our understanding of the evolution of polymorphisms, 

exposing that adaptive evolution often relies in the same genes and that small structural 

variants can have large adaptive effects.  
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The study of coloration in animals and plants has long 
fascinated biologists1. Coloration has a key role in mod-
ulating animal and plant fitness through its effects on 
many aspects of phenotype, including courtship and 
mate preference, predator avoidance through camou-
flage, photoprotection, structural support, microbial 
resistance and thermoregulation (reviewed in REF.2). 
Indeed, any given visual cue is commonly under mul-
tiple selective pressures, which are often related to both 
interspecific and intraspecific communication1,3. For 
example, coloration can be adapted to reduce predation 
through camouflage, warning coloration or mimicry, 
while also functioning in pollinator attraction or sig-
nalling to conspecifics for mate choice or intrasexual 
competition4,5.

Identifying and understanding the genetic basis of 
adaptations has become a key goal of evolutionary genet-
ics. Determining the molecular mechanisms underlying 
fitness- related traits can reveal novel insights into the 
evolutionary forces that shape biodiversity and also pro-
vide the explicit link between genetic changes and natu-
ral selection. Colour traits were well studied in ecological 
and traditional genetic contexts by early evolutionary 
biologists, so a great deal is known about both their 
adaptive value and the nature of their genetic control. 
However, until recently the precise genes and molecu-
lar mechanisms underlying colour variation remained 
largely unknown.

Ongoing advances in genomic methods are rapidly 
increasing our understanding of the genetic basis 
of colour- related traits (BOX 1). In particular, assembly of 
reference genomes has become much more acces-
sible, both technically and in terms of cost, which 
has enabled genome- scale analysis of genetic varia-
tion for association studies and transcriptomic studies 
of gene expression. As an example, a recent study of 

wall lizards generated a reference genome, conducted 
a genome- scale analysis of a colour polymorphism and 
identified causal genes, a process that until recently 
might have taken a decade of work6. Genomic methods 
are therefore permitting a new understanding of the 
molecular and developmental mechanisms underlying 
adaptive coloration in a wide variety of systems.

In this Review, we summarize the diverse ways in 
which organisms produce colours and their adaptive 
function, and then evaluate how our understanding of 
evolution has benefited from studies of adaptive color-
ation, focusing on three major topics. First, we describe 
the genetic architecture of adaptive coloration and how 
even complex adaptations can be controlled by genes 
of large effect. Second, we discuss the importance of 
developmental processes in constraining and directing 
the genetic changes that occur during evolution and per-
haps even the overall direction of evolutionary change. 
Finally, we illustrate how genetic studies of coloration 
help us understand adaptive evolution more broadly.

Coloration and its adaptive value
Broadly, colours produced by organisms can be divided 
into pigmented and structural colours (FIG. 1). Pigmented 
colours result from the accumulation of molecules 
(pigments) capable of selectively absorbing light, and 
are typically synthesized by the organism in a series of 
enzymatic steps (FIG. 1a). By contrast, structural colours 
depend on physical structures that reflect light. In natu-
ral systems, colours often have both structural and pig-
ment components7,8. Regardless of the type, coloration 
can be classified as having one of three main functions: 
signalling, in which visual cues affect interspecific and 
intraspecific communication; vision, in which pigments 
are an essential component of the animal’s visual system; 
and physiological, in which pigments are required for 

Association studies
Studies that correlate 
phenotypic variation with 
genetic variation. The most 
common methods are 
genome- wide association 
studies and quantitative trait 
locus mapping studies.

Polymorphism
The occurrence of two or more 
distinct phenotypes or morphs 
of a species within a population.

Genetic architecture
The genetic basis underlying 
variation in a phenotypic trait. 
The main characteristics are 
the number of loci, their 
interactions and effect sizes, 
and their relative positions in 
the genome.
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a particular task within the organism, such as energy 
production through photosynthesis using chlorophyll.

Biological pigments. Pigments are highly diverse mol-
ecules that often have physiological functions: in addi-
tion to chlorophyll, they are found in haemoglobin in 
vertebrate blood cells and flavins in vitamin B2, among 
other compounds. Some pigments are taxonomically 
restricted, such as the psittacofulvins responsible for 
the bright red, yellow and orange colours of parrot 
plumage9. Pterins, which can be white, yellow, orange 
or red, are commonly found in insects, including in the 
red eyes of the fruit fly and the orange in some Pieris 
butterfly wings, but are also responsible for the bright 
colours in some vertebrates, such as the wall lizard6. 
Ommochromes are red and yellow pigments that are 
restricted to invertebrates. They are important for vision 
in arthropods but have signalling functions in butterfly 
wings and squid chromatophores. Anthocyanins (red, 
purple and black) are restricted to plants and are respon-
sible for the coloration of many types of flowers. By  
contrast, the melanins, eumelanin (brown or black) and 
phaeomelanin (yellow to red), and carotenoids (yellow, 
red and orange) are widespread across bacteria, fungi, 
plants and animals (FIG. 1b). As well as playing a part  
in signalling, melanins are also important for thermo-
regulation and in protection against UV damage to tissues. 
Plants can synthesize carotenoids, which can be crucial 
in light harvesting during photosynthesis10. By contrast,  
animals were long thought to be unable to synthe size 
carotenoids, but recent work has shown that aphids can 

do so using genetic machinery acquired through hori-
zontal transfer from fungi11, and that birds can transform  
yellow carotenoids obtained from the diet to red caro-
tenoids through ketolation. CYP2J19, a cytochrome P450 
family member, was recently identified as the enzyme 
responsible for this step12,13. In birds, caro tenoids have 
an important role in generating bright signals important 
in sexual selection and may play an important part in 
honest signalling of male quality.

