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Abstract

The Cellular and Developmental Biology of Wing Scales:
Two Genera of Structurally-Colored Butterflies
Provide Mechanisms for Evolution of Color Diversity

By
Ryan W Null
Doctor of Philosophy in Molecular and Cell Biology
University of California, Berkeley
Professor Nipam H Patel, Chair

The coloration of butterflies and moths, Lepidoptera, has been an important force in
biological inquiry, providing among the first supporting evidence for biogeography,
Darwinian evolution, and models of morphogen diffusion. In nature, color patterns have
evolved that aid species’ navigation of many ecological interactions via crypsis, warning
coloration, mate signaling, and the multiple forms of mimicry, which often lean heavily
upon color to achieve their effect.

Butterflies and moths as a whole have evolved the ability to produce all of the colors
visible by humans, as well as into the UV range. As is true for most animals, the repertoire
of pigments available for use in Lepidoptera is actually rather restricted — by and large
limited to long-wavelength colors red, orange, and yellow, as well as, black and brown
pigments. To expand into the short wavelength (violet, blue and green), Leps have
repeatedly resorted to manufacturing photonically-active nanostructures. These harness
physical properties of light to create the impression of color in an observer without having
to manufacture a pigment. Despite knowledge of butterfly structural coloration for
centuries, intense study has only taken off following the advent of the electron
microscope, and despite interest, studies have been largely limited to descriptive studies
and physical estimations of their function.

| have undertaken efforts to understand the developmental and cellular underpinnings of
structural coloration in butterflies. In the work presented here | have furthered the
understanding of the field with a particular focus on how pigments modulate the diverse
structural colors of 2 genera — the Morpho genus of the neotropics and the Achillides sub-
genus of Papilio found throughout Oceania, East, and South Asia. In addition, | have
addressed how scale ultrastructure is constructed in the developing pupa from a cell
biological perspective. These studies have come hand-in-hand with the improvement of
live-imaging techniques, which | argue, will be indispensable for future studies on scale
development. What has emerged, is the suggestion that the Actin cytoskeleton, is
essential for ultrastructural formation of scales including the modulation of nanostructure
profiles. What’s more, | have shown that melanin is deployed to tune the saturation of
structural color reflections and, in at least one case, to tune the hue of a multilayer-based
structural color.
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Spectral filters comprised of nanostructures and pigments are built during scale morphogenesis and
influence the color production of unicellular epithelial projections known as scales. A variety of colors are
theoretically possible by altering the pigment, geometry, and composition of spectral filters, but owing to
the importance of coloration at the population and community level (such as evading predation and
attraction of mates) the genetic programs involved in their construction are likely pruned by selection and
drift, leading to biases in structural color prevalence. Through inherited mutations, new alleles in genes
controlling pigments and nanostructure construction (such as number and thickness of nanostructure
layers) will be born, allowing for further refinement and tuning of colors. Over time, changes in predation
and mate preference, as well as other environmental shifts and random drift are likely to occur, altering the
parameters by which nanostructures are evaluated, and allowing for novel colors to evolve. Thus, photonic
interference filters, born during pupal development, encoded by a multitude of factors, can be selected upon
at the population and community level leading to novel colors, and eventually populations and species.
Cosmic radiation — The spectrum of light visible in a particular niche. Sub-cellular nanostructure — a
hypothetical multilayer nanostructure built within a scale cell that produces color based on its geometry,
chitin composition/thickness, and various pigments. Unicellular coloration — The diversity of possible
scale colors at the individual and population levels if variation of nanostructure and pigmentation is allowed.
The pattern produced by many scales on a wing creates the overall appearance of a butterfly. Bird symbol
— Hypothetical pressure from predation on a particular color of butterfly due to its particular
nanostructure/pigment combination; gradient indicates increasing detriment of a color on survival of a
butterfly with that color. Brown female butterfly symbol — Hypothetical mate-preference pressure based
for males of a particular color due to that organisms’ particular scale coloration (owed to nanostructure and
pigment combination); within the gradient, white represents a highly preferred color, black is highly ignored.
Sigma — Combined pressures on a butterfly to be a color not conspicuous to a predator and preferred by a
mate. Colored butterflies’ sizes represent the prevalence of a color morph given the combined community-
level pressures. Inherited mutations —Germline mutations inherited by the subsequent generation produce
novel alleles that influence the “position” of phenotypic “sliders” influencing the developmental and
cytological parameters of a scale’s nanostructure and pigmentation. These lead to novel colors being
produced in the scales of the next generation.
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Introduction to the Work

In this dissertation | will present the findings of my doctoral research on the
developmental and cellular biology of structural coloration in butterflies. What follows
are five main chapters, beginning with an introduction summarizing the current state of
the field and ending with a look forward to the future of the field. These chapters
bookend 3 chapters of my original work. In addition, the reader will find 4 appendices
with supporting information for the main text, including data from 2 surveys (Appendices
1 & 2), genetic information for constructs built and a cloned gene (Appendix 3), and
finally the code (and an explanation of) software developed for image analysis
(Appendix 4). | hope the reader finds some excitement within these data, as they were
breathtaking to discover.

Here now is a summary of each chapter:

Chapter 1: | present the reader with a summary of the current state of research. Given
the very broad reach between nearly-instantaneous photonic behavior and the
geologically time-scales of ecological population divergence, I've touched upon the
extremes briefly while trying to focus upon how unicellular development may unite the
two.

Chapter 2: In the second chapter | argue that the Morpho genus has diversified over
time in part or as a consequence of utilizing melanin to increase the saturation of their
blue coloration. Further, | suggest that the change in melanin type and/or level is
involved in the differences between and within naturally occurring species. | have
harnessed a live imaging technique developed in the 1980’s to culture pupal wings ex
vivo to visualize Morpho peleides pupal wing disks prior to pigmentation. In so doing, |
have been able to modulate specific steps in the melanin enzymatic pathway, inhibiting
and rescuing the production of black pigments and, simultaneously, the level of blue
saturation. Through in vivo injection of drugs preventing or promoting melanization |
have been able to see deviations from the wild type blue saturation in the predicted
manner. Together these data are compared to a survey of pigmentation and structural
saturation in existing Morphos representing between species variation, within species
variation, and within individual variation of blue saturation. | conclude that pigments
may, in fact, literally underpin the change in apparent blue coloration across this genus.

Chapter 3: In the third chapter, | investigate the formation of a nanostructure and its
pigmentation in a species of Achillides butterfly, Papilio palinurus. Development of
nanostructures are hard to study as they are smaller than the diffraction limit of light
microscopes, requiring study via electron microscopy. Achillides species use internal
multilayers to produce structural color, which are beyond the diffraction limit, however,
some species also mold their multilayer into a 3-dimensional shape that harnesses
structural coloration’s angle dependence to produce multiple reflected colors. This 3-
dimensionality in P. palinurus looks like a parabolic reflector, which | affectionately refer
to as a dimple. The results of a survey of the close relatives of P. palinurus
demonstrated that not all species have this dimple ultrastructure and that the shape of
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the multilayer falls out along the suggested clades within the Achillides. In earlier work,
scale ultrastructure has been suggested to be defined in large part by F-actin dynamics.
When | investigated two species of Achillides pupae (P. palinurus and P. ulysses) |
found this was also true. Interestingly, P. palinurus cover scales appeared to undergo a
dramatic rearrangement from longitudinally arranged F-actin to a hexagonally packed
actin structure along the scale’s upper lamina. These hexagons of F-actin delimited
local invaginations of the plasma membrane in roughly parabolic shape. It appears that
P. ulysses begins with a similar hexagonal shape that gets contracted across its width
to narrow the hexagons into boxes that also resemble the adult structure. Though drug
treatments to disrupt actin were inconclusive, | did find several animals with red-shifted
coloration and disrupted dimple formation. At least one red-shifted animal also showed
a change in internal multilayer order.

Also investigated in the third chapter was an anomalous, unilateral blue-shifted
phenotype that appeared in adults emerging from injected pupae of P. palinurus. 1t did
not matter what was injected, as multiple drug treatments and even control injections all
gave a similar phenotype, so | attribute the blue shift to an injection trauma response.
These blue-shifted damage phenotypes were often correlated with a decreased dark
pigmentation. Investigation of pigmentation levels between damaged and wild type
scales agreed with this observation. Knowing pigment can be removed in a pigment
dependent manner | tried to bleach the wings (to remove melanin) and to extract, via
acidified MeOH, ommochromes (known to be in Papilionid wings and to absorb blue
wavelengths). Surprisingly the bleaching resulted in a red-shift while the ommochrome
extraction led to a blue-shift. The ommochrome extraction method ended up creating
damage to structural elements in a control, and the change in absorbance profile of
MeOH-treated palinurus wings did not match perfectly the expected absorbance profile
upon modeling, leaving the ommochrome contribution possible but inconclusive.
Injection of melanin inhibitor into developing pupae resulted in blue shifted adults — a
contradiction with the bleaching but in agreement with the damage reduction of pigment.
Comparison of the bleached wing’s absorbance to known pigments in Drosophila
suggested that the pigment was a melanin that was damaged and unable to absorb red
wavelengths — the likely source of red shift. The remaining blue shift of melanin
reduction remained a mystery. Measurement of wild type internal multilayers from TEM
micrographs showed that the multilayer was not comprised of uniform chitin and air
layers, instead the multilayer was chirped (decreasing in size as one moved toward the
adwing surface). Moreover, there was an increased electron density in these lower
thinner laminae. When | compared this to damage induced blue scales and melanin
inhibitor injected scales | saw similar layer thicknesses but a decrease in electron
density. What | conclude from these experiments is that the melanin based pigment is
limited to the thinnest layers providing saturation and eliminating their blue shifted
contribution from the reflection. Prevention of melanin formation by damage or inhibition
results in a decrease in saturation (as seen in the Morphos) but also unmasks the lower
laminae allowing their reflection to be included in the color reflection. Comparison to
wild type P. blumei, which has similar greens and blues, shows that there is also be a
decrease in pigmentation in the blue scales of the tails. This suggests that a chirped
multilayer may be conducive to the selective tuning of reflected coloration simply
through pigmentation modulation — and this may be a mechanism, in coordination with
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actin based alteration to the scale’s ultrastructure, by which the Achillides have altered
their coloration over their evolutionary history.

Chapter 4: In the fourth chapter, | report some of my efforts to live image scale
development and argue that the Indian Meal Moth, Plodia interpunctella, may be an
ideal species for undertaking investigations of scale development. Plodia is a Pyralid
moth and a pest species. The latter point comes with the benefits of low maintenance,
willingness to be reared in high densities, and high fecundity lacking in most butterfly
species. The former point comes with the benefit that they feature beautiful scales and
similar anatomy to butterflies. Though lacking in structural color, the mysteries of the
nanostructure construction processes would benefit highly from working out general
scale development, which is lacking. In addition to having scales, Plodia feature a
frenulum, a hook that connects the fore and hindwings during flight, and this structure is
composed of many independent bristles fused together by ECM. Together with its large
size, the frenulum could be a great canary in the coalmine for scale defects when
performing genetic manipulations/screens. Also in this chapter, | detail efforts to build
genetically encoded live imaging constructs and to introduce them into developing cells.
| combine this work with two techniques that eliminate the presence of the opaque pupal
cuticle and allow visualization of the developing pupal wing disk and its scales. These
technological advances will be highly beneficial for pushing further into our
understanding of unicellular morphogenesis and scale development.

Chapter 5: In the final chapter, | describe what still needs to be done. There is a great
bit of work still that can be informed by study in and comparison to Drosophila. In
addition, | outline the experiments that still need to be done in the Morphos and
Achillides, before resting on the exciting future of live imaging of scales in vivo.
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Chapter 1
Introduction and Background

1.1 Introduction

An organism’s coloration is often directly tied to its survival and reproductive success.
Lepidopterans, butterflies and moths, are among the most popular insect groups with the
public. This is in no small part due to the diversity of glorious patterns and bright colors
found on the nearly 200,000 species contained in the group. While much of the scientific
study has focused on how color patterns are made, it is the scales (unicellular, epithelial
cell projections), which are ultimately responsible for the colors displayed.

When executing a particular pattern, cells across the pupal wing tissue interpret
developmental signals and deploy different pigmentation pathways accordingly. The
juxtaposition of differently colored scales thus determines the pattern observed at the
macroscopic level. With few exceptions, Lepidopteran pigments are only able to access
red, orange, yellow, black, and brown regions of the color palette. To achieve the short-
wavelength colors of the spectrum (such as violets, blues, and greens), many
independent Lepidopteran lineages have evolved color production through the purely
physical mechanism of photonic interference — or structural color. This phenomenon is
made possible by, often elaborate, sub-cellular patterning of the scales’ exoskeleton built
with such extreme precision (on the order of 100nm) that it manipulates incident light,
resulting in particular colors being intensified, while the rest are cancelled out. It is in this
way that the maijority of violets, blues, and greens are produced in butterflies and moths.

Developmentally, the ability to produce 100nm structures is complicated by both the
number of scales per wing and the short duration of time most organisms stay in the pupa.
For instance, Morpho peleides, a bright blue butterfly, has about 10,000 scales per square
centimeter, with ~8cm? per wing being blue. Each blue Morpho scale has an average of
50 ridges where structural color is produced, and each ridge can have up to 6 lamellae
contributing to coloration at any one location on a ridge. Thus the mindboggling reality
comes into focus that each butterfly must make 100nm structures nearly 100 million times
in order to appear blue! By analogy, if we arbitrarily adjust our size scale such that 100nm
is equivalent to 100mm, a butterfly must build 320,000 cells the size of the TransAmerica
Pyramid building (260um=260m) with the accuracy equivalent to a coffee cup
(100nm=10cm) over an area 2x the size of the entire San Francisco peninsula
(8cm?/dorsal wing surface =800km? — or — %2 of one SF peninsula at 1600km?) in the
matter of a week and a half (Fig1.1)! If the organism’s nanostructures deviate from very
tight tolerances (+10nm), the reflected light will be biased to another color with likely
effects on ecological interactions.

Examples from many structurally colored groups of butterflies suggest that while the
nanostructures are faithfully inherited from generation to generation, they remain
evolutionarily and developmentally labile, with closely related species often having
different colors or saturation levels (Fig1.2). Taken together we reach a stunning
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conclusion: that the evolution of morphogenesis of single cells at the nanoscopic level is
responsible for changes in perceived color of an individual, which is in turn responsible
for many of the complex interactions butterflies and moths have with predators and
conspecifics. In other words, sub-micron morphogenetic processes in cells of an
individual, resulting in novel photonic behavior, may directly drive evolution of populations
at a geological timescale.

Here, | will briefly touch on patterning of the wing pattern before focusing on a few aspects
of scale biology including what physicists have uncovered about structural coloration in
Lepidoptera, the known developmental patterning of scales, and likely cell biological
mechanisms leading to the requisite repeating nanoscale structures responsible for some
of the most brilliant and vivid colors in nature.

1.2 Ecological importance of coloration

As organisms that have placed considerable weight on visual information for
understanding our world, humans have paid attention to color occurring in the natural
world. Given the diversity of organisms in the natural world and the long periods of time
that life has had the opportunity to drift and adapt upon it, it should be unsurprising that
life has woven color deeply into its complex interactions.

Individual organisms have to navigate through countless encounters on a daily basis
within their ecosystem. From quorum sensing two-component systems in bacteria to the
5-sense human experience we are most familiar with, organisms have evolved to be
efficient information integrating machines (1). Most bilaterian animals are born with or
develop visual senses during their lifetime. While color vision is not ubiquitous, it is
common and hence, often plays an important role in interpreting the world. From what we
know there are 3 main pressures driving the majority of color-information in ecological
interactions. 1) The avoidance of predation, 2) the need to eat, and 3) the drive to mate
and reproduce.

Strategies have emerged among communities of species that result from each of these
pressures. For instance, the avoidance of predation has selected for organisms with
remarkable camouflage to hide from predators such as the Kallima genus of butterflies,
leafy sea dragons, katydids, Membracid bugs, and stick insects. Camouflage can also be
less elaborate drab coloration as is often seen on birds, small mammals, and moths (such
as Kettlewell's melanic Biston moths) or the white coats of arctic hares.

Counterintuitively, organisms can also avoid predation by being brightly colored with
highly contrasting colors. This coloration is often correlated with the organism being a
potential prey item and having the ability to inflict iliness or injury upon the potential
predator. Known as aposematism or warning coloration, such color patterns make their
wearer highly conspicuous, in essence advertising their ability to poison, bite, sting, or
otherwise maim. Examples of aposematism include the bright black and yellow of yellow
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jacket wasps, the beautiful coloration of poison dart frogs, the red, black, and yellow
banding of coral snakes, and the orange and black of Monarchs.

Aposematism requires selective pressures from predators trying to eat dangerous
individuals and learning not to attack a particular pattern through surviving highly
unpleasant interactions. This learning paradigm can create pressures that drive evolution
among other dangerous organisms to convergent color patterns, known as Mullerian
mimicry, best known from the Heliconius species. In the Heliconius mimicry rings, multiple
butterfly species in geologically close quarters share predators that drive selection in all
species toward a single phenotype (2—4). This is thought to benefit the predator as it only
has to learn a single pattern, while the individual butterfly species can share the burdens
of predator learning trials.

In some cases aposematic coloration of a dangerous species can result in collateral
selection upon otherwise harmless species with no noxious defense. This selection
likewise leads to a convergent color pattern that “lies” to predators about the danger of
eating a harmless organism (5). Known as Batesian mimicry, this type of color signaling
is famous among the corn snake mimics of coral snakes, bee-mimicking robber flies, the
snake-mimicking caterpillars of some Papilio species, and Bates’ own Ithomiine-
mimicking Dismorphia butterflies.

Of course, some of the same tricks some species use to avoid predation have been
employed by predators themselves to hide from their prey. Particularly cryptic patterns
that are common among ambush predators which can be as simple as the dorsal grey
and ventral white of Great White sharks, and as elaborate as cuticle reticulations and
color variegation of the Indian Rose mantis, Ambush bugs of the Phymatidae family,
and the carnivorous Eupithecia caterpillars of Hawaii (6).

Beyond the need to eat or keep from being eaten, color plays important roles in mediating
the interactions between conspecifics. Sexual dimorphism accounts for some of nature’s
most spectacular color patterns, such as the difference between the sexes of the Bluefin
Nothos (Nothobranchius rachovii) fish, mandarin ducks, and Ornithoptera butterflies
(Fig1.2). According to the so called “good genes” hypothesis, sexual dimorphism arises
from a pressure put on males by females choosing more extreme phenotypes, which
often makes males more conspicuous than the female, and as a result increases their
likelihood of being predated upon or making it more challenging to survive otherwise.
Thus, males surviving to adulthood must carry high quality gene complements, which
when mated with will benefit the female’s offspring.

Given the complex nature of community relationships, it is not surprising that color
patterns can be flexible to accommodate situations. Polyphenisms can provide seasonal
variation to meet the needs of an organism across temporally differing environmental
contexts. Many male birds for instance will molt into sexual color feather colors during the
breeding season while being drab otherwise. Peacocks, as an example, drop their tail
feathers after breeding season. While butterflies cannot change their coloration within an
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individual, generations eclosing during different seasons can have seasonal coloration
variation. One such example is Junonia coenia, which has redder ventral coloring during
the wet season generation and tan ventral color during the summer generation when
brush is dry and dead (7,8).