Structural coloration. Structural colours can cover a 
huge variety of different forms (FIG. 1c) and, because 
they are formed by reflected light, they are commonly 
iridescent; that is, the colour varies depending on the 
viewing angle. This variation often makes structural col-
ours harder to quantify and study than pigments and, 
as a result, their developmental basis and genetic basis 
remain comparatively poorly understood. Some of the 
best- known classes of structural colours are multilayer 
reflectors, surface diffraction gratings and photonic 
crystals. The shimmering blue iridescence of Selaginella 
plants is the result of a multilayer reflector (FIG. 1c), and 
is caused by the presence of multiple cuticular layers 
in the leaf14. The distinct layers have different optical 
properties, which causes part of the light to be reflected 
in each layer transition. The reflected beams interfere 
with each other, reducing the spectrum of light reflected 
to shades of blue. An example of diffraction gratings 
is given by the wing scales of the Morpho butterfly, in 
which repetitive ridged structures split the incident ray 
of light into multiple wavelengths with different reflec-
tion angles (FIG. 1c). The diffracted light from distinct 
ridges will interfere, limiting the spectrum of light 
reflected to blue. The combined effect of the vertical 
multilayer interference within each ridge and the dif-
fraction among the different ridges produces a remark-
ably efficient wide- angled reflectance of blue light15. 
Photonic crystals are periodic nanostructures that affect 
the motion of photons to produce coloured reflectance 
that can be found, for example, in the yellow and green 
colours of the Kaiser- i- Hind swallowtail butter fly, 
Teinopalpus imperialis, and in the multicoloured feathers 
of peacocks (FIG. 1c).

Colour and adaptation. In this Review, we focus on col-
ours used in signalling, where the link between diversity 
in coloration and its adaptive value is well understood. 
Signalling through visual cues is essential for inter-
specific and intraspecific communication in animals, 
and consequently colour attributes are under multiple 
selective pressures1. For example, coloration commonly 
plays a role in sexual selection, with bright colours used 
as indicators of high- quality males (FIG. 2a). Coloration 
can be involved in many other social functions; for 
example, female primates can use colour signals to indi-
cate sexual receptivity, such as in the Celebes crested 
macaque (Macaca nigra) (FIG. 2b).

In addition, many predators rely on their vision to 
detect prey, and thus camouflage can be a successful 
strategy for predator avoidance. Common forms of 
camouflage include background matching through 
cryptic coloration (such as that seen in snowshoe hares 
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Box 1 | Genomic methods to study adaptive evolution

Ongoing development of genomic technologies and the fall in sequencing prices has 
revolutionized the ways in which we study adaptive evolution, and species that in the 
past were challenging to study because of a lack of resources are now becoming 
accessible.

Commonly the first step in any study is to assemble a reference genome, often using  
a combination of long- read and short- read sequence data103. A reference genome 
permits a genome- wide search for loci underlying phenotype variation. For example, 
short- read sequence data from individuals collected in wild populations that differ in 
colour phenotypes can be used to conduct a genome- wide association study (GWAS)104. 
Alternatively, genotype–phenotype associations can be tested using laboratory populations 
in a quantitative trait locus (QTL) mapping experiment105. Typically, two populations or 
species are crossed and F2 hybrids are analysed for both phenotype and genotype to 
investigate associations across the genome. Often, GWAS and QTL mapping identify 
regions that contain multiple genes, and transcriptomic analyses can be used to identify 
genes that are differentially expressed between variants, thereby narrowing down an 
initial list of candidates. Transcriptomic analyses are also facilitated by good reference 
genomes, which ensure more accurate calling of transcript counts.

Once candidate loci have been identified, functional tests can be used to confirm 
they contribute to the phenotype. Methods that allow in vivo genetic manipulations  
are now a particularly powerful approach for studying coloration phenotypes. 
Genome editing technologies, such as those based on the CRISPR–Cas9 system, are 
widely used106, most commonly to introduce non- functional mutations into coding 
sequences (gene knockouts). However, in the future it will be exciting to perform more 
targeted and specific genetic manipulations that recapitulate evolutionary changes in 
natural populations, such as introducing or removing specific alleles from the genome, 
or even making individual mutations at putatively functional sites. RNA interference is 
another molecular tool that can be used to lower the expression of a gene (knockdown), 
offering insights into gene function107. Genomic data can also be combined with tests 
for ecological function, such as translocation experiments, to confirm the presence of 
signatures of selection at the candidate loci (FIG. 6).
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and pygmy seahorses) (FIG. 2c), disruptive coloration 
to break the body outline (such as zebra stripes and  
leopard spots) and masquerading as a common inedible  
object (as is seen in stick insects and leaf-mimicking 
butterflies)3. Escaping predation can also be achieved 
by predator deterrence through warning coloration 
or aposematism, in which unpalatable prey announce 
their toxicity to predators by displaying conspicuous 
colour patterns. Striking colours increase visibility 
and help predators remember the toxicity of the prey 

in future encounters. In some cases, toxic species share 
aposematic coloration and, by resembling one another, 
they reduce the cost of teaching predators, a pheno-
menon known as Müllerian mimicry16. An example  
is the Ranitomeya genus of poison dart frogs, in which 
the four morphs of the toxic R. imitator resemble 
multi ple toxic models from the same genus17 (FIG. 2d). 
In other cases, palatable species resemble toxic ones to 
gain protection against predators, which is known as 
Batesian mimicry. For instance, the palatable butterfly 
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Fig. 1 | Different ways of making colour. a | Pigments are compounds that selectively absorb light and therefore produce 
colour. In most cases, pigments are synthesized biochemically by the organism. A simplified biosynthetic pathway for 
melanin pigments is shown, in which each arrow represents a biochemical step often catalysed by a different enzyme, 
providing multiple targets on which selection can act. b | The phylogenetic distribution of four common pigment types 
highlights that some are found in all groups (melanins and carotenoids), whereas others are more restricted (anthocyanins 
to plants, ommochromes to invertebrates). Colours in the pie charts represent the different colours of each type of pigment. 
‘A’ indicates that the pigment is acquired through the diet instead of being synthesized by the organism. c | Three types  
of physical structures underlying structural coloration. Multilayer reflectors are found in the leaves of Selaginella plants14. 
Multiple stacked cuticular layers with different optical properties reflect the incident ray of light (solid black arrow) at each 
transition zone (dotted black lines). Interference of the reflected beams limits the reflected light to blue- green shades 
(coloured arrows). Surface diffraction gratings are found in Morpho butterflies15. The periodic ridged structures found in  
the scales diffract light into multiple wavelengths. Interference of the diffracted rays from different ridges reduces the  
light reflected to shades of blue (coloured arrows). Photonic crystals are found in the multicoloured feathers of peacocks. 
These periodic structures affect the motion of photons such that certain wavelengths are reflected (coloured arrows) rather 
than transmitted. Part a is adapted from REF.101, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). Part c credit for 
Selaginella vogelii: Hervé Lenain/Alamy; credit for blue morpho: blickwinkel/H. Schmidbauer/Alamy; credit for peacock 
feather: David Chapman/Alamy.
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Hypolimnas misippus has very similar colour patterns 
to morphs of the unpalatable African queen, Danaus 
chrysippus18 (FIG. 2e).