In an extreme example of combinatorial color pattern paradigms, some butterflies have
sex-limited Batesian mimicry where the female will mimic an unpalatable model and the
male will not — such as Papilio dardanus and Papilio polytes. In this twist on sexual
selection, males must bare waving a palatable flag while the female hides, not in drab
colors, but in faux-warning coloration (9—13).

Finally, while it is easy to dive headlong into the adaptive values of color and power of
selection, it would be a disservice to the reader not to acknowledge that biological color
may simply be the result of contingency, drift, or the adaptation of a system for one
purpose that subsequently produced color indirectly. For example, the differences in the
color of green algae and plants, brown algae, and red algae represent different
mechanisms of performing the same function: absorbing light energy for conversion to
chemical energy (14,15). Carotenoids and bacteriochlorophylls provide a purple hue to
some bacteria, but only as a consequence of utilizing longer wavelength light to pump
protons across the membrane for assisting in electron transfer chain (16). Examples exist
too of more exotic structural colors that have no obvious adaptive function such as the
rainbow reflections of ctenophore ciliary combs, where color is the consequence of light
diffracting from the close-packed cilia constituting the swimming combs.

In sum, coloration has likely been evolved by a handful of pressures into some of the most
dumbfounding visual stimuli in nature. Crypsis, aposematism, mimicry, sexual
dimorphism, and polyphenisms have emerged as ways of aiding survival and
reproduction in animals. So, in studying further how animals manifest their coloration, we
stand to learn more about evolution and the diversification of life itself.

1.2.1 Winq patterns drive species diversity

There is little doubt that the seemingly endless wing patterns displayed by the many
lineages within Lepidoptera, moths and butterflies, has been a key to their popularity
among the public, collectors, and scientists alike. Indeed, even after spending decades
in extremely biodiverse tropical locations naturalists like Alfred Russell Wallace seemed
resistant to becoming jaded to their beauty: Wallace remarked upon first capturing the
spectacularly fire-orange birdwing, Ornithoptera croesus,

On taking it out of my net and opening the glorious wings,
my heart began to beat violently, the blood rushed to my
head, and | felt much more like fainting than | have done
when in apprehension of immediate death (17).

Moths and butterflies (also affectionately known as Leps), together are a monophyletic
group with nearly 200,000 described species, increasing at a rate of about 1,000 per year.
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Kristensen et al. suggest that there may be as many as 24 synapomorphies for the
Lepidopteran lineage with the eponymous “densely scaled wings” included as one (18).
Butterflies (Rhopalocera) are a monophyletic group of day-flying moths with clubbed
antennae comprised of 6 families (Hesperiidae, Papilionidae, Pieridae, Nymphalidae,
Lycaenidae, and Riodinidae) with close to 20,000 described species.

Lepidoptera is sister to the hairy-winged Trichoptera, which together form a clade that is
sister to the Diptera (in which Drosophila melanogaster resides). Unlike Dipterans that
have 1 pair of wings covered in small, hair-like projections, both Lepidoptera and
Trichoptera have 2 pairs of wings that are covered in large, chitinized remnants of sensory
organ precursor (SOP) derived cells (18-20).

As holometabolous insects, the Lepidoptera are indirect developers with egg, larval,
pupal, and adult life stages. Similar to Drosophila melanogaster, Lep larvae have internal
imaginal discs that will become the adult wings following a dramatic maturation during the
pupal stage. It is during the metamorphic pupal stage when the wings’ color patterns are
largely established through the specification, construction and, often, pigmentation of
large, unicellular epithelial outgrowths known as scale cells. Following eclosion of the
adult from the pupa, the soft, wet wings expand to their full size via hydraulic pressure
applied by the hemolymph (much like expanding sails on a boat) and harden to their final
shape in a few hours. Once formed, scales and wings are both considered dead tissues
which cannot be repatterned, nor regenerated.

Wing patterns are akin to a tile mosaic, and each butterfly manifests their particular
pattern by juxtaposing many independently colored scales on a 2 dimensional matrix as
such, the pattern of the wing is effectively a color matrix like that of a tiff image. While
there are species where the patterns exhibited by an individual are somewhat random
(the black stripes of the sunset moth, Chrysiridia rhipheus, for instance), by and large
patterns are remarkably similar between individuals and generations. Complexity,
therefore, should not be mistaken for randomness, as is perhaps best observed in the
wings of the Brahmaea moth genus, which display remarkable complexity that is highly
ordered and exhibits perfect symmetry across left and right wings. Moreover, between
individuals of the same species, patterns stretch and shrink with the variation in wing size,
suggesting that even though tightly regulated, the pattern “knows” how to form itself and
can be dynamically adapted to the size of its canvas. Taking this fidelity to even more
impressive heights, it is common for species to display polymorphic or polyphenic
patterns, often associated with mimicry or seasonal variation. These additional patterns
remain faithful to their own pattern and evidence has been collected that suggests that
these alternate patterns can be caused by alleles at a single locus (13,21,22).

Together, the fidelity to a pattern seen between individuals and generations suggests
control of patterns by inheritable genetic influences. Conversely, the existence of
polymorphisms, polyphenisms, and even the great diversity of patterns that exist
throughout all Lepidopteran lineages suggest that patterns are mutable. Through several



continuing lines of research, that this is in fact a reality. Briefly summarized, the emerging
concepts of genetic control of wing patterns are:

1) Low-level control of pattern elements occurs via redeployed

developmental pathways

Work on the eyespot of several Nymphalid butterfly species has shown a
correlation between the pigmentation of the concentric elements in an
eyespot and pupal expression of developmental genes such as distal-less,
spalt, and engrailed in identical patterns prior to pigmentation (23). Ectopic
eyespots can be induced by wing damage or transplantation of eyespot foci
early in pupation, these are hypothesized to be wnt based damage
responses functioning secondarily as a pattern organizer (24—26). wntA and
optix have been implicated for controlling many color patterns as well, with
wntA in particular seemingly important for defining pattern boundaries within
the wing (27-29). These patterning signals may be combinatorial in some
instances, as evidenced by the additive bar patterns shown by lab-
hybridization of Heliconius cydno and H. melpomene that phenocopied the
double bar pattern of H. heurippa (30).

2) Polymorphism is driven by large-effect alleles expressed in large

domains

Studies done on Papilio dardanus and Papilio polytes, which feature females
that mimic multiple distasteful models, have demonstrated that alleles of
engrailed/invected and sex lethal, respectively, are master control genes
deciding what pattern any particular female will display (24—26). Similarly,
alleles of the gene cortex determine patterns within multiple Heliconius
species, Bicyclus anynana, Biston betullaria, and Bombyx mori (31,32). The
exact mechanism by which alleles of these genes produce different patterns
is unclear, whether they change the interpretation of patterning signals
common to all morphs, or if they completely change the signals produced
between morphs.

What is clear from the literature is that developmental genes are redeployed in patterning
wings, and that some genes like engrailed may have many roles at both high and low-
level specification. Secondly, with the exception of cortex, which has an unclear function
in Lepidoptera, all of the genes implicated in pattern formation are components of
signaling pathways or are transcription factors. Perhaps this is unsurprising, given that
the ultimate effect is a change in the juxtaposition of differentially colored scales.

1.2.2 Scale color determination drives wing pattern diversity

In the adult, scales are the dead, chitinous remnant of a large, unicellular wing epithelial
projection, which are born, specialized, and die all within the pupal stage. The decision of
neighboring scales to produce any given color is what defines the color pattern, and as
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such, it is the response of the developing scale cell to the various patterning inputs
produced by the wing that will manifest the pattern. How a scale enacts a program to
produce a color can ultimately be as simple as turning on an enzymatic pathway to
produce a pigment, or as complex as to require precise tuning of cytological elements
during scale morphogenesis so as to create an optically-active nanostructure. The latter
method leads to wavelength specific enhancement through photonic manipulation. While
pigments and structural colors are often thought of as mutually exclusive, hints that the
some genes deciding scale pigmentation may also influence the cuticular super-structure
came from Larry Gilbert et al. in 1988 — in addition to suggesting that structure may modify
the appearance of a pigmented scale type (33).

Just as wing patterns themselves are inherited and mutable, evidence suggests that scale
morphologies may also be inherited and mutable. Studies on Ornithoptera structural
coloration have suggested that both structures and pigments have evolved between
species to produce the range of colors displayed by males (Fig1.2) (34,35). Helen
Ghiradella proposed that gyroid structures evolved from internal lamina of the Urania-
type, speculating an evolutionary role for the smooth endoplasmic reticulum in the
transition (36). Comparisons of Cattleheart structural scales suggested a similar but
parallel evolutionary transition in Papilionids (37,38). Changes in scale profile and
multilayer thickness have been noted between closely related species Papilio ulysses,
blumei, peranthus, and palinurus, which are also associated with gross color changes
and retroreflection production (39—41). Scale morphology was also recently utilized in
resolving the phylogenetic relationships of the species within the Morpho genus,
suggesting that scale morphology mutability has some relationship to speciation (42).

1.3 Sources of biologically derived color

It is necessary to stress the functional difference of pigments and nanostructures as well
as their ontogenetic origins to understand how they can be modified over the course of
evolution. To explain how pigments and nanostructures differ it is first important to discuss
what color actually is from a physical perspective.

1.3.1 Light and color

Light is a form of electromagnetic radiation, having properties that are both wave-like and
particular in nature. A light particle is known as a photon. Photons are discrete packets of
energy with characteristically oscillating electric and magnetic fields. The amount of
energy a photon carries determines how quickly its electric and magnetic fields oscillate,
which in turn define its wavelength. Since all photons in a vacuum travel at the same
speed, the speed of light, their wavelength is a function of how energetic the photon is.
The higher a photon’s energy, the faster the oscillation, the shorter its wavelength, and —
if within the visible spectrum of the organism observing it — the more violet the light
appears. Conversely, the lower the energy, the slower the oscillation, the longer the
wavelength, and the more red the light appears. Furthermore, these linguistic color
categories (e.g. Blue, Red, Green) are at their most fundamental, simply differences in
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how fast a photon’s electric and magnetic fields oscillate. A particular “blue” photon, for
instance, will oscillate once every 450nm traveled, whereas a particular “red” photon
oscillates slower, at once every 700nm. These oscillation distances are critical for our
understanding of the physics of a butterfly’s structural color.

1.3.2 Pigmentary versus structural color

A pigment is a molecule whose particular arrangement of atomic bonds define how it can
absorb energy. When a light source containing an even mixture of all wavelengths (white
light) is directed upon a pigment, the photons interact with the pigment molecules causing
resonation of atomic bonds and resulting in some or all of their energy being absorbed.
Those photons that cannot be absorbed are either reflected or reradiated at a longer
wavelength (fluorescence). The characteristic profile of absorbance of a molecule
provides the color for the object containing it; for instance, chlorophylls A and B are poor
at absorbing green and hence a plant appears green.

In contrast, non-white structural color results from the interaction of white light with an
object which has 2 characteristics: 1) the object must be made of a material with a
refractive index that is different from the ambient medium (the speed of light changes
when entering/exiting the material) and 2) must have a geometry that is non-random in
some way (although this is not always obvious). Everyday examples include the rainbows
produced by oil films on water and in soap bubbles (known as thin-films) and the colors
seen on the underside of a CD (caused by a diffraction grating). In most biogenic cases,
structural color is produced by repeating structures with dimensions and spacing on the
order of 100nm. Simply put, a pigment is a molecule that absorbs light, leaving what the
remainder as the color we see. While structural colors in biology, tend to be regularly
ordered, super-molecular sized reflectors that bias reflections towards a wavelength
without absorption.

Structural colors have evolved many times within the Lepidopteran lineage, and exist in
all bilaterian superphyla, including Humans where blue and green irises arise from
structural coloration as do some skin patches such as blue nevi and portwine birthmarks
(43-45). Structural colors may have arisen in animals to compensate for the rarity of
violet, blue, and green pigment evolution. Thus their evolution allows for the access of
more of the visible spectrum — something that has been applied to camouflage, signaling,
aposematism, and mimicry among the butterflies (46-53). Interestingly, there exist a few
common ultrastructural elaborations allowing scales to create structural colors, often
evolving de novo in independent lineages (37,40,46,54-56).

The physics of how structural color works has been a topic of discussion that dates back
to the birth of optics. Newton's famous prism experiments, reported in his 1704 tome
"Opticks", showed that colors existed within white light and could be separated at
interfaces of materials with different properties and postulated structural color as the
source of peacock colors. It was about 200 years later that the idea of a physical
separation of colors could be the cause of colors found in the biosphere, Lord Rayleigh
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offering a hypothesis about birds, insects, and bivalves (57-59). In the first decade of the
20th century, C.W. Mason expounded on this hypothesis while providing an entertaining
account of structural colors in insects and birds, complete with withering dismissals of his
contemporaries' hypotheses and very clever experiments of his own, which are still the
investigative tools all physicists use when studying structural color by today (60-64).
Since the invention of the electron microscope, there have been a flurry of investigations
that began to pick up steam in the 1970's, exploding during the 1990's continuing to
expand today. With the 300 year history of experimentation with the properties of light, it
should not be surprising that there exists an immense optics literature.

1.3.3 Pigment and structural color

In addition to exploring how structural colors in nature work, the diversity of structures,
and how best to recreate nanostructures for industrial processes, many authors have
remarked or noticed the close relationship photonic element containing cells have with
pigments.

Purple for instance, is a non-spectral color, that is, it is a mixture of wavelengths that
approximates violet (a spectral color). In nature purples are often created by overlaying
red pigments with blue structures (65). Similarly, some greens are produced by an
organism juxtaposing a yellow pigment over a blue structure, as in the case of the
Budgerigar parrots, where blue-green structural color lies over a strongly blue-absorbing
yellow pigment. This results in the subtraction of much of the blue from the blue green
reflectance leaving the green portion of the reflectance intact (66).

In most explored cases, it is a dark, broadly absorbing pigment that is found associated
with a photonic element; often this pigment is assumed to be melanin, but rarely are there
rigorous tests of the fact (34,38,46,51,65-83). Theoretically, a black pigment absorbs
uniformly across the visible spectrum. When paired with a nanostructure (which can only
bias the reflectance toward a wavelength), the pigment uniformly removes across the
spectrum. The bias provided by the structure creates a signal which cannot be removed
by the pigment entirely, though the vast majority of other stray photons are. As a result,
the peak wavelength reflected by the nanostructure is all that remains (Fig2.1).

In stark contrast, structurally assisted absorption also has been demonstrated to exist. In
the example published (84) a velvety black portion of Papilio ulysses was examined in
comparison with a less black region on the same wing. In air, the velvet black scales were
demonstrated to be more absorbing than the lustrous black scales. However, when the
scales were submerged in refractive index matching liquid the velvet black scales were
actually less absorbing than the lustrous black suggesting that in fact the velvet black
scales contained less pigment than the lustrous scales. Further it suggested that the
enhancing effect on absorption was provided by the scale’s morphology. Upon
examination of the scale super-structure it was found that the scale had been produced
in such a way as to channel the light to the inside of the scale where black pigment could
absorb it. In addition, the structure promotes light’s reflection toward the ridges on initial
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incidence. The ridges have small grooves which in this case are thought to act like the
corneal anti-reflection arrays on many insect eyes. The grooves reduce the reflectivity of
the ridge by having created an alternating amplitude, which is a less efficient reflector. By
forcing multiple reflections and reducing reflection efficiency, the light has to travel
through more pigment and has greater opportunity to be absorbed. It is unknown if this
improves the heat absorption of the tropically distributed P. ulysses. However, it is not
hard to imagine that this mechanism could be utilized by melanistic forms of butterflies
found in temperate climes.

The field of biological structural color has focused mostly upon the most colorful of
organisms currently found on earth — the birds and the Lepidoptera (moths and
butterflies). As a result, the reported structures may represent a biased section of how life
has managed to explore structural coloration. Nevertheless, it should be noted that the
many of the following structures have evolved independently in disparate lineages of life,
suggesting that even if ascertainment biases prevail, there is some universality that exists
in those structures that are known. | will address some of these nanostructures from a
morphological standpoint accepting the physical mechanism of color production as a
given. For a more in depth discussion, | refer the reader to several excellent reviews of
biogenic structural color including Shuichi Kinoshita’s extremely thorough book which
tabulates all known studies of structural color in Lepidoptera and birds up to its publication
(85).

1.4 Common themes where biology harnesses physics

In order for structural color to be manifested in an organism, that organism must obey the
laws of physics that allow the color to be made. As such, an exploration of the themes
common to all described versions of structural color, will lead to a fruitful discussion of
how to approach the fascinating problems inherent in biological structural color.

In most structural color found in nature, constructive and destructive interference are
utilized to bias the reflection of white light into appearing a color. One effective way to do
this is to organize disorganized photons so that reflections of some photons have their
wavelengths in phase with other photons of the same wavelength (constructive
interference) and the rest of the photons of different wavelengths fall out of phase. This
type of organization is dictated by 2 main components, the geometry of a nanostructure
(most often, its thickness), and a contrast in how slowly light travels through the medium
(its refractive index) of the nanostructure (typically chitin or keratin) when compared with
the speed of light in its ambient material (usually air or water).

1.4.1 Contrast in refractive indices

All structural color heretofore described in biology is dependent upon diffraction.
Diffraction of light within a medium is described by Snell’s law as the ratio of the angle of
a beam of light in two media is equal to the inverse of the ratio of the speed that light
travels in those media:
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In the simplest case, a thin film reflector, this bend in the direction of light (sin 6,,c4ium)
directs light to take a new direction within the medium. Once light reaches the lower
boundary of the thin film and the ambient, it is partially reflected. When the light reaches
the upper interface of the thin film and the ambient, it bends back according to Snell’s law
(Fig1.3A). Here it can interact with the reflection of the incident light and will have traveled
a longer distance than the reflection (Fig1.3B) equal to

Path length dif ference = thicknessSpegqium * 2Nmedium€0S Omedium

Using Snell’s Law, this can be rearranged into terms of the angle of incidence and
refractive index contrast:

Nambient
PLD = 2 = thicknessyegium * Nmedium€0S(sin™t (sin O cigent * ——)

Nmedium
For incident white light (light including all wavelengths), whatever photons have a
wavelength equal to an integer multiple, m, of this path length difference will experience
complete interference. Those photons that are non-integer multiples of the path length
difference will experience partial interference.

We can predict what wavelengths will experience completely constructive interference by
the following equation:

1
Aenhancea = PLD /(m — E)

The subtraction of 2 accounts for a phase shift that occurs in reflected photons traveling
from a medium of a low refractive index to a high refractive index — in other words, at the
time of entering the film (Fig1.3C).