Genetic architecture of colour traits
The genetic architecture of a trait describes the number 
and effect size of genes that influence variability 
within and between populations and its patterns of link-
age and interaction with other traits. The genetic archi-
tecture can influence the potential for a trait to undergo 

evolutionary change and the degree to which different 
traits are genetically associated.

Mutational effect size. One question of general interest to 
evolutionary geneticists is the effect size of loci involved 
in adaptation. Mutations of large effect should make evo-
lutionary change easier and faster, but conversely they 
are arguably more likely to be deleterious19. Furthermore, 
a body of theory predicts that a single bout of adapta-
tion will involve loci with a distribution of effect sizes, 
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with a few large- effect and many small- effect mutations 
expected20,21. Both association studies and analyses of 
quantitative trait loci can provide estimates of the effect 
sizes of individual loci (in terms of the amount of pheno-
typic variation explained by a particular locus), while 
genetic manipulation can investigate the importance 
of individual mutations towards a particular pheno-
typic change (BOX 1). Such tools have confirmed that 
many recent adaptive changes in coloration do indeed 
involve a few loci of large effect, a few of which have 
been characterized at the level of individual mutations. 
In particular, genes encoding proteins involved in pig-
ment synthesis pathways provide a large mutational 
target, and simple genetic changes in these genes can 
have major effects on phenotype. Indeed, there are now 
many examples of large- effect coding sequence muta-
tions in pigmentation genes, in both animals and plants, 
that influence adaptive coloration22,23. For example, the 
genetic basis of feather colour variation in budgerigars 
has been narrowed down to a single- nucleotide poly-
morphism in the coding region of a polyketide synthase 
gene, MuPKS (also known as LOC101880715), which 
has been shown to produce yellow pigment when hetero-
logously expressed in yeast9 (FIG. 3a). Similarly, island 
populations of flycatchers have independently evolved 
dark coloration through coding mutations in either the 
MC1R gene (which encodes melanocortin 1 receptor 
(MC1R)) or the Agouti gene (which encodes the agouti 
signalling protein (Agouti))24, and in vitro tests have 
confirmed that the observed coding changes in MC1R 
disrupt protein function25,26. MC1R is a transmembrane 
receptor that, when activated, triggers a signalling cas-
cade that results in the production of brown or black 
eumelanin. MC1R can be antagonized by Agouti, which 
reverses the cascade to the default production of yellow 
phaeomelanin. Similarly, a flower colour polymorphism 
in the alpine orchid Gymnadenia rhellicani is regulated 

by a mutation that introduces a premature stop codon 
in a gene encoding an R2R3- MYB transcription factor. 
Transcription factors of this family have been shown 
to regulate expression of anthocyanin biosynthesis 
in multiple plant species27,28. In this alpine orchid, the 
loss of function of the transcription factor results in 
lower expression of an anthocyanin synthase, which 
controls the production of dark purple antho cyanidin 
pigments, and thus results in reduced accumulation of 
pigment and whiter coloration. This mutation is main-
tained in the population by heterozygote advantage,  
with both bee and fly pollinators attracted to the hetero-
zygote red morph, leading to higher fitness of that 
genotype29.

Large- effect mutations are not only found in cod-
ing sequences. In common canaries (Serinus canaria), 
a single regulatory mutation in the splice donor site of 
the SCARB1 gene causes a change of plumage colora-
tion from wild- type yellow to white30; SCARB1 encodes 
a membrane receptor for high- density lipoprotein and 
is a mediator of carotenoid uptake. The SNP in the 
splice donor site causes abnormal splicing, leading to 
exon skipping and the loss of gene function. Similarly, 
compelling population genomic evidence suggests that 
a single transposable element insertion in an intron of the 
cortex gene gave rise to the British melanic form of 
the peppered moth (Biston betularia), which, driven 
by natural selection, spread rapidly through industrial 
Britain; however, further studies are needed to prove 
the causal role of this mutation31. Variation at cortex 
(and two other loci, WntA and optix) has also been 
associated with the diverse colour patterns of Heliconius 
butterfly species and races32–35.

In other cases, alleles with major effects on phenotype 
can involve cis- regulatory alleles that encode complex 
spatial expression patterns. For example, differences in 
stripe patterning between two closely related species of 
the cichlid fish (Pundamilia nyererei and Haplochromis 
sauvagei) are controlled by a 1.1- kb cis- regulatory element 
(CRE) at the agrp2 gene, which encodes agouti- related 
peptide 2, a protein that belongs to the agouti family and 
is involved in melanosome aggregation36,37. Similarly, 
cis- regulatory changes at the LAR1 gene underlie spatial 
pattern variation in floral colours between two species of 
monkeyflowers, Mimulus lewisii and Mimulus cardinalis. 
The R2R3- MYB transcription factor encoded by LAR1 
positively regulates the expression of flavonol synthase, 
which redirects metabolite flux from the production of 
pink anthocyanins to the biosynthesis of colourless fla-
vonols, resulting in white petal in areas where LAR1 is 
expressed27.

In summary, and somewhat contrary to the gradual-
ist expectations of many evolutionary biologists, it is sur-
prisingly common that evolutionary change is controlled 
by alleles, and even single mutations, with large effects.

Complex adaptive polymorphisms. Some of the most 
compelling examples of adaptive coloration controlled 
by major- effect loci are polymorphisms, particularly 
those involving complex phenotypes comprising mul-
tiple traits that are locally stable. Polymorphisms can be 
maintained if their selection coefficient varies through 

Quantitative trait loci
Genomic regions at which  
there is a correlation between 
genetic variation and phenotypic 
variation in a trait of interest 
among individuals from a 
laboratory- generated cross.

Heterozygote advantage
A scenario in which the 
heterozygous genotype is fitter 
than either homozygous 
genotype.

Transposable element
A genetic element that can 
move from one position in the 
genome to another.

cis- regulatory element
(CRE). A genetic region that 
regulates expression of a 
coding sequence on the same 
DNA strand.

Selection coefficient
A measure of the difference in 
fitness between two genotypes, 
which are a necessary condition 
for the action of natural selection.