Similarly, we can predict what wavelengths will experience completely destructive
interference by the following equation:

Adestroyed = PLD/m

Importantly, it becomes obvious that refractive index contrast is a necessary aspect of
structural color production. This means simply that light changes speed as it enters and
exits a medium such as chitin. If light doesn’t change speed as it passes from one medium
to another, it will not change direction nor will light reflect off the interface of the ambient
and structural media. Without a change in reflection and direction structural color will not
be made. This fact is still a preferred method of demonstrating a color is structural in
nature since Mason suggested it in 1923 (60). Mason suggested that by immersing an
object of interest in a liquid with a refractive index matching the refractive index of the
object’s material, say chitin. If the object makes color in a structural manner the liquid will
eliminate the refractive index contrast, and subsequently the reflection and refraction of
the light abolishing the color. If on the other hand the object is colored by a pigment, the
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submergence in refractive index matching oil will make no difference to the color as the
pigment uses absorptive properties of its chemical bonds to create color.

The contrast of refractive indices is ultimately dictated by the nanostructure’s composition
(chitin, keratin, cellulose, etc.) and that of the medium surrounding the nanostructure —
air or hemolymph for butterflies, air for birds, water for aquatic species, cytosol for
iridocytes of fish, squid, spiders, or reptiles.

1.4.2 Geometry of a nanostructure

The geometry of a nanostructure is also highlighted in the thin film case. Critical to
understanding the path length difference was knowing how far apart the upper and lower
interface of the thin film were (Fig1.3B). Only in this way could we calculate the distance
traveled within the film. Further, Snell’s Law tells us that the direction a photon will travel
within the medium is dictated in part by the angle the photon is traveling with respect to
the surface of the thin film when it enters it. In terms of butterflies, a thin film often makes
up the lower face of a scale (Figs1.4, 2.3, 2.4, 2.10, 2.11, and 4.20).

If a person watches a butterfly with structural color as it flaps its wings, one will often see
remarkable iridescence — a change in color — as the wings move. This is a direct
consequence of Snell's law on the preferred wavelength constructively interfered as the
incident light changes its angle relative to the photonic structures of the moving wing. An
example of iridescence is given in Fig1.5, albeit the butterfly uses an internal multilayer,
not a thin film to produce its color.

1.5 Classes of common biological nanostructures

While not all butterfly structures are thin films, the majority are related to elaborated
versions of thin films and, hence, share physical characteristics with this simplest form.
Briefly | will summarize the major classes of photonic nanostructures found in nature and
provide an intuitive account of their function. The mathematics for the majority are
understood and described, however understanding the mathematics is beyond the
purview of this description.

1.5.1 Thin films

As just described, thin films are the simplest of all structural reflectors. We are familiar
with thin-film-produced color from seeing the swirling rainbow reflected from oil on the
surface of a puddle after a rain, or the hypnotic dancing of colors in a soap bubble on a
summer day. As the name suggests, a thin film is just this, a single film of material that is
only a few tenths of a micron thick. When the film is in a medium of lower refractive index,
some of the white light reflects off of the film’s surface, while some enters into the film,
reflecting some more light off the back side of the layer before the remainder passes
through. Upon reuniting on the outside of the bubble, the two reflections have traveled
different distances through the bubble. In this moment the color is born. When the light
entered the film, its electrical and magnetic oscillations were in step. But once the light
splits up at the surface of the film that lock step is broken, and the light that travels into
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the film emerges again after following a route with a length dependent upon the thickness
of the film, the material properties of the film (most importantly the refractive index), and
the angle at which the light approached the film from initially. There is nothing to prevent
the two reflections from being in register again except the path they took within the film
which forces some colors to fall in register with the first reflection’s oscillations, and others
to fall out of register with the first. This is simply an effect of the ratios created by different
photons’ wavelength relative to the length of the path taken through the thin film. When
two photons’ oscillation peaks and troughs fall into register, they act as if they are the sum
of their individual amplitudes — thus appearing brighter — while the opposite occurs for
those that are out of register — the two amplitudes negating each other and appearing
dimmer. This is referred to as constructive interference or destructive interference
respectively. One of the most critical distinctions between structural color and pigmentary
color is thusly illustrated, for structural color no light is absorbed by the medium, instead
the light is selectively made to appear dimmer or brighter through interference.

Though simple, thin films have been a surprisingly rare structure to find deployed in
butterflies for coloration purposes. However, they are commonly found making the lower
surfaces of scales hidden under pigments. A few butterflies have been described to use
this mechanism for their primary coloration including the Junonia genus and some
Morphos (see Chapter 2 and Fig4.19 and Fig4.20) (51,81,86,87). Outside of butterflies,
the violet-green structural color of pigeons and doves is derived from a thin film that has
a thickness sufficient to create two peaks (“m” in the equation above) that are violet and
green (88,89).

1.5.2 Multilayers

Multilayers, also known as Bragg reflectors, are a play on the thin film that serves to
improve reflection efficiency. As the name implies, a multilayer stacks several thin films
such that the planes of the films are parallel (Fig1.4 inset). To get into the mechanics of
a multilayer, it is important to bring into focus another property of any material through
which light travels — the extinction coefficient. The extinction coefficient gives a sense of
how well the material absorbs light that passes through it. In the present structural color
literature, there are only rarely discussions or measurements of the extinction coefficient
— however, it remains an important concept to understanding how color is produced. In
biological structural color the extinction coefficient is often quite low within structured
elements. This means that in the case of thin-films, much of the incident light will pass
through the thin film into whatever lays behind the structure, and not reflected away from
the animal. As a result, a single thin film is rather inefficient for producing color. Nature’s
solution has been the repeated evolution of multilayers (34,41,73,78,79,82,90-97). Each
layer in a multilayer reflects a little bit more of the incident light that has passed through
the layer above it, adding to the overall color reflected. The rules still apply to ensuring
constructive interference of a particular color — all of the independent reflections have to
remain in phase for any given color to be amplified. Thus, it is not just critical that the
thicknesses of the layers are consistent, but also the spaces between the layers must be
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consistent. Of course for every rule in biology, there are counter examples; in this case,
there have been examples of chirped multilayers described. In chirped multilayers, the
spacing between layers and/or the thickness of layers is variable (79,98). If sufficiently
variable, all colors are reflected without bias and produce an effect of metallic silver.
Perhaps unsurprisingly given the diversity of organisms employing this type structure,
there are many ways of building a multilayer despite the strict requirements. For instance,
the two most common structures within butterflies and moths, Morpho-type reflectors
(Fig1.4 inset) and Urania-type reflectors (Fig1.4 internal yellow structure), are at face
value entirely different structures but behave physically in the same way. One of the more
interesting varieties of Urania-type structure is that seen in the Achillides subgenus of the
Papilio butterflies (Chapter 3). Within this group there exists a clade of butterflies which
have learned to warp their internal multilayers from flat into parabolic reflectors and in so
doing have created a remarkable dual color reflector without changing the spacing within
the multilayer (Fig3.1). This instead relies upon the difference created by changing the
angle of incidence of the light upon different areas within the reflector.

1.5.3 Diffraction gratings

Diffraction gratings have been more rarely described within the biological literature.
Diffraction gratings appear in some ways like a multilayer, an array of regularly spaced,
regularly thick elements. Whereas a Bragg reflector stacks thin-films perpendicularly to
the direction of light propagation (the Z axis), a diffraction grating rotates the stack so that
the elements themselves are standing parallel with the light propagation (the X or Y-axis).
It should not be a surprise then that the math describing what color will be produced by a
grating is quite similar to that for a thin film. In effect, the bending of light incident upon
many of these rulings spreads the wavelengths present within the light resulting in
discrete viewing positions that receive a single color amplified relative to the rest of the
spectrum. The color produced by a grating is thus obviously prone to be highly angle-
dependent, examples described in nature have corrected for this by shaping the elements
of their gratings — referred to as blazing — and allows for the grating to be selectively
reflective. Examples given in the literature include fine rulings on the surface of butterfly
scales, repeatedly upturned distal ends of scales across a large area of a butterfly wing,
ctenophores, and squid reflectins sculpt the surface of iridiphores into gratings (99-102).

1.5.4 Gyroid/3D photonic crystals

Diffraction gratings and Bragg reflectors are commonly classified as one dimensional
crystalline reflectors as the elements resulting in color repeat in a single axis, X, Y, or Z.
More exotic crystals also exist but operate in ways that are not so easy to intuit. As the
structures are so elaborate, it is hard to imagine that they could be easily evolved.
However butterflies have evolved just such a structure, known as a gyroid, at least three
times independently to create color in Teinopalpus, Parides, and the Lycaenid Mitoura
and Callophrys genera (37,103,104). The physics underlying how color production is
managed in a gyroid is more akin to a fiber optic cable or filter than to thin film constructive
interference. The spacing and geometry of a gyroid crystal permits only certain
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wavelengths to be propagated through the crystal, this in effect purifies the spectrum that
passes through it. In the closely related butterflies Callophrys and Mitoura many gyroid
crystals fill the distal tip of each ventral scale (46). The tuning of this structure has been
such that it only permits blue and yellow light to emerge, resulting in a color mixing
stimulus that appears green to our eyes. Gyroids are less sensitive to iridescence, but do
result in strong angularity of their reflectance. As a mechanism to cope with this
Callophrys and Mitoura butterflies seed multiple crystals within each scale oriented
randomly with respect to one another, and ensuring that the angle at which they are
viewed doesn’t impact the color they are seen to be.

1.5.5 Quasi-ordered/Tyndall scatterers

The most controversial of structural elements are those that have been classically
described as producing color by Tyndall scattering. Nearly the entirety of the fantastically
clever report produced by CW Mason on the blue of birds focused on demonstrating how
bird barbs behaved in accord with Tyndall scattering (60). The mechanism has been
attributed to butterflies, birds, dragonflies, and Vervet monkey scrota as well (61,64,105).
In effect, Tyndall scattering, like that of the Rayleigh scattering that gives the sky its blue
hue, acts by the differential interaction of the wavelengths of light with molecules. In
Rayleigh, the more energetic violet and blue wavelengths are scattered by their
interaction with the dipoles of molecules, but the long wavelength end of the spectrum
fails to have such an interaction. The blue we see during the day is produced thusly, and
the orange and reds of a sunset occur when the sun is in a different position relative to
the earth’s surface, meaning that its blue has already been filtered out when the light
arrives at our eyes. Tyndall behaves similarly albeit with larger molecules than Rayleigh,
and therefore thought to be biologically relevant. In recent years however, work done
across many clades of life by Rick Prum’s lab has waged war on this hypothesis. The
argument of Prum’s work suggests a form of constructive interference producing structure
that has gone unnoticed because of the lack of an obvious periodicity. Thus far the
remarkable property of all of the structures is their regularity, and as has been mentioned,
when that regularity breaks down (such as in a chirped multilayer) the structure fails to
bias its reflection to one color. In quasi-ordered structures, Prum and colleagues, argue
for a cryptic periodicity of elements such as melanosomes, successfully demonstrating its
existence through Fourier transform (92,106-108). As evidence accumulates it may
change the interpretation of the observations currently reported as supporting Tyndall
reflection within the literature.

1.6 Common problems of using structural color in biology

The evolution of structural coloration comes with many challenges. 1) Pigments have
distinct enzymatic pathways made of a few genes — they are reliable to make the same
color scale to scale and generation to generation; structural colors require extremely tight
tolerances (~10s of nanometers) and are likely to employ many cellular components to
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achieve the final geometry (109) 2) pigments look the same color from all angles;
structural colors often exhibit iridescence as a result of a change in the way light travels
through a structure at the different angles of incidence occurring during motion (Fig1.5)
(110), 3) pigmentary colors are highly saturated (pure) as a result of the narrow number
of wavelengths reflected following absorption; structural colors often employ interference
to create color. As such, in structural coloration some wavelengths are enhanced while
the rest are reduced — but critically, most nanostructures themselves cannot absorb light,
meaning that reflections are biased toward a color but are at low saturation on their own.
As a result, most nanostructures found in nature tend to be associated with dark pigments,
which are suggested to aid in increasing saturation (34,38,41,46,51,65-83).

As discussed previously, color has evolved important roles in intra- and interspecific
communication. There lies in these associations, a subtle but powerful inference when
considering aposematism (warning coloration), mimicry, or sexual coloration: for
information and signals to be sent and received efficiently, everyone involved has to
speak the same visual language. One necessary component of speaking the same
language is fidelity of an individual to the informative colors (111,112). Though it is true
that the evolution of novel color patterns suggests that this fidelity is not necessary over
geological time scales, for any interaction within a single generation the individuals within
a sufficiently large population will likely be constrained to maintain color fidelity.

It is in this requirement for fidelity that much of the problems can be imagined to exist for
structural color. As mentioned, all of the prevalent forms of structural color in biology
require at least one broad surface of ~100nm in thickness, and most require the
coordination of 3-10 ~100nm thick surfaces oriented with a regular spacing between them
at a similar distance.

To give a sense of the fidelity problem we will use an example of how precise and accurate
a Morpho butterfly must be to appear blue (Fig1.1). The source of the blue color admired
in species like Morpho cypris and Morpho godartii didius is found on the surface of their
scales in ridge-derived multilayers (Fig1.5 inset, Fig2.3P,P’). The structural elements exist
as overlapping finger-like projections, called lamellae, from the surface of the scale cell,
having dimensions that are ~100nm in diameter, and 3um to 20um in length. A given
ridge along the scale is composed of a consistent number of fingers in height, 3-10 in
number, determined by the species and scale type. The ridges run the full length of the
scale, ~275um, and exist across the width of the scale, ~75um, at a regular interval that
is again species and scale type dependent (between ~150nm-1.5um). Depending upon
the species of the butterfly, a single surface of a wing will have ~10,000 scales/cm?. With
no formal mathematics, it is plain to see the immensity of the problem in reproducing
several 100nm structures on every one of the ~50 ridges across each of the ~300,000
scales with ~10nm accuracy so as to produce a single color. If we assume there is a
purifying selection for the blue color, (reasonable given the large number of blue morpho
species), then this intricate construction must also occur on every organism in a
population, every generation or else it will likely result in death or failure to mate.
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Another core issue when relying upon structural color for amplifying any particular color
stems from the aforementioned iridescence that most structures show as the angular
relationship between the structure and the incident light changes (Fig1.5). Should the light
and structure be positioned differently relative to one another, the color amplified from it
will change — clearly a problem if an organism were to employ structural color for crypsis
or aposematic signaling.

Lastly, a common problem with structural color comes from the fact that all of the
mechanisms described merely enhance one color of light relative to the others; they do
not remove the others from the reflected light as pigments do. This requires additional
measures to ensure that the reflected structural color is pure enough to be perceived as
a saturated color rather than a diluted hue-biased white (see Chapters 2 and 3, and Fig2.1
and Fig3.30).

Though evidence strongly suggests species and populations of butterflies evolve novel
coloration by fine tuning nanostructure details and pigments of their scales, the cellular
and developmental origins of the exquisite precision and accuracy across the diversity of
documented scale morphologies has largely been left untouched. This is a consequence
of many practical challenges including:

1) Scale development occurs within the confines of a typically opaque
pupa

2) Aside from late pigmentation, there has been no success in culturing
wing tissue ex vivo

3) There are no available wing tissue-specific enhancers and few genetic
tools are available to make developmental manipulations of the wing

4) RNAI is widely considered to be non-functional in scales without
challenging methodology

and

5) bristle development in Drosophila (a homologous system) is still poorly
understood and not always directly applicable (i.e. morphogenesis
processes dependent upon bristle:neuron interactions (Fig1.6)) (113—
116).

| believe these to be mainly technological barriers awaiting to be overcome. Once
accessible, scale morphogenesis will be a critically important frontier for understanding
how butterflies make color and more generally, how cells accomplish morphogenetically
complex and rigidly-defined structures.

1.7 Summary of scale development

With all that has been studied in the physical “how” of structural color there remains a
wide gulf in our understanding of the developmental “how” of even basic pigmented scale
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morphogenesis occurs, let alone the morphogenesis of highly complex, structurally-
colored scales like those of Callophrys.

1.7.1 Evolutionary origin of scales

Scales’ ubiquity among Lepidoptera suggests the evolution of this cell type was beneficial
for the success and diversity of the order. Given the complexity and variety found among
Lepidopteran scale morphologies, understanding the origin of the cell type and its
prototypical development should provide a foothold for further inquiry. Several lines of
evidence suggest that scales have arisen as a modification of mechanoreceptor organs.
Given that the hard, acellular exoskeleton prevents direct sensory stimulation via the
ectoderm (as in soft-bodied animals), mechanoreceptors have likely evolved in the
arthropod lineage to provide touch sensation (117). The developmental origins of
mechanoreceptors have perhaps been best studied in Drosophila macro- and
microchaetes. Both of these mechanoreceptors follow similar developmental programs
differing mostly in number and ultimate size. Macro- and microchaetes are specified as a
Sensory Organ Precursor cell (SOP) on the fly notum during metamorphosis, undergoing
a stereotyped division and development that ultimately leads to the organ which is
comprised of 4 cells: an externally oriented bristle (trichogen), a socket holding the bristle
(tormogen), as well as a neuron which is triggered by movement of the bristle and a
sheath cell covering the neuron. A fifth cell is produced but undergoes apoptosis. The
location of the SOPs is determined by overlapping domains of transcription factor
expression as well as a subsequent battle among the epithelial cells via Delta and Notch
signaling leading to expression of the genes achaete and scute (together symbolized as
As-c) within the cell which will become the SOP (118,119). Although flies also have hairs
covering their wings, these are unlikely to be homologous with Lepidopteran scales as
they form as a result of non-canonical Wnt/PCP signaling directing a localized actin
outgrowth from each wing cell and not through an SOP intermediary (120).

Studies have shown that butterfly and moth scales undergo a set of similar stereotyped
divisions leading to a socket and scale, while apoptosis prunes the neural lineage of
Lepidopteran SOPs, removing a sensory function (121). There has also been
demonstration of conserved As-c mRNA expression in butterfly SOPs, further arguing
homology with sensory organs (122). Moreover, the surface striations (ridges and
troughs) of developing butterfly scales and fly bristles show correspondingly similar F-
actin association and sensitivity to F-actin perturbation (123,124) (Fig1.6).

Flies (Diptera) and Lepidoptera are close relatives within the insect phylogeny.
Lepidoptera is the sister order to the caddisflies (Trichoptera) which together are sister to
the Diptera. As Drosophila bristles are limited to the body and not found on the wings,
one would expect that if Lepidopteran scales were homologous that at some point in the
lineage leading to Leps, an expansion of the SOPs must have occurred at the expense
of wing hairs. Indeed, this seems to be exactly what has happened, as observation of the
Trichoptera shows mechanosensory-like bristles covering the wings, and in at least one
Trichopteran there has even been the conversion of these bristles into scales (20).

18



Taken together, evidence of gene expression, developmental similarity, and
phylogenetics suggests that Lepidopteran scales have likely evolved from
mechanosensory organs. Further, it suggests that it is fair to make inferences and
predictions from the work done on Drosophila macro- and microchaetes.

Albeit analogous, Drosophila wing hairs and denticle belts, C. elegans alae and
hypodermal cells vis-a-vis the cuticle, and perhaps even plant plastid and vertebrate
photoreceptor outer segments and neurons, all represent important morphogenesis
systems for the fine and elaborate structures found in many Lepidopteran scales.

1.7.2 Scale anatomy and axes

The basic anatomy of a fully-formed Lepidopteran scale has been summarized by
Ghiradella and others (125). In short, a scale is a flattened sac roughly paddle shaped,
with an upper surface and a lower surface, variably discussed as upper and lower laminae
or ab- and adwing surfaces (Fig1.4). The lower lamina is rarely modified, typically
remaining quite flat and functioning in many cases as a thin-film reflector (51,81,86,87).
By contrast, the upper lamina is often highly modified, nearly always featuring ridges
running the length of the scale with uniform lateral spacing across the scale. The ridges
are often formed of a stack of finger-like projections known as lamellae, the precise
number, spacing and details of ridges vary from species-to-species and are a common
source of structural color. Ridges are connected laterally to one another by crossribs,
which are commonly (though not always) perpendicular to the ridges. Thus, the ridges
and crossribs form the edges of a lattice, the space between which can be solid —
preventing the view of the lumen — or windowed (fenestrated) — allowing one to view into
the lumen of the scale. Connecting the upper and lower laminae within the lumen of the
scale are struts known as trabeculae. The lumen can also contain many elaborate
structures such as multilayers, gyroids, and quasi-ordered structures (as discussed
earlier and seen in Fig1.4). The scale inserts into the wing via a petiole through a pore
created by the remnant of the socket (Fig1.4).

As an example of unicellular morphogenesis, there are few rivals to the scale. Scales
have multiple symmetry axes (Fig1.4). | will define them in relation to their developmental
origin with some aid from their final position on the adult wing as we believe this will help
discussion of the cellular processes likely to be involved.

The adult scale inserts proximally (nearer the insect’s body) and extends distally toward
the lateral edge of the wing. Thus in the adult, scales’ long axis orient perpendicular to
the anteroposterior axis. However, in the developing pupa, what will become the distally
located end of the scale is actually the apical projection of the cell. So | will define the
long axis of the scale, along which the ridges run, as the apicobasal axis of the scale. In
the adult the upper lamina of the scale (abwing) is oriented away from the wing (dorsal
on the dorsal surface, and ventral on the ventral surface) with the lower lamina (adwing)
apposed to the wing membrane (ventral on the dorsal surface, and dorsal on the ventral
surface). However, when we consider the developmental origins, with the long axis

19



defined as apicobasal, the future upper lamina will always form on the proximal side of
the scale, and the future lower lamina always is oriented toward the distal edge of the
wing. This orientation forms regardless of whether the scale is found on the dorsal or
ventral face of the wing. By rearranging the axes in this relationship, immediate
candidates emerge for the control of scale development, namely apical targeting of
exocytosis and cytoskeletal processes influencing outgrowth and non-canonical
Whnt/Planar Cell Polarity (Wnt/PCP) pathways influencing the upper and lower laminae
differences.

1.7.3 Developmental origin of scales

The wings of a Lepidopteran are specified during the embryonic stage, existing within the
body of the caterpillar as imaginal discs. Upon pupation, the imaginal discs are everted
to the external surface of the animal where proliferation, patterning, and differentiation of
SOPs occurs within the first 14% of pupal development (124,126). It is in these early
hours of development that Notch and Delta signaling are thought to be involved in
specifying the SOP and eventually trichogen and tormogen fate following As-c expression
within the SOP (122,127-129). Following specification of the trichogen/tormogen at about
21% pupal development, the scale begins as a small bud pushing on the apical surface
of the trichogen cell membrane in an actin-associated manner (126). The socket (the cell
body of which sits distally to the position of the trichogen cell body), forms arms that wrap
around the bud, meeting on the proximal side of the trichogen projection (124,126). The
interface of the emerging scale and socket at this early stage are highly enriched in B-
Catenin staining suggesting the presence of adherens junctions (124). Subsequently,
apical outgrowth of the scale proceeds with thick, apicobasally-oriented, plasma-
membrane-apposed microfibrils of F-actin form at regular lateral spacing relative to each
other, between which the plasma membrane buckles outward initiating the development
of the longitudinal ridge (54,124,126). A second population of F-actin forms within the
scale’s lumen closer to the distal side of the scale — this presumably will aid the scale in
orienting its apical tip toward the wing’s distal edge and may play a role in the
differentiation of the upper and lower laminae (124). Elongation of the scale continues
until the final length is achieved, at which the scale begins to flatten, perhaps in
conjunction with a change in the behavior of the microtubules (Fig5.1) (36,126). Fine
external and internal structure elaboration occurs during this time just prior to chitin
deposition which may involve endocytosis/exocytosis pathways as well as the
endoplasmic reticulum (36,126,130). Once the cuticle is secreted, it holds the
ultrastructure of the scale in place eliminating the need for the structural F-actin
components which subsequently breakdown (124). Pigmentation occurs last, and in all
observed species follows a predictable series of pigment synthesis with ommochromes
and pterins preceding melanin just prior to the adult's emergence from the pupa first (131-
135).
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Given the apparent homology between Lepidopteran scales and the well-studied
Drosophila bristles, we will look to what is known about bristle morphogenesis to seek
answers about how a scale may be made and modified.

Bristle mutants were among the very first mutations isolated by Thomas Hunt Morgan and
Calvin Bridges (136). However, it wasn’t until nearly 50 years later until the first hints of
their molecular function was teased out (137). Forked (f) and Singed (sn) were shown to
be actin cross linking proteins which functioned in bristles to help maintain the large
bundles of actin found at the membrane along the length of the bristle (137-139). Mutants
of singed and forked lead to morphological defects in the adult bristle including reduction
in length, random curvature, and irregular fluting (138). Internally, the large hexagonally
packed bundles of actin at the membrane surface become smaller and irregularly packed.
However, even in sn/f double mutants, actin filaments still associate at the membrane in
approximately even spacing (137,138,140). Moreover, they retain an asymmetry in
distribution seen in wild type bristles, with larger bundles closer to the posterior face of
the bristle and smaller bundles accumulating at the anterior face of the bristles. Together,
this is suggestive that the cross-sectional size of a bristle is mediated by actin cross-
linkers and has influence upon the length, structural integrity, and fluting of a bristle, but
that these cross-linkers are not necessary for actin association or spacing on the
membrane, nor in the asymmetric distribution of bundle size along the A/P axis of the
bristle.

Butterfly scales also show a distribution of actin bundle thickness along the proximodistal
axis of the scale (Fig1.6) (54,124,126). No known mutants have been recovered in actin
crosslinking proteins in Lepidoptera, however some butterflies have been found that have
severely reduced scale sizes with disorganized ridges such as the cover scales of Morpho
rhetenor and M. cypris (see Appendix 2), and heat-shocks of Vanessa urticae pupae were
demonstrated to produce highly disorganized ridges similar to mutations in capping
protein within Drosophila bristles (141).

Joji Otaki’s lab has shown that the wild type ultrastructure development of Junonia orithya
can be perturbed by treatment of pupae with Thapsigargin, a small molecule causing the
loss of ER calcium stores poisoning (142). In another study, the mutation of Junonia
coenia’s Tyrosine hydroxylase in eggs leads to loss of pigmentation in adult scales as
well as disrupted ultrastructure (77). These two experiments are among the only
published data manipulating structurally colored scales during their development. In both
studies, it is likely that proper cuticle formation is disrupted leading to ultrastructural
defects and loss of coloration. The phenotype associated with Thapsigargin treatment is
potentially exciting but given the broad impacts of shutting down ER function, they could
simply be the result of making very sick scales incapable of properly developing.

1.8 Some possible cell biology underlying the construction of nanostructures

There may be no more discipline uniting structure in all of biology than the scale. It is a
cipher of cell biology that links macroevolution and population structure with multicellular
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development, unicellular development, materials science, and photonics. Even among its
most pedestrian forms, the scale is a cell type that seemingly harnesses every
conceivable cellular process to construct magnificent edifices in miniature. They are
cathedrals of biology which quite literally transcend their own individual birth and death to
manipulate light and emit pheromones at the minute extreme for a plethora of purposes:
camouflaging with cryptic patterns, conveying information (or lying about) distastefulness
to predators, provide defense from sticky spider webs, enticing mates, and generally
modulating complex population and community interactions at the ecological extreme. In
no uncertain terms, the scale is the unit by which Lepidoptera color patterns are defined,
manifest, and manipulated. It would seem likely that the eventual progression of study of
pattern manipulation will lead researchers toward how the patterning genetics influence
the cell biology of the scales displaying the pattern. Understanding the biology of scale
development and the diversity therein will almost certainly provide entirely new insights
into what a cell can do, how genetics influence material properties, and the boundaries
interfacing active and self-assembly with the genome of the individual and evolutionary
processes within a population. And perhaps eventually we will be able to take these
lessons and apply them to create industrial processes which are, by definition,
biocompatible and biodegradable.

For all the work that has been done to explain the diversity of color patterns, there has
been only a single causative mutation described that influences structural color (77).
Largely this dearth of evidence is a result of a few practical challenges which | have
mentioned earlier. In addition, there are the following issues to contend with: 1) the
species that are ideal for lab rearing and species that have interesting structural colors
rarely have overlapped. One that does have structural color, the Common Buckeye
(Junonia coenia), has small patches of structural color that are likely thin-film in origin. If
one is interested in the Morpho-type, Urania-type, or gyroids, buckeyes do not offer
obvious inroads. The fact that structurally colored butterflies have not been intensively
studied may merely be a consequence of the bulk of research institutions being based in
North America and Europe where there are fewer species with structural color compared
with the tropics and neotropics. 2) While lab-reared species do have homologous scale
components to structurally colored species (ridges, for instance), nanostructures are by
definition smaller than what is resolvable by light microscopy, requiring electron
microscopy to observe changes. So, a forward or reverse genetics project to look for
genes important for, say, ridge structure in commonly used lab butterflies would require
screening by electron microscopy, which is not particularly efficient in time or expense. 3)
In most non-model studies, it is helpful to lean on the observations made in the
homologous tissues of a model species. Butterfly scales being homologous structures to
Drosophila Sensory Organs is a boon. However, the development of macrochaetes is
actually relatively poorly understood even in Drosophila. It was only recently, since 2010,
that more in depth observations of microtubule dynamics have been analyzed in
Drosophila (143—147). Given that these basic studies are just now being done in
Drosophila means that butterfly research may actually aid Drosophila, as often as the
other way around. 4) Traditional forward genetics will be difficult, if not impossible, with
current technologies in Lepidoptera. The average Lepidopteran has a haploid
chromosome number of 31, and maintaining lines of butterflies is difficult. Creating and
maintaining the tools useful for forward genetics, like balancer chromosomes, is unlikely
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to be undertaken. Many groups have tried to get around these limitations by using
genomics-based analyses to make statistical associations between phenotypes of inbred
organisms and their genomes (52,134,148,149). To date, this has led to the identification
of upstream effectors like patterning genes (wnt) or transcription factors (optix, doublesex,
invected) likely due to the fact that they have large effects on phenotype. These
approaches have given some insight into proximal mechanisms (myosin), however the
interpretations have been controversial and require more study (150,151). 5) Scale
development occurs within the pupa. The cuticle of the pupa is often heavily pigmented
and distorts the transmission of light. If one wants to ascertain how a particular cell
biological system influences the final nanostructure being able to live-image development
is arguably the best way to do so. 6) Lastly, even though the revolution occurring in
genome-editing allows for the targeted mutation of candidate genes in Leps, candidates
have to be carefully chosen so as pleiotropy can be avoided (77,152). Destroying many
cell biologically important genes will kill the animal well before the pupal stage preventing
the ability to obtain phenotypes relevant to scale development. Published accounts target
genes only required for wing patterning or use a high level of mosaicism to avoid
pleiotropy. Reliance upon mosaicism is useful for highly visible phenotypes like whole
wing color pattern defects, but genes influencing scale substructure will still require EM
visualization for determining effects.

Despite the limitations presented by current technology there are frontiers that have been
advanced by Drosophilists (see Appendix 1 for analysis of one broadly reaching RNAI
screen). Some of those areas | will summarize here, with more specific thoughts explored
throughout the rest of the text and the future directions.

1.8.1 Actin and Microtubules

Actin and alpha-Tubulin/beta-Tubulin are polymerizing proteins found in every eukaryote
that have been examined for their presence and are the constituent proteins of
microfilaments and microtubules respectively. The roles of these proteins are numerous
including cell morphogenesis and shape maintenance, cellular motion, organelle and
vesicular trafficking, cellular protrusions and endocytosis, chromosomal segregation and
cytokinesis, muscle and myocyte contraction, ciliary beating and much more. Actin exists
as a monomer (also known as G-Actin or globular Actin), and is an ATPase with a
“pointed, minus-end” and a “barbed, plus-end”. In filamentous form (F-Actin), ATP-bound
monomers assemble more quickly at the growing filament’s barbed end, shortly thereafter
the intrinsic ATPase activity will convert ATP to ADP creating a conformation change in
the protein that generates stresses in the filament ADP-bound monomers within F-Actin
are more likely to dissociate from the minus-end, but there exists a vast variety of
accessory proteins that interact with Actin (both G- and F- forms) to modify its
polymerizing/depolymerizing activity, which includes internal severing.

F-actin dynamics have been examined extensively in Drosophila sensory bristles and are
critical for normal patterning and development. Interestingly, it has been frequently noted
that alleles of actin (and tubulin) associated proteins have defects that manifest only in
larger chaetae (144,153-155). Given that size of chaetae is determined by ploidy levels,
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it seems likely that absolute levels of expression are important for normal development.
In other words, it seems that haploinsufficiency is often copy number dependent and not
as simply defined as being normal at 50% of functional genomic copies.

Likewise, F-Actin appears critical for butterfly scale development (54,124,126). | expand
upon work done by Dinwiddie et al. (124) in Chapter 3 of this manuscript, but still more
work is needed.

As for Tubulin, it has recently emerged that tubulin-dependent localization of Ik2 leads to
many defects in Drosophila bristles, some of which produce vaguely scale-like
phenotypes (144,145,156). Moreover, |k2 may influence the activity of F-Actin bundling
proteins needed for normal phenotypes, suggesting that microtubules are required for
actin to form properly (156).

Very little has been done in butterflies to examine the role of tubulin, though in the future
directions | present some preliminary evidence for a functional role of tubulin in gross
morphogenesis of scales (Fig5.1).

1.8.2 Fine structure and ZP domain proteins

Part and parcel with a structurally-colored scale’s ability to make color is its finely
sculptured chitin ultrastructure. The fine tuning of the chitin ultrastructure has been
suggested to be a source of color diversity (34,35,40,41,157,158). Though chitin is
certainly important in most insect exoskeletons, it is apparent that chitin does not act
alone in creating the exoskeleton. In fact, there are examples such as the praying mantis
ootheca (a protective egg case) where chitin is entirely absent, instead entirely composed
of self-organizing proteins (159). When considering the fine reticulations and structure
seen in butterfly scales it is important to recognize that the shape of the hardened cuticle
is templated from the plasma membrane. Indeed, even the swirling gyroid’s 3-dimensional
crystal found within the lumen of some butterfly scales is thought to be templated by
internalized-yet-topologically-external membrane (130). Having discussed how actin-
based mechanisms may drive gross morphological development, and how purely physical
reactions to forces can be the source of regularity, a third morphogenetic source that
remains poorly understood seems to straddle the realm of protein-based active
mechanisms and purely physical mechanisms, perhaps uniting the two. While there are
a handful of proteins known to influence the shape of the various membranes within a
cell, here we will consider the role of a family of proteins which have been shown to have
great importance on the morphogenesis of cuticle from the extracellular space: zona
pellucida domain-containing proteins.

Originally discovered as the constituent proteins of mammalian oocyte extracellular
matrix, zona pellucida (ZP) genes have been described throughout Bilateria and Cnidaria,
perhaps suggesting its evolution as a key innovation in Eumetazoan identity (160). The
ZP domain itself is a cysteine-rich polymerization domain which provide stability and allow
filaments of homo- and heterodimers to form, respectively. In addition, the canonical
mouse ZP1, ZP2, and ZP3 proteins all feature N-terminal secretion signal peptides, C-
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terminal transmembrane domain, and a furin cleavage site between the transmembrane
domain and the rest of the protein, which is thought to free the rest of the protein from the
membrane. In the oocyte ZP2 and ZP3 form filaments which are crosslinked by ZP1 and
the protein mass surrounds the oocyte controlling sperm entry and preventing
polyspermy. The ZPs of mammalian oocytes have been suggested as one half of the
lock-and-key mechanism which ensures only intra-specific fertilization and that mutation
of ZPs may allow for prezygotic isolation barriers between diverging populations. These
observations suggest that even external to the cell, ZP domain proteins have dynamic
functions (161,162).This itself doesn’t necessarily translate directly to butterflies and
structural color, but does suggest that evolution of a single protein is sufficient to direct
ultrastructural changes great enough to alter function.

Closer to the topic at hand, are several stories emerging within the last decade from the
dissection of exoskeletal morphogenesis in C. elegans and Drosophila melanogaster. C.
elegans cuticles feature medially-located ridges running the length of the animal known
as alae, which are thought to aid the animal’s locomotion(163). Further, alae are
morphologically life-stage-specific with cross-sections characteristic of that molt: L1,
dauer, and adults feature unique morphologies (164). Recent forward genetic screens
have identified several ZPs as constituents of the cuticle: Cut-1,Cut-3,Cut-4,Cut-5, and
Cut-6 (163). This work included a genetic dissection of these proteins by RNAi led to the
conclusion that the ZPs worked in a combinatorial fashion dictated by stage specific
expression to create alae with particular morphologies.

Several studies in Drosophila have come to similar conclusions. Studies on wing, wing
hair, tracheal, and denticle development have all implicated the importance of ZPs for
normal morphogenesis (165—-170). Most exciting among these is the 2010 publication of
Fernandes et al., which examined in detail the role of ZPs in the morphogenesis of larval
denticles and found that no fewer than 8 ZPs participated in sculpting the hook-like shape
of the denticle. Denticles themselves are of varying size, but on average are triangular
extrusions of the cuticle with a base of ~3.5um and height ~2.2um, with fine structures
such as the hook defined with dimensions on the order of 100nm. Interestingly, the loss
of any particular ZP influenced the shape of the hook in a spatially restricted manner, for
instance only influencing the tip of the denticle, or its base. What is more, the authors
found that expression of a chimeric ZP (one where its ZP domain had been swapped for
another ZP domain) alone was insufficient to rescue loss of the wild type ZP protein, at
best giving partial rescue of the mutant phenotype. While the authors do not show images
of their domain swapping experiments (thus making interpretation of phenotype a
challenge) this hints at several interesting ideas pertinent to butterfly structural color
evolution. 1) ZPs have programmed spatial information 2) ZP domains alone do not
dictate their spatial localization or function but rely upon the other domains in their
sequence as well, and perhaps most interestingly, 3) if we consider the domain swapping
experiments as not a partial rescue, but instead as a novel phenotype that could arise
naturally through domain shuffling, the exploration of phenotypic space through fine
ultrastructural sculpting may merely be a domain modification away. There are 19 genes
on Flybase annotated as containing a ZP domain (release FB2016_05, October 2016).
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The evidence present in the Drosophila literature suggests that ZPs act to connect the
chitinous ECM to the plasma membrane. Thin section TEMs of denticles mutant for the
ZP proteins Dusky-like (Dyl), Miniature (M), Trynity (Tyn), and Zye (Zye), all show
separation of the plasma membrane from the ECM(165). Similarly, mutant embryos for
ZP genes dusky (dy) and piopio (pio) have tracheal development defects, which are
similar to mutants affecting chitin secretion like kkv, a chitin synthase, suggesting that
ZPs connect the plasma membrane to the chitin exoskeleton (166). Loss of dy/ also
produces shrivelled wing hairs and phenocopies loss of Rab11, a small GTPase that
marks recycling endosomes, and is transported by Nuclear Fallout (a dynein adaptor) and
Dynein (168). Lastly, pio was implicated by transcriptomic analysis in butterflies as
differentially expressed between areas of different colors in Heliconius (134), which were
shown decades ago to also vary in ultrastructural phenotype (33) perhaps being
suggestive of a role in scale morphogenesis. In sum, ZPs play roles in multiple epidermal
organs with unique structures, with particular morphogenetic sculpting likely driven by
combinatorial expression of multiple ZPs, the repertoire of which may be expanded by
duplication and domain swapping, with its ultimate effects derived by connecting the
plasma membrane to the exoskeleton.