Fig. 2 | Signalling through colour. a,b | An important function of colour is signalling to 
conspecifics, especially to possible future mating partners. During the mating season, male 
superb fairywrens (Malurus cyaneus) adopt conspicuous breeding plumage of contrasting 
shades of iridescent blue and black to attract females (part a). The prominent red swelling 
of the female Celebes crested macaque (Macaca nigra) advertises its sexual receptivity 
(part b). c | Concealment through background matching allows animals to escape 
predation. The pygmy seahorse Hippocampus bargibanti has detailed resemblances to  
the gorgonian coral it inhabits. d,e | Warning coloration or aposematism is another 
effective way to avoid predation: toxic prey display conspicuous colour patterns that warn 
predators of their toxicity. Some aposematic species converge to the same colour pattern 
and therefore share the costs of teaching predators, which is known as Müllerian mimicry16. 
The Ranitomeya genus of poison dart frogs provides one example. Multiple toxic 
Ranitomeya species act as models for the four morphs of the similarly toxic R . imitator17 
(part d). By contrast, in Batesian mimicry, a palatable species mimics a toxic one to gain 
protection against predators. For example, the butterfly Hypolimnas misippus resembles 
the unpalatable morphs of Danaus chrysippus (part e). Part a credit for superb fairywren: 
Piia Kopsa/Alamy. Part b credit for crested macaque: Ernie Janes/Alamy. Part c credit for 
pygmy seahorse (Hippocampus bargibanti): Shahar Shabtai/Alamy. Part d used with 
permission of The University of Chicago Press, from Mimetic divergence and the speciation 
continuum in the mimic poison frog Ranitomeya imitator. Twomey , E., Vestergaard, J. S., 
Venegas, P. J. & Summers, K. 187, 2 (2015)17; permission conveyed through Copyright 
Clearance Center, Inc. Part e credit for African queen (Danaus chrysippus): Vonkara1/
iStock/Getty; credit for Danaid eggfly (Hypolimnas misippus): Paolo_Toffanin/iStock/Getty; 
credit for African queen (Danaus chrysippus): komkrit tonusin/Alamy; credit for Hypolimnas 
misippus, Danaid eggfly: The Natural History Museum/Alamy; credit for Hypolimnas misippus 
male Danaid eggfly: Domiciano Pablo Romero Franco/Alamy.
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time, across space or with local allele frequency or popu-
lation density. For example, alternative mating strategies 
adopted by different phenotypic morphs can be subject 
to negative frequency- dependent selection such that no sin-
gle allele becomes fixed and multiple distinct morphs are 
maintained, as illustrated by the ruff, a wading bird in 
which alternative male forms differ in physiology, body 
size, behaviour and plumage38–40. However, the stability 
of such complex polymorphisms depends on a genetic 
architecture in which linkage between the multiple 
co- adapted traits ensures their joint inheritance. Early 
theoretical discussion focused on two possible genetic 
architectures that could stabilize such polymorphisms: 
the ‘regulatory gene’ hypothesis and the ‘supergene’ 
hypothesis (reviewed in REF.41).

The regulatory gene hypothesis states that changes 
in a single ‘master’ gene, acting at the top of regulatory 
gene networks and with multiple downstream targets, 
could lead to morph variation between individuals41. 
Several examples of complex polymorphisms associated 
with colour traits are now known to be controlled by 
a single master gene. In Papilio butterflies, the double-
sex locus encodes a transcription factor that regulates 
both sex determination and a female- limited colour 
polymorphism42–44. Colias butterflies exhibit two alter-
native life- history strategies differing in wing colour 
(and a suite of other traits) that are maintained by an 
energetical trade- off45 (FIG. 3b). White butterflies invest 
their resources in reproductive and somatic develop-
ment instead of producing expensive colour pigments, 
which results in faster pupal development, larger fat 

body reserves and faster egg maturation compared with 
orange females. This polymorphism has been mapped 
to a transposable element insertion in the white morph 
(also known as alba), downstream of BarH1, a gene 
that encodes a homeobox transcription factor that also 
affects eye colour in Drosophila melanogaster46. BarH1 
is expressed in white but not orange forewing scales and 
CRISPR–Cas9 knockout experiments have shown that it 
supresses orange coloration in the wing. It is not known 
whether BarH1 interacts with other genes to control the 
developmental and physiological traits characteristic 
of the white form or whether the differences between 
morphs in life- history traits are a side effect of the sup-
pression of coloration, with the energy saved by reduc-
ing the production of pigment granules on the wings 
reallocated to reproductive and somatic development. 
In the Gouldian finch, two alternative colour morphs, 
black and red, differ in multiple traits, including social 
dominance, stress hormone levels, sperm- length plas-
ticity and sex allocation47,48. These morphs have been 
associated with a small intergenic region (~72 kb) of the 
Z chromosome that likely regulates follistatin, a glyco-
protein that antagonizes transforming growth factor- β 
(TGFβ) superfamily function and has been indirectly 
linked to variation in plumage colour in flycatchers and 
warblers49,50. Colour polymorphism in the wall- lizard 
described earlier also includes behavioural and eco-
logical differences between morphs, and is controlled 
by two small regulatory regions near genes associated 
with pterin and carotenoid metabolism6. By contrast, in 
some plants, a single transcription factor can regulate 
multiple pigmentation enzymes that, for example, con-
trol major differences in flower hue51,52; however, such 
transcription factors typically do not control balanced 
polymorphisms.

The supergene hypothesis proposes that a single 
locus (that is, the supergene) contains multiple func-
tional elements — potentially multiple genes — that 
control a complex, adaptive phenotype41,53. A key ele-
ment of the supergene hypothesis is the maintenance 
of linkage between co- adapted loci. Although it was 
initially suggested that translocation of genes might 
have a role in establishing closer linkage54, empirical 
evidence suggests that instead the occurrence of suc-
cessive co- adapted mutations in close proximity is more 
important, a process known as Turner’s sieve55. Linkage 
is therefore assured through physical proximity in the 
genome. There may also be ongoing selection for further 
reduction in recombination, either through localization 
to genomic regions with naturally low recombination 
rates, such as centromeres53, or though accumulation of 
structural variation, such as transposable element inser-
tions, tandem duplication and inversions42,56. However, 
reduced recombination itself could lead to an increase 
in structural mutations due to the reduced efficacy of 
purifying selection, so the direction of causality may be 
unclear. Inversions are the most common mechanism 
for reducing recombination and are associated with 
many supergenes underlying colour polymorphisms, 
such as in birds (including the white- throated spar-
row and the ruff) and in butterflies (such as Heliconius 
numata)38,39,57,58. Inversions can link multiple traits, such 

Negative frequency- 
 dependent selection
An evolutionary process in 
which the fitness of a genotype 
or phenotype depends on its 
frequency in the population 
relative to other genotypes  
or phenotypes such that  
its fitness decreases as its 
frequency increases.