1.8.3 Organelles, internal membranes, and cnidocytes

Internal membranes, like those in the rod outer segment of vertebrate photoreceptors and
the thylakoid membranes of chloroplasts, are have not evolved for color production, but
serve to increase internal surface area for the specialized light collecting proteins of their
respective structures. It is hard not to look at these structures and not imagine how a
similar process could be useful for creating the internal multilayers of Urania-type scales.
In some plants that grow in highly shaded niches there has been the evolution of just such
a structure from their chloroplasts. Termed iridoplasts, the spacing of the chloroplasts are
built and spaced in such a way as to reflect light (90,171-173). While it is unlikely that a
homologous method is employed within butterflies (which conspicuously lack
chloroplasts) assembly of such internal membrane structures may still prove informative
when chasing the roots of internal multilayers.

In a sea of dumb-foundingly periodic structures, the gyroid is certainly Neptune. As a 3-
dimensional photonic crystal, gyroids feature regular repeats in all three dimensions.
Moreover, the gyroid forms within the lumen of the developing scale rather than on the
scale surface, the domain where actin and ZP domains seem to function most
prominently. Gyroids have evolved in multiple lineages of butterflies (as well as in beetles
and birds). A common observation is that species with gyroids often emerge from clades
with internal multilayers. This of course leads the observer to wonder if, even with the
complexity of the structure, whether the repeatedly-evolved gyroid is not necessarily a
large evolutionary leap, but a transition from another structure. In support of this are
results from an unlikely source — materials science.

Polymers are macromolecules made of repeated sub-units. DNA, RNA, polypeptides,
chitin, cellulose and many lipids are the familiar biogenic polymers. Polymers have
emergent physical and chemical properties that are derived from the building blocks
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within. Secondary, Tertiary, Quaternary structures in proteins, enzymatic activity,
ribozyme activity, solubility, etc. are emergent properties of any given polymer. It is not
hard to imagine that different polymers provide different functions. In the realm of block
copolymers, multiple polymers with different chemical and physical properties are
covalently bound to one another forcing their association. Depending upon the properties
of the containing system, these copolymers adopt differing volumetric configurations. In
Knoll et al.’s 2002 paper, the authors constrain thin films of polystyrene-polybutadiene-
polystyrene copolymer by varying film thickness in space (174). The resulting
configuration of the copolymer at the lowest concentration was to adopt a pillar form
(perhaps not unlike trabeculae), with increasing thickness the copolymer became a multi-
laminar morphology (strikingly similar to that seen in scales with internal multilayers), and
at highest thickness the laminae gave way to 3-dimensionally reticulating crystals. It is
not hard to imagine a biogenic copolymer. Glycocalyxes, long polymers of glycosylation
attached to proteins and lipid moieties at the plasma membrane, can be enormous. If a
long filamentous protein, or even a lipid, were to be glycosylated, the result could function
as such a copolymer in theory. This is one physical model which suggests that, if true for
biology, perhaps the view of self-assembling or partially-templated nanostructures
promoted by some is accurate. Perhaps all biology and genetics are doing is to achieve
the correct physical conditions for spontaneous assembly.

When Ghiradella investigated gyroid formation in butterflies, she was of the opinion that
a simple lamina to gyroid transition would be the mechanism, citing the fact that some
species produce individuals with gyroids on the ventral wing face and use laminae on the
dorsal face (36). As sure as she was that she would find a simple transition between
multilayer and gyroid, the exploration of two species developing scales via TEM thin
sections of pupal scales, showed that biology would not be so accommodating. While
both the developing gyroid scales and laminar scales appeared very similar through early
development, their development diverged significantly post-day 7 (36).

The ideas proposed by Ghiradella were elaborated upon by Prum’s group through
modeling based on Ghiradella’s original micrographs. They came to the conclusion that
the smooth endoplasmic reticulum itself formed a second gyroid interlocking with the
future photonic crystal as support! Is it possible that the plasma membrane and its chitin
secretion that will be the gyroid, are actually templated by/simply slaves to, the
morphology of the cell’s secretion machinery? Is it possible that the secretion machinery
and the plasma membrane form a kind of block copolymer perhaps through a linking
protein?

Despite the advances associated with understanding how gyroids form, even the basic
biology remains poorly understood. For instance, in the species studied, the gyroids form
at the apical-most tip of the scale. The nucleus, and presumably the ER, exists at the
opposite end of the scale through the narrow aperture created by the socket ~300um
away. Though not impossible, it is challenging to imagine that the SER extends from the
nucleus, up through the constriction by the socket, to the distal most portion of the scale
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where only there, does it form the gyroid structure. While it is generally considered the
ER which tubulates and contorts, there is at least one known example where another
component of the secretion machinery forms highly elongated and elaborate structures.

Cnidarian cnidocytes are spiritual muse of butterfly scales. Cnidocytes are the stinging
cells of cnidarians (jellyfish, coral, anemones, Siphonophores, etc.), those which are used
by the organism to ensnare and envenomate prey and deter predators. As unicellular
morphogenesis is concerned, cnidocytes are produced by stem cells called cnidoblasts,
where after post-Golgi vesicles fuse into a giant vesicle (175). Cnidocyte firing owes to
selective mechanical and chemical inputs triggering intense osmotic pressure within the
vesicle, propelling the contents into the prey or predator. In order to withstand that
pressure, one of the earliest events in morphogenesis is the accumulation of reinforcing,
disulfide-crosslinked minicollagens and cysteine rich protein NOWA along the interior of
the vesicle (176-178). Continued addition of small vesicles to a single end of the vesicle
in coordination with microtubules leads to tubulation of the giant vesicle to several cell
diameters in length. Invagination of the tubule within the giant vesicle follows, where it
coils within to fit. In TEMs of developing vesicles, the packed tubule has a chiral triskelion
cross-section with the arm lengths on the order of 100nm. Eventually, the cnidocyst grows
so large within the cytoplasm that it displaces much of the machinery of the cell into a
small corner. It is clear from the work on the cnidocyte that a non-ER organelle can grow
large, complex and finely structured (179). This underlines the necessity of cell biological
approaches to dissecting the cellular origins of butterfly scale nanostructures such as the
gyroid and multilayer.

1.8.4 Membrane gerrymandering by Rab GTPases

Rab proteins are a large family of Ras small GTPases. They mediate interactions of sub-
cellular membrane domains by regulating activity of docking and fusion proteins such as
SNAREs (180). Drosophila has 27-33 Rabs, with Rab5, Rab6, Rab11, and Rab35 having
demonstrated roles in the morphogenesis of fly bristles (168,181-184). It is logical that
membrane compartment identity and trafficking need to be tightly regulated in cells.

Rab6, also known as warthog (wrt), was initially discovered in Drosophila as an enhancer
of eye phenotypes in Notch mutants (184). Rab6 is highly conserved among Eukaryotes,
and evidence from yeast and mammalian cells suggested a role in modulating Golgi to
Trans-Golgi network (TGN) vesicle trafficking (185,186). Further work showed that both
hypomorphic and null allele clones produced stunted macrochaetes with weakly defined
ridges with variable severity. Phenotypes were occasionally seen in a cell-non-
autonomous fashion whereby wrt/wrt mutant bristles at the edge of clones displayed
minor phenotypes (184). Interestingly the expression of a constitutively active wrt®’'
allele in an otherwise wild type background, gave novel split or bent bristle phenotypes
with no ridge defects. The authors also claimed that only in clones with null alleles did
microchaetes gave phenotypes, otherwise all wrt phenotypes were limited to ocelli,
notum, and scutellar bristles.
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warthog represents and interesting candidate for butterfly structural color development
for several reasons. One postulated reason for the synthetic effect of Notch and warthog
is that the Notch product is a cell surface receptor that requires furin-protease-mediated
cleavage to be functional. Thus Rab6’s involvement in shuttling cargoes between the
Golgi and TGN could represent a breakdown in Notch transport both to the appropriate
cellular surface and/or to the appropriate domain for proteolytic cleavage (187-190).
While it was suggested that the influence of warthog on bristle development was made in
a non-cell-autonomous manner, the variety of phenotypes as well as fact that large
bristles were preferentially impacted by the loss (something seen in cell-autonomous actin
phenotypes), suggests that it also has a cell-autonomous role. It is not hard to imagine
that cell-autonomous defects in Golgi to TGN trafficking would be likely in a cell which
must grow 300um in 24 hours. Also, it is tempting to speculate that ZP domain proteins
may be similarly affected by Rab6 loss, given that they, like Notch, have furin-protease
sites and are cell surface proteins. Finally, when considering structures such as internal
multi-layers and 3-D photonic crystals, the secretory pathway is a strong candidate. While
the TEM studies by Ghiradella (expounded upon by Prum) mentioned before have
suggested ER as a prime candidate for photonic crystal construction, as discussed, the
TGN is the progenitor of the large, tubulated, and highly-complex nematocysts of
cnidarians (36,104,130). As such, it would be interesting to explore warthog orthologs in
scales of photonic crystal generating species.

One can easily imagine that Rab proteins hold a key to reorganizing cellular membrane
compartments involved in nanostructure morphogenesis. In defining compartment
identity, the cell defines where enzymes, structural components, secreted
macromolecules, etc. are sent and maintained.

1.8.5 Photoperiodism and structural color

The night-day cycle and seasonal variation are environmental changes born from the
passage of earth through its daily revolution about its axis and the overall orbit of earth
around the sun, respectively. Given that these rotations create changes in local surface
energy flux provided by the solar radiation both diel and seasonal variation result in
marked changes in temperature and light. As ectotherms and prey items, Lepidoptera
have differentially adapted to these patterns to take advantage of the warmth and
brightness of the day or the cover of darkness.

Insects as a whole have evolved circadian clocks which provide synchronization to the
24hr cycle of the earth. One of the interesting observations made in multiple species of
insects is that chitin deposition alters in its orientation depending on the time of day
(191,192). Further, recent evidence of the manipulation of circadian clock transcripts
suggests that they also feed into certain aspects of seasonal cycles (193). The
exoskeleton of insects is quite similar in principle to fiberglass. Chitin, a polymer of the
disaccharide (B1->4) N-Acetylglucosamine, is secreted from the apical plasma
membrane of epithelial cells. ~20 individual strands of chitin arrange into a “crystallite”
fiber through intermolecular hydrogen bonds (194). The crystallites are encased in

29



various protein matrices depending on the region and function of the body part. Together
the chitin and its matrix are referred to as the cuticle. In most cases following a molt, an
insect will continue to secrete cuticle in a layered way. While chitin crystallites in any given
layer are aligned in parallel, in successive layers they may be laid down in parallel or at
predictable rotation angles within the plane of the secretion (forming a pattern called a
helicoid). When this process was observed in locust legs, Neville et al. found a correlation
between this secretion pattern and the circadian rhythm where during the day, successive
layers of chitin are laid down in parallel, but when switched to dark, the pattern became
helicoidal (195). He was able to demonstrate that this was a locally controlled switch in
locusts, as blinding the eyes and ocelli of the locust produced no change from normal,
but painting over a region of the cuticle to prevent light stimulation at the site of deposition
was capable of altering the pattern and switched to an entirely helicoidal deposition (195).

This is particularly interesting for structural coloration as the elytra in some beetles utilize
a cholesteric chitin deposition to create a multilayer with circularly polarizing activity (196).
Would this necessarily play a role in scale development? It is unclear if light could
penetrate deeply enough into the cuticle to drive such a deposition, but perhaps the same
mechanism of deposition could be genetically entrained on some other cycle separate
from direct stimulation.

1.9 Potential mechanisms for creating regularity

Biological morphogenesis mechanisms are remarkable in their ability to be robustly
capable of reproducing forms. Ask any Sierra Club member that comes across poison ivy
how they knew not to touch it and they will tell you it was the shape and clustering of the
plant’s leaves. (Arguably, it's the same robust morphogenesis coupled to biochemistry
that has made the cannabis leaf an iconographic representation of counterculture.)
Despite this robustness, close analysis of the accuracy of the symmetry in a face or
across multiple Drosophila wings shows that it is, at best, limited to (the still impressive)
width of a cell ~5um in the latter (197). However, variation on the order of 5um is still far
too large for structural color to be reproducible in most instances.

In the puddles of rainy days, oil-slick thin films swirl in randomized rainbows, pinwheeling
like animated novelty lollipops for the simple reason that the oil has no control over its
thickness — quite unlike butterflies using the same optical tricks. Itis rare to think of nature
as morphologically exacting — computers, automobiles, and any other product that
requires very precise tolerances do not use the reaction-diffusion systems that biology
uses to make its products. Among artists, shapes that are soft and without symmetry are
classified as “organic”, suggesting they've arisen from nature’s palette. Even among
biologists, there is a sense that life is robust precisely because it must overcome being
and existing in a sloppy, unpredictable amalgam of too-many-moving-parts — this is a far
cry from the industrialized perfectionism of welding robots and CNC milling machines.
But, held implicitly in the equations for producing structural colors is the thrilling concept
that there must be regularity and uniformity in the nanostructure’s composition and
morphology for a color to be made. And therefore, there must be mechanisms that allow
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nature, sloppy in tooth and claw, to regiment itself into building regular structures, at
regular intervals, with uniform material properties. | will explore some of these ideas here.

1.9.1 Secretion clocks

As mentioned previously, the majority of materials providing refractive index contrast are
sugar polymers secreted by epithelial cells. Multi-layer and thin-film structures are
therefore the product of secretion. In addition, multi-layers must alternate their secreted
films with a layer of a contrasting material. Since the thicknesses of these two types of
layers should remain constant for color production, a reasonable hypothesis for their
creation is the idea of a deposition clock. A few examples from the literature highlight the
possibility for such a mechanism existing. The chelicerae of one Jumping Spider
(Salticidae) have green structural color (198). TEM imaging of the chelicerae’s cross
section indicated that there were 85 layers of alternating high and low index of refraction
materials. Modeling of a structure using the thicknesses of the high and low refractive
index layers suggested that there should be nearly 100% reflectance from a multilayer
with that many elements. Upon adding a term for extinction coefficient, the multilayer
modeled, reproduced the observed spectrum with only 10 layers. In addition, more layers
provided no additional reflection because light was absorbed completely before reaching
further into the chelicera (198). It is therefore reasonable to assume that since additional
layers provide nothing more to the reflection, they either exist for improving rigidity and
robustness to the stresses of prey envenomation or are merely a byproduct of cellular
response during the chitin secretion cycle.

1.9.2 Bio-block-copolymers

Mentioned earlier, block copolymers are comprised of physically tethered polymers with
incompatible physicochemical properties. Experiments have shown that boundary
conditions can force the adoption of different morphologies to reduce the amount of
entropy in the system. These morphologies include pillars, laminae, and gyroid structures
like those seen in many butterflies. A biological block-copolymer could explain how
gyroids are often found in butterflies with internal multilayer baring relatives.

1.9.3 Molecular rulers

A molecular (or protein) ruler is a molecule that provides spatial information to the cell
that uses it — best demonstrated, in my opinion, by modifications to the “ruler’s” length
that result in subsequent and proportional shifts in the cellular details reliant upon the
molecule. For the purposes of this discussion, | use this strict definition of molecular ruler
in order to separate out those molecules that provide spatial information from those that
only provide function with some particular domain length (i.e. ROCK2 (199)). The best
example to date of a molecular ruler is the Chlamydomonas flagellar complex composed
of FAP59 and FAP172. These proteins interact directly with one another and the
microtubule doublet through several coiled-coil domains regulating the periodicity of
dynein arms as well as accessibility of the radial spoke proteins that connect
circumferential microtubule doublets to the central doublet (200). Loss of either FAP leads
to immobile flagella and increased periodicity of radial spoke assemblies/loss of dynein
arm binding. The key experiment was to show that duplication of coiled-coil sub-domains
led to predictable increases in protein length and in turn shifted the periodicity of radial
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spokes from 96nm in wild type to 128nm or 120nm depending on the domain that was
duplicated. The immediately important observation in this is that proteins exist that can
determine cellular architecture on length scales relevant to structural color, and that these
through modification (here duplication) can produce shifts in the periodicity. Whether,
such a mechanism will bear out in biological color remains to be seen, but it certainly
represents a mechanism worth keeping in mind during experiments.

1.9.4 Elastic buckling

One of the earliest attempts at explaining how regularity could come about was Helen
Ghiradella’s 1974 hypothesis of the scale ridges arising from elastic buckling in the
plasma membrane (54). Buckling occurs when a stress is applied to a material that
responds to the stress by bending perpendicularly to the direction of the force. Pulling on
a rubber glove will cause it to wrinkle out of the plane of the latex creating a sine wave in
the plane. The sine wave will propagate evenly across the plane of the latex and as such,
buckling can be thought of as a purely passive physical consequence leading to regularly
spaced peaks and valleys. A similar buckling concept has been demonstrated for the
morphogenesis of the villi chicken gut (201).

1.9.5 Genetic control of the physical properties of the scale

Many of the ideas | have presented rely upon the material properties of the cell and the
cell membrane (i.e. buckling morphogenesis). This makes it tempting to simply point to
physics and thermodynamics as what decides how the nanostructures producing a
structural color form — not genetics. As a geneticist, however, | contend that since in the
short-term, structural color remains constant from generation to generation — that is, it is
the blue of a Morpho species is inherited — it is reasonable to assume that there must be
some genetic encoding for the nanostructure. Even if it were proven to be true that the
regularity of a nanostructure was entirely driven by passive assembly, it would be foolish
to ignore the genetics of the organism. The physics-only viewpoint fails to recognize that
the material constituency of the plasma membrane is dictated by the organism’s genetics.
For example, the level of cholesterol in the plasma membrane may determine the bending
rigidity of the membrane, and so determine the extent of buckling and the spacing of the
nanostructure (202—-204). Moreover, the behavior of the actin cytoskeleton is also highly
cell type specific (inner ear hair cells vs. macrophage for example) and can influence the
physical properties of membranes (205). Given that both the membrane and actin appear
to be important to nanostructure development, and that alleles in proteins can modulate
actin dynamics and lipid metabolism, it seems reasonable to assert the idea that even
purely physical mechanisms of nanostructure development will be genetically encoded.

1.10 Summary

Throughout the dissertation, | have sought to draw a line between the photonic properties
of an organism and how this influences the evolution of populations via color. This thread
finds its fulcrum in the cell biology of a large unicellular epithelial projection known as a
scale. The repeated evolution of structural coloration within independent lineages of
butterflies and the diversification of structural color between species is full of fascinating
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biological questions. From this point forward | will present evidence that pigmentation is
as crucial for structural color as the structure itself. Saturation and hue derived from a
nanostructure are mutable via pigment manipulation alone. | also demonstrate that F-
actin dynamics are responsible for the formation of some structures and perhaps manifest
changes between species. Lastly | share some of the steps | and others have made
toward making real-time live imaging of butterfly scales during their development, as well
as my thoughts on what are open questions waiting to be answered.

33



‘g|nsuluad 02sIouBI4 UBS 8] JO 8ZIS 8yl S8Wl] $ IN0ge — SeoeLINs
[BJJUSA pue |esiop Bununod ;WYO0Y9 INoge si Aenng [eoldA} e jo eale aoeyns ay) ‘dnd 89400 B Jo 8ZIs 8y} si Joke| [eondo ue uaym ‘Ajjeul
3 (wQ9z) plwelAd eouswysuel] ay) oy jodelosAys e Jo 8zIs ay] Jnoge (WNgZ 1. 1109 "3 Ue JO WNnG 1. |[82 poo|q paJ & 0] siy) aiedwod) wnpgg
SI ||80 8[e2s JInpe Jejn|adiun [eo1dA} e ‘ajeds sIy) Y @ WG~ asnoy AJO)S Z & Se [|B]} Se SI WnG Je sassAjn olided 1o sninuied oijide4 uo punoy
Jojos|jai oljoqe.ed e ssoioe aoue)sIp 8y 9 "W JB UBW [[e) B JO 8zIS ayj Jnode S| (oydioj\ e Jo 89.LNS 8y} U0 punoj SI Se Yyons) JaAeynuwi |[g) wng
[e21dA] B ‘uoISIaAUO0D Syl Bulureluiew g “woQ |~ 1ybiay s,dno 88)J09 & Jo 8zIS ay) Inoge SI Jusuodwod [eondo WwuQgQ| e usy) ‘Js1ewi|jiw e o1 [enba
Ja)3WOUEBU B S)8S Jey) UOISISAU0I B ysI|ge)se om J| “ajo1ied SnuIA njj e Jo Js1sWelp ay) — Y214} WuQQ | JNOge aJe SaljJusng }SoW Ul SaInjonJjsoueN
Vv "way) Aed jey) s||8d 8|eas ay) Jo azis abie| sy} pue sainjonJsoueu dluojoyd JO 8ZIS |jews 8y} JO) S|eds JO asuss e SaAlb weibelp siy|

(wuoot) opnied nig
| (wuoot) 194e] 1eonndo
(Wwoot) 3nw 99130
* HE 4

-————
- ~~

(wuoor) aonied nig
(wuoot) 194e] TeOIdO
(Wwwoot) 3nw 92330D
* B d

o N (wne) 1190 11027
§ R (wnz) a3pt1 sudid oydio
(wrz) asea[D uyo(

(wng) [0 11027 (wuioon) apnred njg.
(wng) aduwip snunutpod orjidod (wn2) a8py sudfd oydioy  (wuoon) 1ake] [ando
(9) uotsueYOW 10157 (ure) 25990 Uyo]  (wuioor) Snuwt 393500

S9|BOS pue SaINjoNJISOUBU JO 8|eds 8y |'| aInbig

34



Figure 1.2 Diversity of color patterns among Ornithoptera males derives in part from
structural differences

The Ornithoptera offer an interesting example of how evolution of sub-cellular organization within unicellular
scale nanostructures and pigmentation can result in changes in photonic interference that in turn influence
ecological interactions. Given the island specific structural coloration and obvious sexual color pattern
differences (males on left of upper panel, females on right) it is tempting to speculate a few means of
speciation. 1) Males with coloration distinct from an ancestral population may land on a new island and
select for females who prefer that color. Or vice versa 2) females with preferences differing from the
ancestral population may pull male coloration away from the ancestral population. In hypothetical, a mix of
selection and drift acting upon genetic elements determining cellular development result in shifts of photonic
interference and ultimate result in the birth of new species. Top composites of males and females of several
species and their location within the Indonesian archipelago. From left: O. croesus, O. aesecus, O. goliath,
O. priamus, and O. urvillianus. Bottom Images of scales from the males of O. urvillianus (blue), O. aesecus
(aqua), O. priamus (green), and O. croesus (orange). Scale bar 250um.
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Figure 1.3
Refractive index contrast and geometry in a simple thin film produce structural color

= Sin( )
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A The contrast in refractive index (N) between a hypothetical chitin thin film and surrounding air bends
incident light. We can predict this angle using Snell’s law:

= (m)

*

sin Hincident * Nincident = SN gmedium medium

B Knowing thickness of the film (t) and the angle an incident beam travels through the thin film (0,,cqiwm)
allows us to calculate the path length difference (PLD) traveled by the beam by subtracting the reflected
beam’s path (AD) from the refracted beam’s path (ABC) at a point (D) in the reflected beam normal to where
the refracted beam emerges (C) from the thin film. C Incident light of different colors (blue vs. red rays) will
interfere differently as a function of their wavelengths when angle of incidence, thin film thickness, and
refractive index contrast are held constant. If the PLD is an integer multiple of the wavelength, the interfering
photons will be perfectly out-of-phase and deconstructively interfere (red sine waves and straight line). If
the ratio of the PLD and wavelength considered is equal to an integer minus one-half, the photons are
perfectly in phase and will constructively interfere, amplifying their apparent strength (Blue sine waves). In
this way incident white light gets biased in its apparent coloration despite all wavelengths interacting with a
single structure of a fixed thickness.
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Figure 1.5 Demonstration of angle dependence in structural coloration
h— ; e )

Frames of a movie depiciting the iridescence of Papilio karna as incident light changes position relative to
the butterfly and the camera. Indicators in the lower right corner of the picture show the relation of the light
source to the butterfly. White boxes on the hindwing demarcate regions of interest (ROI) upon which color
information was extracted and plotted in each of the graphs below the image. These graphs indicate the
left hindwing (LHW) or right hindwing (RHW) ROI. Graphs plot color upon a cartesian coordinate system
using degrees of hue on the X axis, saturation of the hue on the Y axis, and prevalence via bubble size.
The color of the bubble corresponds to the color plotted. A — light comes from the left, B — light comes from
the anterior side of the butterfly, C — Light comes from the right, D — light comes from posterior side
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Figure 1.6 Drosophila chaetae: a hypothesis generator for butterfly scales
A UAS:MICAL wWT sema plexA
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Drosophila bristles are homologous structures to butterfly scales with many similarities and differences.
Using existing studies done on bristles may illuminate developmental questions in butterflies with direct
relevance to structural coloration. A Genetic screens and manipulations in Drosophila bristles have
identified the non-canonical redox protein MICAL (orange) as being important for asymmetry in the size of
actin bundles (red triangles) around the circumference of Drosophila bristles (seafoam circle). This
asymmetry has been suggested as a driving force for the curvature of the bristle and requires Semaphorin
(pink) signaling from the associated nerve cell N via PlexinA (blue). B Semaphorin signaling received from
nerve cell via PlexA protein relieves autoinhibition of MICAL within the bristle. C Activated MICAL (spiky
orange) directly oxidizes a methionine residue within the actin protein leading to destabilization in concert
with Twinstar (lavender star) activity. D In Drosophila the destabilization occurs in a gradient that is highest
near the neuron. However in Lepidoptera, the pllb lineage leading to the neuron dies prior to the
specification of the neuron. E Despite the death of the neuron butterflies still show a decreased actin bundle
diameter on the proximal (abwing) surface. One is left with the question of how or if a similar
Sema/PlexA/MICAL pathway exists (colored question marks) in scales or if the difference is merely a
consequence of proximodistal patterning. Alternatively the socket (D - dark grey with pink) expresses
Sema in leps, replacing the neuron as a signaling center.
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Chapter 2

Melanization is Necessary for High Saturation of Structural Blue in
Morpho Butterflies

2.1 Introduction

Interest in the origins of species is a common source of inspiration among biologists and
the public alike. Darwin, Wallace, Muller, and Bates all drew evidence for evolution from
the many color patterns of butterflies during the years surrounding the publication of
Darwin’s treatise on the subject (4,5,17,206,207).Since the modern synthesis,
Lepidoptera have remained influential in understanding evolutionary mechanisms, largely
by focusing on wing pigmentation (13,23,28,30,208-214). Given the large number of
species, the diversity of conspicuous color patterns, and the biogeographical relationship
of those color patterns with butterfly species/populations, it is no surprise Leps have been
important to evolutionary studies.

Lepidopteran wing patterns are made by the juxtaposition thousands of individually-
colored, extensively modified, wing epithelial cells known as scales. This suggests that
for a butterfly wing to display a color, its scales must produce that color. Therefore, a
thorough understanding of how color evolves in Lepidoptera requires focus on how scales
produce color at a cellular level.

Pigments are often considered to be the source of animal coloration and for the most part
are enzymatically produced by proteins coded in the genome or taken up from the diet
(109). However, it is rare to find animal pigments that reflect short wavelength colors like
blue, green, or violet — butterflies included. The majority of butterfly pigments are limited
to black, brown, orange, yellow, red, and UV reflective, with occasional exception
(109,215,216). The vast majority of violet, blue, and green butterflies owe their color to
nanostructures built on the scales (43,110). Mechanistically, most nanostructures
produce color by regimenting the phases of photons with similar wavelengths, creating
constructive interference of some wavelengths and destructive interference in others
(85,217,218). But destructive interference does not eliminate the reflected photons,
instead it reduces their apparent intensity — biasing the reflection of white light toward an
apparent hue. This is in contrast to a pigment that selectively absorbs photons based on
their wavelengths — eliminating their reflection. Because structural colors are biased
towards a color but still include photons of all wavelengths, structural colors are inherently
less saturated than a pigment-based color.

It has been observed in histological sectioning and electron microscopy that organisms
employing structural colors often deploy pigments or pigmented cells in close proximity
to nanostructures. A multitude of studies suggest that organisms combine structural
elements with dark pigments to enhance the saturation of their structures (34,38,51,65—
79,81,82,216). When structures without underlying pigments have been studied, there
has been a demonstrable peak of reflectance intensity according to the geometry of the
associated nanostructure, as well as a baseline reflectance across the remainder of the
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visible spectrum (75). By combining nanostructures and pigments animals receive
benefits of both: the nanostructures selectively enhance particular wavelengths that are
otherwise inaccessible by pigments, while the dark pigments absorb the majority of the
nanostructure’s baseline reflectance (Fig2.1). Yet, with few exceptions, no biologically
relevant manipulation of pigmentation has been undertaken in structurally colored
organisms (77).

Morpho species have been repeatedly suggested to use melanin to enhance the
saturation of their structural blues, yet to date no direct manipulation of melanization has
been undertaken (42,109,219,220). Morphos thus seem particularly suited for examining
the role of melanin in structurally colored butterflies: the genus is well studied with an ever
improving phylogeny, dead specimen are valued by collectors, living specimen are raised
for display in butterfly houses, and principally important, among the species there are
many shades of blue, as well as green, orange, and many white or nearly white forms.
The presence of white species was particularly important to us as Yoshioka and Kinoshita
have shown that the white bands of Morpho cypris were due to a lack of pigmentation
(Fig2.1) (75). Moreover, the positions of the white species within the phylogeny suggest
1) they have likely arisen independently, 2) that it is a fairly simple transition from colored
to white, and 3) that comparison of white species would highlight the biological
commonalities/unique features they share. | hypothesized that exploring the biological
mechanisms influencing the nanostructure/pigment interface in Morphos would provide a
window into how pigments actually enhance structural coloration.

2.2 Methods

2.2.1 Low magnification imaging

Images of whole forewings were taken by scanning forewings from dead, dried museum
specimen on an Epson Perfection V500 Flatbed scanner at high resolution (>1200
pixels/inch) in the presence of a DGK Digital Kolor Kard for color balancing. Close-up
views of intact wings showing scales were taken on a Spot 15.2 64 MP Shifting Pixel
Camera (Diagnostic Instruments, Inc.) attached to Zeiss Axiophot Compound microscope
with a 10X objective. A 360 degree rotating stage allowed us to rotate the specimen
relative to a fiber optic lamp with an approximate 45 degree angle of incidence. Single
scale reflectance and transmittance images were taken at 20X on the same set up using
the microscope’s own light paths rather than the fiber optic. Single scales were removed
from regions of interest by paint brush or flame-polished glass needle and were mounted
on glass slides. Reflected microscopy took place without a coverslip, directly imaging the
scales with light arriving at normal incidence. Images shown are focus stacked in Helicon
Focus with the settings B,8,4. Transmission images were achieved by covering the scales
with Zeiss F355 Immersion oil (n=1.518) and covering with a coverslip; these are not
focus stacked. Pupal wing imaging for manipulations was done on a Zeiss LUMAR V.12
connected to a JenOptik ProgRes C14 plus camera or a Leica M80 dissecting scope
attached to a Leica MC170 HD camera. The phenotypic series of eclosed animals was
taken using a Canon D7000 with an AF Micro Nikkor 60mm lens attached to a RPS Studio
CS-920 copy rail. Though imaged under the same conditions and settings, three images
were stitched in Adobe Photoshop to capture the whole series.
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2.2.2 Scanning Electron Microscopy

Museum specimen were prepared for SEM by cutting regions of interest out with a razor
blade. To ensure solid conductance, the ventral surface scales were removed from this
region by pressing it onto double stick tape and lifting away. The now naked wing
membrane was then adhered to an aluminum stub via double sided carbon tape (both
Ted Pella). For scales from ex vivo cultured wings, scales were removed from regions of
interest using a fire-polished glass needle and placed onto stubs with carbon tape. For
images of the color producing ridges, scales were broken using a sharpened tungsten
probe. Following preparation, stubs were sputter coated with 10nm of gold and imaged
using an FEI Quanta 3D FEG FIB scanning electron microscope.

2.2.3 Spectrophotometry

All  spectrophotometry was performed using an Ocean Optics Flame
microspectrophotometer (MSP) in reflected mode or transmission mode, which produced
useful information for 870 unique wavelengths between 400 and 700nm. All spectra were
the result of 10 averaged sequentially captured spectra and were set to a boxcar of 5 for
smoothing purposes. For whole wing reflected spectrophotometry, the MSP was attached
to a Leica M205 FA dissecting scope with lighting applied via fiber optic at a 45 degree
angle of incidence and an azimuthal angle perpendicular to the long axis of the scales.
White balancing was done on BaSOu. For spectra shown, | relate the relative reflectance
for ease of comparison. This was calculated by finding the maximum value in a spectrum
and then dividing the all values across the spectrum by the maximum value and
multiplying by 100. For transmission measurements, the MSP was attached to the Zeiss
Axiophot with light applied normally from below. An area with dimensions 80umX80um,
falling entirely within the scale, was sampled. The MSP was continually calibrated on
regions of the sample without scales present. Spectra obtained were the average of 10
sequentially captured spectra, with a boxcar of 5. Absorbance spectra were calculated
from these spectra by applying the transformation: Abs=2-log1o(Transmission). For bar
plot comparisons of average absorbance, | first averaged the spectra of all samples
considered, then | summed all values of absorbance across the averaged spectrum to
create a single metric of comparison. And finally, | divided this sum but the number of
unique wavelengths measured (870) to arrive at the average absorbance per wavelength.
In all measurements, time of integration was set to the recommended 55,000-58,000
photon counts suggested by the manufacturers.

2.2.4 Imaqge analysis

To obtain quantitative data from our images where MSP was not feasible, | wrote custom
Python scripts inspired by Vijay Pandurangan’s analysis of movie posters (221). | have
graphically summarized the script in Fig2.13. In short, images were cropped to regions of
interest (ROI) in Photoshop, which were then fed to the program. The software extracted
hue, saturation, and value data from each pixel and, to allow easier
visualization/quantification, binned the pixel’s H,S,V into one of 36 hue categories, 10
saturation categories, and 10 value categories — reducing all possible input colors to one
of 3600 colors. Running counts of binned pixel color data were tallied and a CSV file was
output for each ROI. These data were then wrangled in R to produce plots and statistics.

43



2.2.5 Pupae

Pupae of Morpho helenor peleides were purchased from London Pupae Supplies
(Denver, Colorado), maintained under ambient dark:light cycles at room temperature, and
misted daily with tap water. As they were received as pupae | had no knowledge of when
the animals pupated. For all ex vivo and in vivo experiments | tried to coordinate their
ages by using pupae only after the eyes had pigmented. This was reliably the first body
part to pigment and thus | could have some confidence that the animals were preparing
to pigment elsewhere; more precise control was not possible.

2.2.6 Ex vivo culture

Based on results from Koch and Nijhout, | found that culturing in 3mL of 1X Grace’s
Medium (GIBCO) supplemented with 1X Antibiotic/Antimycotic (Sigma-Aldrich) and
2%(v/v) Fetal Bovine Serum (GIBCO) in a 35mm Falcon 353001 Tissue Culture dish
reliably allowed for pigmentation (113,222-224). | refer to this as our standard (STD)
medium. Dissection of pupae proceeded following eye pigmentation and took place in
1XPBS. | found that M. peleides rapidly, extensively, and non-specifically melanized in
response to dissection. In order to reduce the non-specific immune melanization, the
pupal wings were transferred into a dish of STD medium supplemented with 400uM
phenylthiourea (PTU) (Sigma-Aldrich) for 20-30min. This eliminated immune
melanization but had little impact upon scale specific melanization. For time lapse,
multiple condition/inhibitor-rescue, and spatiotemporal experiments, STD medium was
supplemented, as indicated, with stock solutions to a final concentration of 100uM 3-lodo-
Tyrosine (Sigma-Aldrich), 5mM L-Tyrosine (Sigma-Aldrich), 5mM L-DOPA (Sigma-
Aldrich), and/or 5mM Dopamine (DA) (Sigma-Aldrich).

For spatial restriction experiments, TuffTag masks (Diversified Biotech) were patterned
with a marker and cut using a scalpel. The wing was placed in medium and the mask
submerged sticky side toward the wing. The mask was held in place using the lid from a
5mL snap-cap tube (Falcon) with the center removed (resulting in a donut shape). DA or
L-DOPA were added to the medium and mixed thoroughly. To ensure the region of the
mask opening received access to the drug, following mixing | pipetted medium into the
region through the hole in the lid. Wings were incubated overnight.

For temporal control experiments, thin strips of Parafiim “M” (Bemis) were cut using
scissors. As Parafilm would not stick to the dish following addition of the medium, | placed
strips of cut Parafilm into the dry dish parallel to one another, and attached one end of
the strips to the dish by applying pressure. Next, the wing was removed from the
STD+PTU medium and quickly blotted dry on a Kimwipe (Kimberly-Clark) to remove
excess medium. The wing was positioned under the Parafilm and the other end of the
strips were adhered to the dish. Immediately 3mL of STD medium were applied to the
dish before the wing could dry out. The medium was then supplemented with L-DOPA or
DA as previously described.