Purifying selection
The selective removal of 
deleterious alleles from the 
population.
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Fig. 3 | Genetic architecture of colour loci. a | In many cases, the genetic basis of colour 
polymorphism has been narrowed down to single mutations of large effect. Shown are the 
results of a genome- wide association study to identify single- nucleotide polymorphisms 
(SNPs) associated with colour morphs in budgerigars. Only one significant peak is 
detected, located on chromosome 1. The red line indicates the Bonferroni- corrected 
critical value (α = 0.05). Fine mapping and functional analysis confirmed that the causative 
variant associated with the SNP is a non- synonymous mutation in MuPKS, a gene 
encoding a polyketide synthase, that abolishes yellow pigmentation and produces the 
blue morph9. b | The regulatory gene hypothesis for the inheritance of complex adaptive 
phenotypes states that a single gene regulates all of the multiple co- inherited traits. 
An example that potentially supports this hypothesis is Colias butterflies, which present 
two morphs that differ in wing colour as well as numerous life history- related traits46. These 
forms are controlled by a single gene, BarH1, which is overexpressed in the white morph 
during development because of a transposable element (TE) insertion in its cis- regulatory 
element (CRE). BarH1 supresses orange coloration in the wings and, either directly or as 
energetic side effect, triggers the switch in multiple life- history traits. c | The supergene 
hypothesis states that a complex polymorphism is controlled by a single locus containing 
numerous genes that are inherited together owing to reduced levels of genetic 
recom bination (often caused by an inversion). In the ruff, three morphs differing in body 
size, ornamentation and mating behaviour are controlled by a supergene (large grey 
arrow) that contains approximately 125 genes (small grey arrows). The supergene has 
three alleles (large blue and green arrows): an ancestral allele (blue) that in homozygotes 
produces the ‘independent’ morph; a derived allele (green) that in heterozygotes produces 
the ‘faeder’ morph (it is lethal in homozygotes); and a recombinant allele that is also found 
in heterozygotes and produces ‘satellites’. Hatched regions indicate reduced recombination 
due to the inversion. d | In other cases, colour variation is highly polygenic. The plot shows 
the results of a genome- wide association study for loci associated with blond hair colour 
in humans, which is influenced by many loci scattered across the genome64. The red line 
indicates the threshold of significance (α = 5 × 10-8). Part a is adapted with permission  
from REF.9, Elsevier. Part b is adapted from REF.46, CC BY 4.0 (https://creativecommons.org/
licenses/by/4.0/). Part c is adapted from REF.102, Springer Nature Limited. Part d is reprinted 
from REF.64, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).
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Effective population size
The number of individuals in  
an idealized population that 
would show the same degree 
of genetic drift as seen in the 
real population.

Polygenic inheritance
Also known as polygenicity. 
The genetic control of a 
phenotype by multiple genes 
of small effect.

Genome- wide association 
study
(GWAS). A study that 
correlates genetic variation 
between individuals across the 
genome with phenotypic 
variation among those same 
individuals, typically in a wild 
population. Associated regions 
are inferred to contain causal 
variants controlling phenotypic 
variation. More generally 
known as ‘association studies’.

Stabilizing selection
A selective force that maintains 
the population phenotypic 
mean and eliminates extreme 
values.

as the coloration, developmental, physiological and 
behavioural traits that differ between ruff alternative 
mating morphs38,39 (FIG. 3c).

Understanding supergene architecture can shed 
light on their long- term maintenance. Polymorphism 
has generally been explained through ecological mech-
anisms, such as frequency- dependent fitness and envi-
ronmental heterogeneity, but an intriguing possibility 
is that intrinsic genetic mechanisms contribute to the 
maintenance of variation in ecologically important 
traits. Balanced lethal systems are genomic regions in 
which the accumulation of deleterious mutations on 
alternative haplotypes ensures heterozygote advan-
tage and the long- term maintenance of variation59. 
Supergene alleles associated with colour polymor-
phisms can similarly accumulate deleterious varia-
tion, owing to a small effective population size and low 
recombination. For example, there is evidence that 
the supergene alleles in H. numata have higher trans-
posable element activity and severe deleterious fitness 
effects in homozygous genotypes compared with het-
erozygous genotypes60. Similarly, dominant supergene 
alleles in the ruff are lethal in homozygotes38,39. The 
reduced fitness of homozygotes effectively leads to het-
erozygote advantage, irrespective of the relative fitness 
of colour phenotypes, and could play an important part 
in maintaining dramatic colour polymorphisms. These 
examples demonstrate how a better understanding of 
the underlying genetics can inform our interpretation 
of the evolutionary processes maintaining variation in 
natural populations.

Polygenic adaptation. The ability to conduct genomic 
studies on larger populations through developments in 
high- throughput sequencing has led to increasing inter-
est in the genetic basis for highly polygenic inheritance, 
but it has generally not been well explored in relation to 
coloration. In traits where major- effect loci have been 
identified as underlying adaptive change, there is often 
also a proportion of phenotypic variation controlled 
by loci of small effect, such as the distribution of effect 
sizes among colour forms of Heliconius butterflies61. In 
other cases, variation in populations is largely polygenic. 
For example, a genome- wide association study (GWAS) 
identified more than 150 genes influencing variation 
in abdominal pigmentation among lines derived from 
a single D. melanogaster population, including many 
previously uncharacterized genes that were confirmed 
to influence pigmentation by use of RNA interference- 
based targeted gene knockdown62 (BOX 1). Similarly, 
structural colours in butterflies have a polygenic basis63, 
and in humans, analysis of traits such as hair colour has 
demonstrated the power of large- scale GWAS to identify 
hundreds of small- effect loci influencing highly poly-
genic traits64,65 (FIG. 3d). Coloration traits can therefore 
offer a tractable system for the analysis of polygenic 
architecture, and this is clearly an area with potential for 
future work. One specific future goal is to understand 
the underlying cause of different genetic architectures. It 
is possible that adaptive differences between populations 
and species in traits under strong directional selection 
will be more likely to be under the control of major- effect 

loci compared with traits under stabilizing selection, but 
this hypothesis will need to be tested by comparative 
analysis across many species.