With the exception of the TuffTag masked wings, all ex vivo cultured wings were kept at
room temperature on a rocker set to 60RPM. At the end of the experiments, wings were
washed several times in 1XPBS and then in diH20 before being allowed to air dry
thoroughly.
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2.2.7 In vivo injections

| estimated the average volume of M. peleides pupae to be about 2mL. From previous
experiments | found that pupae can tolerate injection volumes between 1/500" and
1/1000t the pupal volume (124). Accordingly, | prepared stock concentrations of 3IT and
DA for 1000X dilution. When pupae had reached the black-eyed stage | injected 20uL of
these stock solutions using a 26Ga 72 inch needle (Becton Dickinson) at the pupal cuticle
suture between the 15t abdominal segment and metathoriacic segment on the dorsal side.
Pupae were segregated based on what was injected and hung up to eclose. Following
eclosion, animals were sacrificed and stored in glassine envelopes (BioQuip).

2.3 Results

2.3.1 Terminology and Survey

Throughout the paper | will use the scale anatomical terminology set forth by Ghiradella
and Giraldo; | refer to observation of scales as abwing (developmentally proximal) if
analyzing the side pointed away from the wing membrane, and adwing (developmentally
distal) for the surface that faces the wing membrane (Fig1.5) (65,110). Lastly, | use the
convention of cover and ground to describe the two types of scales that lie in adjacent
rows on the wing. The former lie above the latter, and in Morphos the former tend to be
transparent, sometimes being referred to as “glass scales” (225). Occasionally, the cover
scales are greatly reduced, as in M. rhetenor and M. cypris, and do not cover the ground
scales (see Appendix 2) (42).

Focusing at the scale level, | began by surveying regions from the adult wings of 16
Morpho species and 2 outgroup butterflies, Antirrhea philoctetes avernus (a member of
the sister genus to Morpho) and Appias sylvia (Pieridae). In order to get a sense of
pigment’s role in saturating structural color, | wanted to know what pigments and
nanostructures were found in our specimen. | chose to use SEM to visualize the
nanostructures, reflected light spectrophotometry to measure the colors being reflected,
and single-scale transmission measurements in immersion oil (n=1.518) to assay for
pigmentation level and absorbance profile.

The survey provided a great deal of information that | will not discuss in full (the summary
of the survey is found in Fig2.10 with raw data found in Appendix 2). Rather, | have chosen
to present three vignettes that are most instructive of pigment’s role vis-a-vis the structural
elements. Further, these vignettes show that saturation variation coincides with pigment
variation at three levels of ecological importance: the individual, within a single species,
and between closely related species.

2.3.2 Within an individual: combinatorial method of pigmentation to blue variation

Morpho marcus major demonstrates the correlation of pigmentation with structural color
at the individual level nicely. | found three regions of varying blue saturation: white, light
blue, and dark blue (Fig2.2A,B). When | looked at single scales from these three regions
| found that in all regions, both cover and ground scales had structures and reflected blue
from their abwing sides (Fig2.2C-N’). What distinguished the regions seemed only to be
pigmentation levels: the white region had pigment in neither the cover nor ground scales
(Fig2.2D’,E’ & O,0’- black line), the light blue region had pigmentation only in its ground
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scales (Fig2.2H',I’ & O,0’- light blue line), and the dark blue region had pigment in both
the cover and ground scales (Fig2.2L’,M’ & O,0O’- dark blue line). Importantly, the level of
pigmentation was nearly indistinguishable in all pigmented scales regardless of the
region’s color. When | removed only the cover scales from the light blue region, the
uncovered ground scales produced a quality of blue indistinguishable from the dark blue
region (Appendix 2). When | viewed the scales from the adwing side | found that all
pigmented scales appeared gold, while unpigmented scales were bluish (Fig2.10,
Appendix 2). Members of the Deyrollia sub-genus, to which Morpho marcus belongs,
have been remarked upon because they have unique railroad track-like ridges made from
a single lamella (42,86,219). Cassildé et al. remarked that they believed the majority of
color came from the stacking of multiple scales in this clade rather than from the ridges
(42). While | am unable to falsify this hypothesis, | believe that the lower lamina functions
as a thin-film reflector based upon the peaks | see only in white and light blue regions (the
only regions where the lower lamina can produce a reflection visible from the abwing
surface). The shift in saturation between the white and light blue regions is likely a result
of a combination of the saturated blue produced by the ground scales’ multilayer with the
reflection produced in the cover scales’ multilayer and/or stacking. Further, | believe our
data scales suggest that the ridges do function as a multilayer as evidenced by the blue
color reflected by the adwing surface of pigmented scales. In these scales, the effects of
stacking would be negligible due to their high absorbance and the attenuation of lower
lamina reflections. From these observations | concluded that M. marcus utilizes a
combinatorial strategy of dark pigment in a spatially-restricted manner across a field of
cover and ground scales featuring more-or-less homogeneous structural elements to
create multiple shades of blue.

2.3.3 Within-species variation: continuous variation in concentration and ventral
pigmentation contribute to structural saturation variation

In our second vignette, | have focused on the multiple shades of blue found within Morpho
godartii sub-species: the dark blue M. g. didius (Fig2.3A), the intermediate M. g. assarpai
— dark form (Fig2.3F), and the pale blue M. g. assarpai — light form (Fig2.3K). As | saw in
M. marcus, the three shades were indistinguishable in nanostructure morphology (Fig2P-
R’). It was only when | began to look at transmission spectra that | found differences. All
three specimen lacked pigmentation in the cover scales (Fig2.3C’,H’,M’,T), something
originally seen in M. g. didius by Vukusic et al. (225). | hypothesized that | would see a
decreasing concentration of pigmentation present in the ground scales correlating with
the decreasing saturation of blue exhibited by the specimen. | was then surprised to find
that while M. g. didius did in fact have the most pigment (Fig2.3D’, T’-dark blue line), the
two forms of M. g. assarpai was indistinguishable (Fig2.3I’,N’, T’-light blue and black lines).
It was only when | then assayed the pigmentation levels of the ventral scales that | found
the light form of M. g. assarpai was significantly less absorbent than the dark form
(Fig2.3E,E’,J,J’,0,0’,U,U’). This was in agreement with modelling done by Yoshioka and
Kinoshita that suggested pigmentation in either the dorsal or ventral scales would be
sufficient to improve saturation of structural coloration (75). While their focus on M.
cypris’s did not include a direct test of their model, as no regions of M. cypris with white
dorsal scales and dark ventral scales were tested, | believe that these data provide
supporting evidence.
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2.3.4 Between-species variation: More than one way to skin a former caterpillar

In the last vignette, | compared three closely allied species: the prominently blue Morpho
helenor peleides (Fig2.4A,P- dark blue line), a white morpho with a decidedly blue sheen,
Morpho epistrophus catenarius (Fig2.4E,P — light blue line), and the purely white Morpho
polyphemus (Fig2.41,P — black line). Until recently, there has been some speculation that
M. polyphemus and M. epistrophus+M. iphitus were sister groups, but their isolated
geographic distribution of Mexico and Atlantic forests of Brazil respectively, left a great
puzzle to be solved (219,226). Alternatively, it was possible that these were independently
evolved phenotypes. | believed that in comparing the three species that some light could
be thrown into how these white phenotypes have evolved.

As expected from the previous findings, the cover and ground scales from both white
species were lacking in pigments (Fig2.4G”,H”,K”,L” & Q,Q’ — light blue and black lines).
In M. h. peleides (Fig2.4C”,D” & Q,Q’ — dark blue lines) | found that the cover scales were
clear and the ground scales contained pigments in agreement with both Cassildé¢ et al.
and Ding et al. (42,227). Further, when | visualized the structures of M. h. peleides, | found
that both cover and scale had multi-lamellar ridges, though with fewer lamellae per ridge
than the godartii specimen (Fig2.4M,M’). | found that M. e. catenarius also had multi-
lamellar ridges on both cover and ground scales (Fig2.4N,N’), though significantly
reduced in lamellae/ridge. This was in contrast to M. polyphemus which still had ridges
but showed nothing resembling a multilayer (Fig2.40,0’). On the whole, the M.
polyphemus scale was reminiscent of the strictly pigment-based, distal black scales found
on M. h. peleides (Appendix 2).

When | looked at the ab- and adwing appearance of the species, | found that M. h.
peleides cover scales had a distinct blue sheen when seen from either side (Fig2.4C,C’),
in contrast to the ground scales that showed a dark saturated blue when viewed from the
abwing surface (Fig2.4D), and a gradient of orange, blue and violet when viewed from
the adwing side (Fig2.4D’). The adwing colors cannot be seen from the abwing side
suggesting that they are attenuated by the internal deposit of pigments. This is similar to
many other species’ pigmented scales which had adwing colors that were different than
the color of the region they originated in suggesting that internal pigmentation serves
broadly to inhibit lower lamina reflections (Fig2.10, Appendix 2). The cover and ground
scales of M. e. catenarius were similar in shape and reflection to that of M. h. peleides’
cover scales (Fig2.4G,G’,H,H’). While | cannot rule out the influence of the reduced
multilayer on M. catenarius as a source of coloration, it appeared to us as though the
color emanated evenly from the lower lamina. In either case, it would seem that the blue
sheen seen on the wings of M. catenarius is thus due to the lack of pigmentation
desaturating the reflection from either or both the ridges and lower lamina. This is in
contrast to M. polyphemus cover and ground scales, which have an adwing reflectance
similar to that of the non-structurally colored black scales and the blue ground scales of
M. h. peleides: an obvious orange, blue, and violet constituency (Fig2.4K,K’,L,L’).
Together, M. polyphemus’ flat reflectance profile is likely due to the lack of multilayer
reflectors but the possession of a multi-colored lower lamina, which is similar to what has
been described in white scales of the butterfly Argyrophorus argenteus (228).
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Together | hypothesize from this analysis that M. polyphemus and M. epistropus+M.
iphitus were born from independent origins of white. The lineage leading to M. e.
catenarius likely lost pigmentation, desaturating the structural color of its ancestor.
Though it has retained a multilayer and a blue lower lamina it is possible that the lack of
pigment is leading to the gradual degeneration of the multilayer, as indicated by its smaller
number of lamellae per ridge compared with the majority of blue Morphos. In the lineage
leading to M. polyphemus it seems that the ridge multilayer was lost entirely. Moreover,
given its similarity to unstructured, pigmented scales on M. h. peleides (Appendix 2), one
hypothesis is that the patterning and differentiation programs for a “non-structural scale”
program has been expanded while pigmentation has been lost.

2.3.5 Pigmentation manipulation in living organisms

|, as others have suggested, was convinced of the importance of pigmentation to
structural color saturation, and felt that direct manipulation of pigmentation pathways
could provide an understanding of how the structural variation | saw in the survey could
be manifested. Several predictions fall out of the survey: 1) a single structure should be
sufficient to produce many shades of a color 2) spatial control of pigment may be sufficient
to produce structural color variation 3) varying levels of pigment alone should be sufficient
to produce multiple shades of a color and 4) pigments may purify a structural color by
isolating the reflection of the lower lamina of a scale from the abwing view. Manipulations
of pigments in living tissues have been performed in butterflies previously by several
groups, however no groups have sought to use the techniques to approach these
questions about structural color (113,223). Fortunately, M. h. peleides is commercially
raised for display in butterfly houses and living pupae are readily available for
experimentation.

2.3.6 Ex vivo culture of pupal discs sugqgests melanin is the pigment and necessary for
blue coloration

To start, | wanted to ensure that | could reproduce the ex vivo pigmentation results
previously demonstrated by Koch and Nijhout, and to positively confirm that melanin is
the dark pigment as is commonly believed. This latter point | believed was important as
other pigments are known to be capable of producing a dark brown color, such as
ommochromes (which likely make up the reds, oranges, and perhaps yellows of Morphos)
(Fig3.19) (109). Case-in-point, as people have actually started to investigate the
molecular basis of spider pigmentation, genetic evidence mounted on the side of
ommochromes until recently, when advanced spectroscopy suggests melanins (229). |
decided that determining the type of pigment used by the Morphos was a critical point to
make.

| approached this by culturing M. h. peleides pupal wings ex vivo in dishes containing
Grace’s medium supplemented with 2%FBS and antibiotic (STD Medium) just before the
onset of body pigmentation (cued off of the onset of eye pigmentation). | found that pupal
wings cultured in STD medium slowly melanized with a concurrent appearance of
structural blue (Fig2.6A Left Kymo,F). Wings treated in the same way but supplemented
with the immediate precursor to melanin, dopamine (DA), pigmented and became blue in
<1/3 the time as wings without the dopamine (Fig2.6A Right Kymo,G).
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| wanted to further confirm melanin as the pigment and so | cultured pupal wings ex vivo
with and without melanin inhibitors and with or without melanin precursors. | chose the
Tyrosine Hydroxylase (TH) inhibitor 3-lodo-Tyrosine (3IT) to disrupt the melanization
process. 3IT disrupts the melanin synthesis pathway at the first step, the conversion of L-
tyrosine to L-DOPA (230,231). Therefore, | expected that if melanin was the pigment, and
if it was necessary for structural saturation, wings cultured in the presence of 3IT would
fail to pigment and fail to turn blue. Moreover, | expected that wings supplemented with
L-DOPA or DA in the presence of 3IT would rescue the block. This is what | found.

In non-3IT supplemented cultures of wings from the same animal but cultured in different
conditions, all wings pigmented and turned blue (STD n=6, STD+Tyrosine n=6,
STD+DOPA n=6, STD+DA n=6). Those supplemented with DA pigmented/turned blue
first, followed by DOPA, then Tyrosine and STD medium alone (Fig2.5A). Conversely, in
3IT incubated cultures | found that wings never pigmented/turned blue unless
supplemented by L-DOPA or DA (Fig2.5C) (STD+3IT n=8, STD+Tyr n=8, STD+DOPA
n=8, STD+DA n=4). Critically, regions that are typically white spots along the margin of
the forewings remain white (Fig2.5A,C forewings; compare with Fig2.4A), suggesting that
pigmentation was a specific and cell-autonomous activity of the scales. | further analyzed
the pigmentation of scales from 3 experiments and found that in blue regions, ground
scales were the only scales to pigment, and only if 3IT was absent or if 3IT and L-DOPA
or DA were present (Fig2.5B,D right most columns, Fig2.5G). In regions that were black,
both cover and ground scales pigment when conditions allow blue regions to pigment
(Fig2.5B,D left two columns). | was able to analyze structures of scales from wings and
found that the overlapping lamellae constituting the Morpho-type reflector appeared
unaffected. However, | found some instances of 3IT treated scales without rescue having
a collapse of the ridge, as if the Christmas tree had been felled (Fig2.12). As | show later,
this phenomenon seemed to be limited to ex vivo experiments, but perhaps hints at a
developmental importance for Tyrosine metabolism in structure integrity. In sum, these
data confirm the long held suspicion that melanin is the pigment present in Morphos.
Moreover, through the direct manipulation of pigmentation in a region known to be
structurally blue, | show conclusively that presence of melanin is necessary for structural

purity.
2.3.7 Spatially restricted melanization leads to restricted saturation within a wing

Though the previous experiments suggest that pigmentation is necessary for color
saturation, it was theoretically possible (considering the felled-tree phenotype) that the
inhibitor was damaging other processes where the lodinated-Tyrosine was incorporated.
| sought to eliminate the need for 3IT addition by creating a physical block that limited the
access of a small region of a wing to the medium. | was able to do this by anchoring a
TuffTag mask over the pre-pigmented wing and then adding DA to the medium (Fig2.7A-
C’) (n=8). The mask precluded the DA from reaching the underlying scales preventing
their melanization, this was confirmed by assessing the absorbance of the scales from 5
experiments (Fig2.7J).

To get a sense of how structural coloration was affected by this treatment | adjusted the
angle of lighting incident upon the treated wings. In so doing, | was able to illuminate the
structures in both DA exposed and DA naive regions (Fig2.7C’), and by analyzing regions
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of interest (ROI) | was able to conclude that, indeed, the colors were of the same hue but
differed in their saturation (Fig2.7D-E). There was clearly structural color being produced
when single scales were imaged in reflected light, though there appeared to be some
subtle change in color particularly between the ground scales (Fig2.7G,l). Again, while
the lamellae of the ridges appeared normal, there was evidence for felling of the ridge in
both exposed and non-exposed regions. This seems to suggest that it is not pigmentation
that is required for ridge integrity but could instead be due to the conditions of the culture
or during preparation for SEM. Moreover, as the blue color clearly exists in the samples,
| believe this suggests that the structures were still functional during our assays. In total,
this provides evidence that a scale can produce multiple shades of structural color by
varying the pigmentation underneath a nanostructure. Further, these data recapitulate the
within-individual variation of M. marcus and the previously studied M. cypris.

2.3.8 Temporal restricted DA access produces graded saturation variation

It was apparent that spatial restriction of pro-melanization factors could modulate the
saturation of color reflected. The | data collected from M. marcus, M. polyphemus, M.
epistrophus, M. peleides and that previously seen in M. cypris suggested that pigment
could influence apparent color in a binary way — either it was present and a region
appeared saturated or it was absent and was desaturated (75). Our data from the sub-
species of M. godartii suggested that a more subtle graded effect on saturation could be
possible by reducing, but not eliminating entirely, melanin levels. As it is understood that
melanization is an enzymatic process with temporal accumulation, | reasoned that both
enzymatic kinetics and reaction time could influence structural color saturation
(77,222,224,232-242). Given that | could control access of the wing to pro-melanin
factors with a simple physical barrier, | hypothesized that | could control when multiple
regions of an ex vivo cultured wing melanized, and in turn | hypothesized that regions
with varied levels of melanin would have accordingly varied levels of structural blue
saturation.

In these experiments | made the barrier from Parafilm as it allowed better control over
small regions of the wing. | cut small thin strips and affixed them to the culture dish, belting
the wing down in place. | filled the dish with STD+DA medium and allowed the wing to
begin pigmenting for a couple of hours. Then one-by-one | removed one Parafilm strip an
hour, allowing the previously unexposed scales below to access the DA in the medium
(Fig.2.8A-F). | was able to image the adjacent regions of the same wing with varying times
of exposure, and found that regions that were darker had correspondingly more saturated
blues (Fig.2.8F’,F” & G-H”) (n=8). Subsequently, | quantified the differences of pigment
in cover and ground scales within the same wing and | found that pigment quantity varied
only in the ground scales and absorbance increased directly with time of exposure
(Fig2.81-N). I also found that ground scales appeared less saturated in blue color when
viewed from the abwing surface if they were from regions of less melanization time
(Fig.2.8J-M 3 column). It appears that there is not a uniform blue reflection in the ground
scales. | take this to suggest a combination of ridge collapse and lower lamina reflection
as a causative factor in the reduced saturation. Cover scales on the other hand,
qualitatively appeared identical and all showed uniform structural blue reflectance.
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| take these results to suggest that temporal modulation of the melanization pathway is
sufficient to modulate the saturation of structural colors. While | demonstrate that variation
in pigmentation can be produced temporally, one can imagine the same outcome
produced by reduction in enzyme kinetics for proteins like Tyrosine Hydroxylase or DOPA
Decarboxylase. It is possible then that alleles of melanization genes altering their
temporal expression, activation, or enzymatic kinetics could be causative of the structural
color variation seen in M. godartii.