In summary, coloration traits demonstrate a wide 
range of genetic architectures, ranging from highly poly-
genic through to major- effect loci and adaptive super-
genes. While considerable progress has been made in 
describing these architectures in specific cases, major 
outstanding questions remain regarding the reasons for 
differences between species: How common are super-
genes and why do they arise in some species but not  
others? When are major loci expected to regulate adap-
tive change? And, are there circumstances in which a 
polygenic architecture is more likely? One way to address 
these questions is to understand how genetic changes 
regulate development, and in turn how developmental 
processes might shape genetic architecture.
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Fig. 4 | Development can shape evolution. a | Colour is 
often controlled by coding mutations, particularly in  
genes found in the biochemical pathways that lead to the 
pro duction of pigments. In the melanin synthesis pathway , 
ligand- bound melanocortin 1 receptor (MC1R) activates 
the production of black and/or brown eumelanins, whereas 
if it is bound to its antagonist agouti signalling protein 
(Agouti), the default production of phaeomelanin is 
restored. The island flycatcher presents two morphs, one 
with chestnut belly plumage resulting from the production 
of phaeomelanin, and one with only black plumage  
as a consequence of only eumelanin being produced. 
Two different mutations can produce the black morph:  
a mutation in MC1R, which activates the receptor and 
leads to the production of eumelanin; and a mutation  
in Agouti, which abrogates the function of Agouti as an  
MC1R antagonist and allows the ligand to bind to MC1R , 
activating the production of eumelanin24. b | Colour pattern 
is often under the control of regulatory mutations. 
In bumblebees, a cis-regulatory element (CRE) mutation in 
the Abd- B gene changes its pattern of gene expression  
late in development (at the callow stage), which leads to  
a change in abdominal colour pattern from black to red69.  
c | Input–output genes are found in the middle of 
developmental networks. They integrate complex 
spatiotemporal information from patterning genes and, as 
a result, trigger different cell differ entiation programmes 
by regulating downstream genes, which leads to distinct 
phenotypes83. Although patterning genes can trigger  
the development of phenotypes, they are likely to have 
pleiotropic effects. By contrast, some genes (such as  
input–output genes) may be able to initiate differentiation 
programmes while showing low pleiotropy , which may 
make them more likely to be involved in evolutionary 
change. A potential example of such genes is bric à brac 1 
and bric à brac 2 (Bab) in Drosophila melanogaster, which 
integrate information about the abdominal segment 
identity from Abd- B and sex information from the female 
(F)- specific and male (M)- specific isoforms of doublesex 
(Dsx), and in response regulate the pigment- related genes 
tan and yellow to control melanization73. Segments A5 and 
A6 are melanized in males (Bab expression is repressed, 
allowing yellow and tan to be expressed (blue and black 
arrows)), whereas in females they are not (Bab is expressed 
and represses expression of yellow and tan (red arrows)). 
Solid lines indicate direct interactions, whereas dashed 
lines indicate indirect interactions. Part b is adapted with 
permission from REF.69, PNAS.

▶
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How does development shape evolution?
A greater understanding of evolution comes from con-
sidering the role of development in shaping and poten-
tially channelling the evolutionary process. Coloration 
provides multiple examples in which mutations seem 

to be distributed non- randomly across the genome, 
with convergence in phenotype often influenced by the 
same genes or the same types of mutations in different 
lineages. Studies of these examples provide insight into 
the relative importance of coding versus regulatory 

Convergence
The independent evolution of 
similar features in different 
lineages or species.
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change, the extent to which the same genes are reused 
in evolution and the influence of the environment in the  
development of phenotypes.

Coding changes control colour but regulatory changes 
control pattern. Morphological variation can be pro-
duced by changes in coding or cis- regulatory regions 
of genes. It has been proposed that coding sequence 
changes in genes that have multiple functions, espe-
cially those involved in signalling pathways that are 
deployed in multiple developmental contexts, will com-
monly be deleterious: even if a mutation is beneficial to 
one of its functions, it may be detrimental to another66. 
Nonetheless, coding mutations do commonly play a 
role in coloration, but they tend to have large pheno-
typic effects because any tissue or developmental stage 
expressing the gene will be affected. For example, fly-
catchers homozygous for either of the previously men-
tioned coding mutations in the MC1R and Agouti genes 
lack the ability to produce phaeomelanin and therefore 
have only black plumage24 (FIG. 4a).

By contrast, subtle differences in local patterning 
are likely to be caused by regulatory changes, which 
can be more modular than coding changes22; bene-
ficial mutations that arise are therefore less likely to 
have negative pleiotropic effects on other functions66. 
Modularity in gene expression can be temporal and/or  
spatial in nature. For example, the evolution of dark 
D. melanogaster in montane habitats is the result of a 
tissue- specific regulatory change that reduces expres-
sion of ebony, a gene that supresses the production of 
dark melanin67. Studies using GFP reporter constructs 
showed that this dark regulatory allele reduces expres-
sion of ebony in the abdomen, but not in other tissues, 
such as the head and halteres, when compared with the 
light regulatory alleles. Indeed, regulatory mutations are 
responsible for every evolutionary pigmentation change 
in Drosophila spp. that has been mapped to date68, sup-
porting the hypothesis that phenotypic variation is, on 
many occasions, controlled by cis- regulatory mutations. 
In another example, a GWAS with wild samples showed 
that a red- to- black colour switch in the bumblebee 
Bombus melanopygus is controlled by cis- regulatory 
changes in an ~4- kb intergenic block downstream of 
Abd- B. Abd- B is a Hox gene that determines abdominal 
segment identity during development, which has been 
shown to positively regulate the pigmentation gene  
yellow and the transcription factor genes bric à brac 1 and 
bric à brac 2 (together referred to as Bab). Quantitative 
PCR analysis demonstrated that this regulatory change 
specifically expands the highly conserved expression 
domain of the Abd- B gene late in development; earlier 
functions of the transcription factor AbdB in determin-
ing abdominal fate are unaffected69 (FIG. 4b). Similarly, the 
optix gene encodes a transcription factor that is involved 
in brain and eye development in D. melanogaster (and 
presumably in all insects)70, but in nymphalid butterflies 
it is also expressed during wing development and acts 
to paint red colours onto the wings, with cis- regulatory 
alleles defining the precise patterns to be painted in 
any particular species. It seems likely that co- option 
of optix into wing patterning has occurred through 

gene regulatory changes that do not disrupt its existing  
functions in structures such as the eye and brain.

However, the simple model in which CREs are highly 
modular and tissue specific is not always confirmed by 
experimental studies; indeed, many individual CREs 
control expression in multiple different tissues71. For 
example, optix regulatory elements are associated with 
specific wing colour pattern elements (such as red rays 
or bands) in Heliconius populations, which is consistent 
with modularity. Yet, knocking out one of these CREs 
by CRISPR–Cas9 gene editing results in a broad phe-
notype that involves multiple pattern elements, which 
suggests pleiotropy rather than modularity72. This result 
is consistent with earlier analysis of pigmentation in 
D. melanogaster, which used reporter transgenes to show 
that individual mutations within a CRE can have highly 
tissue- specific effects and avoid deleterious pleiotropy, 
even when the CRE is multifunctional73. This observa-
tion highlights the fact that it is the level of pleiotropy 
of a mutation that affects the likelihood of fixation of a 
novel variant, not the degree to which a particular gene 
or CRE has multiple functions. In other words, CREs 
may be developmentally multifunctional, affecting 
expression in multiple tissues, but evolutionarily mod-
ular in that specific mutations are tissue specific. It is 
therefore misleading to label a gene or a CRE as being 
‘highly pleiotropic’ — the term should be applied to 
mutations rather than functional elements themselves; 
this more restrictive definition of pleiotropy has recently 
been termed ‘selectional pleiotropy’74.

Developmental networks influence which genes are evo-
lutionary hotspots. A pattern emerging from analysis of 
the genetic basis for adaptive change in coloration and 
other phenotypes is the repeated co- option of the same 
genes into convergent evolutionary change, a phenom-
enon that implies constraint on which genes are likely 
to influence a particular phenotype. For example, link-
age and association mapping has identified mutations 
in OCA2 that underlie amelanic phenotypes in at least 
two populations of cave fish and in a domesticated corn 
snake population, and human albinism and skin pig-
mentation phenotypes in African populations23,75–77. 
OCA2 encodes a membrane transporter protein thought 
to be involved in uptake of tyrosine, a melanin precur-
sor molecule and, given it has a specific melanization 
function, it is perhaps unsurprising that it is repeatedly 
co- opted to regulate adaptive coloration78. Similarly, 
MC1R and its antagonist Agouti control a signalling 
cascade leading to melanin production and have been 
associated with melanin- based coloration in many 
species, including deer mice79,80, white- sand lizards81 
and island flycatchers24 (FIG. 4a). It is more surprising 
that genes with multiple roles in development, such as 
transcription factors and signalling molecules, can be 
repeatedly targeted during evolutionary change – yet 
there are now many such examples, including WntA, 
a Wnt- signalling pathway ligand that has been shown 
by both association studies and functional analysis to 
be repeatedly involved in establishing colour patterns 
among butterflies34,82. One hypothesis is that the shape 
of developmental networks might constrain which genes 

Pleiotropy
The effect of a single mutation 
on multiple aspects of the 
phenotype.
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are most free to evolve, with ‘input–output’ genes lying at 
developmental switch points being most likely to regu-
late novelty (FIG. 4c), but the generality of this hypothesis 
needs to be tested83. A likely example of input–output 
genes are the Bab transcription factor genes, which inte-
grate segment and sex information to trigger sex- specific 
and segment- specific coloration in various Drosophila 
species62,68 (FIG. 4c).

Phenotypic plasticity. Colour variation can also occur as 
a result of phenotypic plasticity, in which environmental 
cues lead to the same genotype resulting in different phe-
notypes, often by inducing gene expression changes that 
alter developmental trajectories (FIG. 5a). Background- 
dependent and temperature- dependent colour morphs 
in locusts, temperature- dependent pigmentation in 
Drosophila spp., seasonal polyphenism in butterflies and 
seasonal camouflage in snowshoe hares are all examples 
of phenotypic plasticity84–86. Epigenetic and gene expres-
sion studies have shown that the darker abdominal pig-
mentation that occurs in D. melanogaster in response to 
lower temperatures involves changes in the transcrip-
tional regulation of the pigmentation gene tan87; this 
differential gene expression is part of the phenotype of 
a plastic response to the environment. In this case dark 
coloration is likely an adaptive response to optimize heat 
absorption in colder environments.

A further challenge will be to understand how plas-
ticity itself can evolve, by identifying genes that control 
differential responses of populations to environmental 
cues, as depicted by reaction norms. Currently, there are 
two hypotheses: either plasticity is largely regulated by 
alterations in the mechanisms that sense environmental 
cues, which would implicate genes unrelated to color-
ation; or plasticity could be switched on by changes in 
downstream genes that respond to the environmental 
cues, and the genetic loci involved would be similar to 
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Fig. 5 | An introgressed allele is responsible for the  
loss of phenotypic plasticity in snowshoe hares.  
a | Snowshoe hares can show phenotypic plasticity in coat 
colour and maintain seasonal camouflage by moulting into 
a white coat in winter. However, some snowshoe hares 
have lost this phenotypic plasticity and retain the brown 
coat all year round. b | This winter- brown coat phenotype  
is controlled by an allele of the Agouti locus, and measures  
of genetic divergence indicate this allele has introgressed 
from black- tailed jackrabbits. Genetic divergence (Fst) 
measured between snowshoe hares and jackrabbits (top) 
shows that winter- brown snowshoe hares are less divergent 
than winter- white snowshoe hares from jackrabbits at the 
Agouti locus. Genetic divergence within snowshoe hares 
shows that winter- white and winter- brown snowshoe hares 
are highly divergent at the Agouti locus, but probably not  
at other loci. c | A tree based on genome- wide pairwise 
sequence similarity between snowshoe hares and related 
species recapitulates the species phylogeny. By contrast,  
a tree based on local sequence similarity at the Agouti 
locus indicates that the snowshoe hare winter- brown  
allele is more similar to the jackrabbit Agouti allele than  
to snowshoe hare winter- white alleles, providing evidence 
for introgression from jackrabbits into snowshoe hares. 
Drawings in parts a–c are adapted with permission from 
REF.86, AAAS.
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those associated with the evolution of colour. Emerging 
results seem to support the second hypothesis. For 
example, genetic variation occurs at a CRE of the Bab 
locus in D. melanogaster strains with different reaction 
norms, and Bab protein is responsible for altering tan 
expression in response to temperature cues87,88 (FIG. 4c); 
regulatory alleles at the Agouti locus control plasticity 
in the seasonal coat colour of snowshoe hares86 (FIG. 5a); 
and the loss of plasticity in side- blotched lizards is asso-
ciated with changes at two genes in the melanin pathway 
(PREP and PRKAR1A)89. Although these early studies 
suggest that colour plasticity is often regulated by genes 
in pigmentation pathways, rather than by changes to 
the genetic mechanisms that underlie detection of 
environmental cues, more examples will be needed to 
test whether this pattern holds up as plasticity becomes  
better understood.

Understanding adaptation through colour
The origins of variation. Mutation and recombination 
have commonly been considered to be the primary 
sources of genetic variation required for adaptation to 
occur. However, an emerging pattern from genomic 
studies of coloration and other traits is that allelic vari-
ants underlying adaptive change are often more ancient 
than the populations in which they are found. For exam-
ple, colour morphs of the invasive ladybird, Harmonia 
axyridis, are controlled by regulatory alleles at the locus 
encoding the transcription factor pannier90,91. Genomic 
comparisons of the two morphs have shown that genetic 
divergence is far greater at this locus than at surround-
ing genomic regions, which suggests an ancient origin 
for these colour alleles. Such patterns of high sequence 
divergence within species can result from either long- 
term balancing selection at colour variants or more 
recent introgression of divergent alleles between species. 
Phylogenetic reconstruction of Agouti alleles show that 
the loss of plasticity in the winter coat colour of snow-
shoe hares is the result of introgression of an allele from 
the black- tailed jackrabbit that gives rise to brown winter 
coats86 (FIG. 5b,c), and in mountain hares, which present 
a winter- white/winter- grey polymorphism, the winter- 
grey variant introgressed through hybridization with 
the Iberian hare92. Similarly, a dark form of the wolf that 
is common in forest habitats has alleles very similar to 
those in domestic dogs, suggesting recent introgression93. 
These examples demonstrate how useful genetic varia-
tion can be acquired through introgression from close 
relatives. At a much finer scale, phylogenetic analysis of 
two adjacent CREs of optix that control red elements in 
multiple Heliconius species has shown a complex history 
involving multiple introgression events that generated 
novel combinations of phenotypes94.

Introgression can also help to explain the evolution 
of supergene architectures that would otherwise require 
multiple genetic steps. In butterflies, introgression from  
Heliconius pardalinus has given rise to a novel allele at the 
H. numata supergene locus60. The levels of interspe cies 
divergence associated with the introgressed allele 
were substantially lower than across the genome as a 
whole, which is consistent with introgression rather 
than long- term balanced polymorphism. Similarly, 

in the white- throated sparrow the allele associated with 
the tan morph is more closely related to variants in a 
sister species, the Harris sparrow, than to white morph 
alleles in the same species58. Overall, it seems likely 
that introgression between species is a common and 
important evolutionary process95.

Observing and testing evolution in the wild. An 
understanding of the genetic basis for adaptive traits 
can facilitate studies of natural selection in the wild. 
Direct tests for selection in natural environments can 
now take advantage of the ability to genotype the alleles 
under selection (FIG. 6). For example, enclosure exper-
iments with deer mice (Peromyscus maniculatus) on 
different soil substrates demonstrated rapid allele fre-
quency changes at the Agouti locus that support the 
hypothesis of selection for crypsis against visual preda-
tors96. Similarly, experimental field studies that tracked 
genetic variation in natural populations of Timema stick 
insects over 25 years have provided support for nega-
tive frequency- dependent selection on pattern variants 
(striped and unstriped)97. Short- term changes in allele 
frequencies occurred substantially more rapidly at the 
patterning locus than at other similarly sized segments 
of the genome, indicating selection at these loci. In both 
cases, genomic data add value to selection experiments 
by facilitating estimates of selection on genotypes rather 
than solely on phenotype, and by allowing changes in 
allele frequency at selected loci to be compared with the 
genomic average.

Natural selection also leaves a signature in the 
genome of wild populations. Therefore, an alterna-
tive approach to studying selection is to search for this 
genomic signature, so as to estimate the past action of 
natural selection. Colour variants are especially good 
for such studies, as there is often a well- understood link 
between colour variation and genotype. For example, 
population genetic analysis of deer mice in the Nebraska 
Sand Hills demonstrated that coat colour in this species 
is composed of multiple traits and that each of these col-
our traits is associated with a distinct mutation within 
the Agouti locus79. These mutations have been inde-
pendently selected, with larger- effect variants showing 
evidence for stronger selection. A recent study explored 
the extensive radiation of Heliconius butterflies and 
provided evidence for strong natural selection at multi-
ple colour loci across almost all sampled populations98. 
These results support field evidence for consistently 
strong selection on colour forms in these butterflies99,100, 
but additionally show that colour loci are some of the 
most strongly selected regions in the genome.

Conclusions and future perspectives
In many ways, studies of coloration have been at the 
forefront of evolutionary genetics and have served as 
a model for investigating complex traits. Coloration  
represents some of the most striking and accessible 
adaptive traits in the natural world and was well under-
stood before the genomics revolution, and colour-related  
traits are some of the best understood examples of  
genotype–phenotype links. Nonetheless, the extent 
to which colour traits are representative of other 

‘Input–output’ genes
Genes that integrate complex 
spatiotemporal information 
and trigger alternative 
developmental outputs.

Phenotypic plasticity
The ability of a single genotype 
to produce a range of 
phenotypes depending on the 
environmental conditions.

Polyphenism
A type of phenotypic plasticity 
in which a single genotype can 
produce two or more discrete 
alternative phenotypes 
depending on the 
environmental conditions.

Reaction norms
Patterns of phenotypic 
expression of a single genotype 
across differing environmental 
conditions.

Balancing selection
Selective processes that 
maintain multiple alleles in a 
population, such as negative 
frequency- dependent selection 
and heterozygote advantage.

Introgression
The transfer of genetic material 
from one species to another 
through hybridization.
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phenotypes remains unclear – for example, loci of large 
effect might be more common among colour traits if  
pigmentation has a relatively simple genetic basis com-
pared with other morphological structures. Challenges 
remain, notably in understanding polygenic inheritance 
and the genetic control of phenotypic plasticity, but  
colour phenotypes offer excellent opportunities to study 
both of these phenomena. The long- term goal will be to  
synthesize what we learn from individual examples 
to infer gene ral patterns regarding the evolution of 
genetic architectures. Finally, while genomic studies  
have informed our understanding of the action of  
natural selection in wild populations, there have been 
fewer attempts to study sexual selection in the wild 
using genomic appro aches. Perhaps in the future, genetic  
and genomic analyses will provide similar insights into 
the action of sexual selection on colour phenotypes in 
natural populations.
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