2.3.9 In vivo injection of melanization modulators produce a “phenotypic” series of
structural saturation

Finally, | was curious to know if it is possible to recreate any of the findings of our previous
experiments in vivo. Since | had been able to modulate melanization with both pro- and
contra- pigmentation factors ex vivo, | reasoned that these same molecules (DA and 3IT)
could be effective in vivo. Further, | hypothesized that varying concentrations of inhibitor
should create a gradation of color saturation by influencing the extent of melanization.
Accordingly, | injected 20uL of 3IT (20mM, 60mM, 100mM, or 140mM) or 500mM of DA
into pupae with pigmented eyes and allowed them to eclose (n=3,3,5,6, and 3,
respectively). Examples of eclosed adults are shown in Fig2.9A. As expected the darkest
animals were those injected with DA and these subsequently appear more saturated
(though I did not attempt to quantitate this). Animals injected with 3IT varied in pigment
from roughly equivalent to wild type to very pale blue, providing evidence that enzymatic
rate decreases are feasible mechanisms for structural color evolution. While our palest
animals were 140mM 3IT injected animals (Fig2.9B), there was not a perfectly linear
change in pigmentation with the other concentrations. | attribute this to the fact that | had
no control over age and that pupal volume varied despite receiving the same dosages. It
was not uncommon for animals receiving the most concentrated dosage of 3IT to fail to
eclose, dying within the pupa and arguing this dosage as an upper limit for modulation.
Those 140mM treated animals that did eclose, often had crippled fore and hindwings, an
example can be seen in Fig2.9B at the distal-posterior corner. | chose to focus the rest of
the analysis on the most striking knockdown | achieved, seen in Fig2.9B. Ground scales
from this animal showed a taco-like phenotype, folding along their length (Fig2.9G’) but
retained their nanostructures and color production (Fig2.9E,F,G,G’,H,H’). The taco-ing of
scales along their length reminded me of observations made by Wilts et al. when looking
into Parides lysander and the deformities seen in scales where pale had been targeted
by CRISPR/Cas9 pale (38,77). Despite this whole scale warping, | saw no felled ridges
as | had observed ex vivo. When compared to wild type M. h. peleides full-wing
reflectance or ground scale pigmentation/absorbance, 140mM 3IT injected animals were
less saturated and less pigmented (Fig2.9C,I-K). This level of pigmentation was still
greater than what | was able to achieve in ex vivo knockdowns. It is possible that the
amount of knockdown permissive of eclosion is less than that which creates felled ridges
ex vivo and, hence, why | do not observe this phenotype with in vivo injections. Given the
death | saw with high concentration injections, | imagine that the lack of Tyrosine
metabolism created by the drug has additional epistatic effects, including the decreased
production of NBAD, necessary for sclerotization and for the neurotransmitter levels of
DA and the downstream catecholamines.
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2.3.10 Recapitulation of Morpho saturation variation with industrially-produced paints

Given that the phenotypes | produced were based on basic physical principles of light,
however biologically-derived, | felt the greatest test of the idea would be to mimic the
variation using a non-biological system. | created an image in Adobe lllustrator with
defined values of blacks that were spatially separated (Fig2.12A) and then bought acrylic
clear paint and mixed in a silica-based blue-colored thin film pigment. This structural blue
was painted over the LaserJet printed greyscale image (Fig2.12A’). The unpainted and
painted images were scanned, ROl chosen (Fig2.12 boxes), and image analysis
performed (Fig2.12 graphs). As expected, regions of increasing value in the greyscale
defined areas of higher saturation blue when painted over. This lends strong evidence to
the idea that pigment level can determine hue saturation, even when the structure is
identical across the object.

2.4 Discussion

The field of biogenic structural coloration has provided a fascinating look into the
surprising diversity of ways life has evolved to meet a need of color production. The
widespread lack of short wavelength pigments has led many lineages to evolve the
elegant and varied solutions of interference based colors (92,243-246). The intrinsic
nature of structural color however, is a game of biasing the appearance of white light, not
of absorbance. As a result, it has been widely observed that organisms deploy pigments
to regions of structural color. Physical studies to date have provided strong evidence that
these pigments are used to aid the purification of the spectra reflected (68,70,72,78). In
some cases pigments can be used to eliminate parts of the spectrum as in Budgerigars
that utilize a yellow pigment that specifically absorbs blue wavelengths changing blue-
green feathers toward a purely green color, and in some cases adding wavelengths to
create non-spectral colors as seen in Queen Purple Tip butterflies where a blue structure
is placed over red pigments (65,66). This latter type of non-spectral color is likely more
common than commonly thought as UV structures are commonly deployed in the Pierid
butterflies over yellow pigments likely creating a non-spectral color that human’s cannot
see and have no name for (49,246). Most commonly though are structures laid over
broadly absorbing pigments for the purpose of purifying the colors amplified by the
nanostructures. In some cases there has been good reason to name these pigments as
melanin since they occur within melanocytes and melanocyte loss leads to desaturation
of the color reflected (68,247). In most studies of butterfly structural color this broadly
colored pigment is suggested to be melanin, which is reasonable given its demonstrated
prominence in butterfly wings (42,109,218). In agreement with past studies, | found the
repeated presence of a dark pigment correlated with saturated structural blues and
conspicuous reduction of saturation in regions that were white or pale blue. This theme
repeated at multiple levels of ecological importance: in individuals, within a species, and
between species. Given the recurrent nature of the covariation between pigment and blue
saturation, it seemed reasonable to hypothesize that alleles modulating pigment
biosynthesis could result in novel color phenotypes in individuals that may propagate
through time to eventual speciation.

To approach this | aimed to recapitulate the natural pigment variation, which first required
an understanding of what pigment was being deployed. The survey showed that this dark
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pigment was broadly absorbing across the visible spectrum, consistent with descriptions
of melanin. However, despite the affirmations present in the literature, it remained to be
demonstrated definitively that this pigment is melanin in the Morphos. One reason |
believed this to be important was because the long-held belief that the dark colors of
spiders were all ommochromes and yet when further tests were done, the evidence
suggested them to be melanins instead (229). Moreover, even across the Morpho
species, some organisms within the Morpho sub-genera Iphamedeia and Laurschwartzia
contain conspicuous orange pigments that | found to be MeOH soluble (data not shown)
and which have been shown to be ommochromes in other Nymphalids
(7,81,109,134,248). Between the spider data and the observations of orange Morphos, |
thought that direct evidence of melanization in Morphos would be an important to obtain.

By utilizing commercially available M. h. peleides, which has had the physical basis of
color previously described, | was able to make manipulations in vivo and ex vivo that
melanin is indeed the dark color pigment of at least this species (227). Moreover, | was
able to show that modulating the activity of M. h. peleides’ tyrosine metabolism is sufficient
to reduce pigmentation levels and simultaneously the saturation of the overlying structural
colors. | further provide evidence with the TuffTag experiment that spatial regulation of
pigmentation is sufficient to drive structural color saturation tuning. Given the research
done on the patterning of color in Heliconius where a single gene, WntA, has been
demonstrated to regulate the size and shape of melanin pigmentation, | believe that a
similar mechanism is likely to have evolved within Morpho species, such as Morpho cypris
and M. rhetenor, to produce large regions of desaturated structural blue (28,29). | have
also provided evidence from the Parafilm, in vivo, and painting experiments that
modulation of time of pigment onset, enzymatic activity, and overall pigment level are
sufficient mechanisms for tuning the appearance of structural colors. In all cases,
between organisms of a single species, within an individual, and printed black levels on
paper, | provide evidence that a single structure is sufficient to produce multiple shades
of blue.

Results from the ex vivo experiments suggest that one possible mechanism melanin aids
structural purity is through the isolation of the multilayers from the often non-blue lower
laminae of wild type ground scales (Fig2.11). | was struck by the color similarity of the
lower laminae from wild type ground scales of M. h. peleides’ with those of M.
polyphemus. While other differences were clearly involved in the spectral reflectance
difference, when | knocked down pigmentation in M. h. peleides | often still saw the
structural colors of the lower lamina suggesting that the lower lamina could be contributing
to broad-spectrum, low-saturation reflectance. | also saw occasional collapse of ground
scale ridges in ex vivo cultured wings. Though when and why this occurred is unclear, it
is possibly due to the inhibition of pigmentation or sclerotization. This needs further study,
but if in fact due to pigmentation/sclerotization, could represent the first pathway
implicated in the construction of a multilayer nanostructure in butterflies.

From the results of our survey and of our manipulations, | am enthusiastic about
repeatedly finding similar variation at multiple ecological-levels, as it suggests parallel
evolution of color pattern by one mechanism: ground scale based pigment deposition
levels. Further, it implies a potential origin for the variability species with structural colors.
It is easy to imagine a novel allele controlling pigmentation arising in an individual, which
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fixes in a population subsequently sufficiently isolated as to birth a new species. Species
origination could therefore theoretically occur in structurally colored lineages without the
manipulation of the structure itself.

| am left with a couple of questions to which | can only speculate. The first is, why do
cover scales not suffer phenotypic effects like the taco-ing noticed in the in vivo
experiments or the collapse of ridges? | suspect one of two scenarios 1) the cover scales
of M. h. peleides aren’t ever pigmented, arguing that they may not need TH to be
structurally sound, or 2) by the time | make experiments, the cover scales are done
developing and do not experience any effects simply because they cannot be affected. |
tend to believe the latter, but have no evidence for or against either scenario. A possible
means of addressing this would be to target pale as Zhang et al. have done in the lab rat
species (77). I've cloned M. h. peleides’ pale from pupal cDNA (SeqA3.7), so experiments
targeting it just need to be designed and carried out to test this.

Secondly, since high levels of TH inhibition (afforded by high concentrations of 3IT) lead
to death, but not to white butterflies, is TH modulation relevant to how white Morphos
come about? | imagine that in pale blue Morphos with low pigment levels, like M. godartii
assarpai, Tyrosine Hydroxylase or DDC modulation could be a plausible mechanism.
Previous results suggest that sensitivity to hormonal signals, decreased enzyme kinetics,
and down regulating expression levels are all means of altering pigmentation (235,247—-
251). In scales that are truly pigmentless, like the white of M. theseus, portions of M.
hecuba, M. epistrophus, and M. polyphemus, or the highly desaturated blues of M.
sulkowskyi, M. cypris, M. rhetenor, and M. marcus, it is more reasonable to imagine that
DA and L-DOPA are shunted into alternative pathways like NBAD sclerotin by the product
of genes like ebony (77,235,252). In these species | would speculate that a lesion in
ebony or the increased expression of the counteracting tan would force these white
species to be pigmented and possibly transform the phenotype of a butterfly like M.
sulkowskyi into that of the closely-related, brilliantly blue M. zephyritis
(77,233,235,250,253-255).

One final implication of these experiments is that the methods provide an ability to answer
a question that has been frequently discussed in the literature: the refractive index of
scale chitin and melanin in situ (82,217,256,257). By the methods described here, |
imagine that it should be possible to measure the levels of pigmentation and the
corresponding refractive indices of scales that come from the same wing and thus share
everything else in common. Further, | believe these methods provide a framework by
which many of the pigments proposed to influence structural color in the literature can be
directly tested.

2.5 Conclusions

In sum, these results suggest that many of the color forms found within Morpho and,
indeed in other structurally colored groups, could originate with mutations in genes that
do not necessarily affect the structure itself. For the first time in a structurally colored
butterfly | demonstrate that melanin is a tunable resource that may allow for the large
diversity of patterns and species the Lepidoptera are known.
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2.6 Relevant appendices:

Spectrophotometry data for whole wing reflection readings and single scale
transmission readings, images used for image analysis, and data from the survey can
be found in Appendix 2.

Custom Python software used for analyzing images can be found in Appendix 4 and at
the GitHub repository: https://github.com/rnull13/MorphosAndMelanin/ and utilizes the
Python library PIL v. 1.1.7-14 found at: http://www.pythonware.com/products/pil/.

The sequence to M. h. peleides pale and an alignment of its translation with other
Lepidopteran pale sequences can be found in appendix 3, sequences 7 and 8,
respectively.
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Figure 2.2 Characterization of the many blues within an individual
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A View of dorsal forewing from Morpho marcus. Arrow indicates analyzed white region, arrowhead: main
blue region, asterisk: dark blue. Scale bar 1cm. B Normalized whole-wing reflection spectra for white region
(dashed black line), main blue (cyan), and dark blue region (dark blue). C-F’ visualization of scales in white
region. G-J’ visualization of scales in main blue region. K-N’ visualization of scales in dark blue region.
C,G,K Reflected light microscopy of indicated regions lit from the left to highlight differences in
pigmentation. C’,G’,K’ The same regions lit from the top (90 degree rotation) showing differences in
appearance when color is apparent. Scale bar 150um. D,H,L Single cover scales from each region shown
in reflected light microscopy lit normally. D’,H’,L’ Single cover scales from each region placed in immersion
oil to eliminate structural color production, and imaged by transmission to highlight differences in
pigmentation. E,I,LM and E’,I,M’ are ground scales treated in the same way as D,H,L and D' ,H’,l’
respectively. Scale bar corresponds to D’s, H's, L’s, E’s, I's, and M’s 100um. Dotted line in D’,E’,H’ shows
the outline of the scales which are nearly invisible in immersion oil. Yellow bar indicates these are cover
scales, purple that these are ground scales. The same color scheme will be applied throughout all figures
to orient the reader. F,J,N SEM images of the cover scale ridges — considered to be the source of Morpho
blues. F’,J’,N’ SEM micrographs of the ground scale ridges. Scale bar 2um. 0,0’ Average absorbance
spectra for 3 scales in immersion oil; cover in O, ground in O’. Color scheme is maintained from B.
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Figure 2.3 Characterization of the many blues between populations of a species
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A-E’,P,P’ Morpho godattii didius. F-J’,Q,Q’ M. g. assarpai (dark form) K-O’,R,R’ M. g. assarpai (light form).
A,F,K Dorsal views of forewings showing variation in blue, inset are the ventral views of the same wings
showcasing variation in ventral pigmentation. Scale bars reference dorsal wings, 1.5cm. Asterisk indicates
regions imaged in subsequent figures. B,G,L and B’,G’,L’ as in fig.1 these show close ups of indicated
regions lit from left and top, respectively to highlight pigment and structural variation. Scale bar 150um.
C,H,M and C’,H’,M’ single scale reflectance and transmittance of dorsal cover scales. D,I,N and D’I'N’ M’
single scale reflectance and transmittance of dorsal ground scales. E,J,O0 and E’,J’,0’ are single scale
transmittance images of ventral scales, cover and ground respectively, corresponding to the same region
as imaged on the dorsal surface highlighting pigmentation differences on the ventral surface. Scale bar
50um corresponding to all single scale images shown. P,Q,R and P’,Q’,R’ SEM micrographs of color
producing ridges; cover and ground respectively. Scale bar 2um. S Normalized whole-wing reflectance in
area marked by asterisks. Dark blue — didius, cyan — dark form assarpai, black dashed line — light form
assarpai. T,T’ Average absorbance spectrum of 3 cover and 3 ground scales, respectively, taken from the
dorsal surface in immersion oil. Color scheme retained from S. U,U’ Average absorbance spectrum of 3
cover and ground scales, respectively, taken from the ventral surface in immersion oil.
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Figure 2.4 Characterization of the blue and whites between closely-related species

Wavelength (nm)

A-D”’,M,M’ Morpho helenor peleides. E-H”’,N,N’ M. epistrophus catenarius I-L”’,0,0’ M. polyphemus A,E,l
Dorsal views of forewings showing variation in color. Scale bars 1.5cm. Asterisk indicates regions imaged
in subsequent figures. B,F,J and B’,F’,J’ as in previous figs these show close ups of indicated regions lit
from left and top, respectively to highlight pigment and structural variation. Scale bar 150um. C,G,K and
C’,G’,K’ single scale reflectance of dorsal cover scales. The former are abwing views (as seen when looking
at the wing), the latter adwing (from the “under side”) highlighting that structural color in cover scales is
largely thin film based. C”,G””,K” are cover scales placed in immersion oil and imaged in transmission.
D,H,L and D’H’L’ single scale reflectance dorsal ground scales again in ab and adwing views. The orange
color of M. h. peleides thin film suggests that the blue color is derived from its ridges. D”’,H”,L”” ground
scales in transmission to show pigment differences. Scale bar 100um, corresponding to all single scale
images shown. M,N,O and M’,N’,0’ SEM micrographs of ridges; cover and ground respectively. M’ from a
broken ground scale showing ridge in profile. Scale bar 2um. P Normalized whole-wing reflectance in area
marked by asterisks. Dark blue — peleides, cyan — catenarius, black dashed line — polyphemus. Q,Q’
Average absorbance spectrum of 3 cover and 3 ground scales, respectively, taken from the dorsal surface
in immersion oil. Color scheme retained from P.
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Figure 2.5 Inhibition and rescue of melanization inhibits and rescues structural blue
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A,C Incubation of M. h. peleides pupal wings in absence and presence of 100uM 3-lodo-Tyrosine (3IT),
respectively. Each panel shows 4 wings from the same animal cultured simultaneously in different
conditions, Top to bottom: STD alone, STD+5mM L-Tyr, STD+5mM L-DOPA, STD+5mM DA. Left to right
shows progression of pigmentation and blue emergence through time. For the sake of comparison, the
bottom wings have been mirrored in A, and the top two wings in C. Scale bar 5mm. B,D Single scales in
immersion oil imaged in transmission from wings cultured as in A and C respectively. For each row, the left
two scales are from the distal black region, and the right two from the blue area. Cover and ground scales
are indicated as in previous figures by yellow and purple bars. Scale bars 100um. E SEM images of ridges
from scales cultured in STD medium; upper images without 3IT, lower with. Left images are cover scales,
Right images are ground. Scale same as F. F Same as E except now cultured with 5mM L-DOPA. Scale
bar 2um. G Comparison of absorbance by single scales, ground (purple) and cover (yellow), for all
conditions. For each bar, absorbance spectra for 3 scales were taken from 3 different experiments; n=9 for
all. To give a simple statistic for comparison, we averaged the 9 spectra, then averaged all values across
the 870 wavelengths (between 400-700nm) of the resulting average, producing an average absorbance
per wavelength of the 9 scales. Error bars are SD. Unless otherwise stated, all further bar graphs of
absorbance are calculated in the same way.
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Figure 2.7 Spatial restriction of DA to cultured wings recapitulates within individual
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A A freshly dissected M. h. peleides pupal forewing just beginning melanization B The same wing 19hrs
after culture in STD+DA medium. The TuffTag mask used to occlude the wing from DA exposure can be
seen with a California-shaped hole cut to allow exposure. C,C’ the same wing with the TuffTag mask
removed. C is lit obliquely from the right highlighting pigmentation differences, C’ is lit obliquely from the left
to show how structural blue is affected. White boxes in C,C’ show regions of interest (ROI) of the DA naive
region; black boxes: ROI of DA exposed region. Scale bar 5mm. D Bubble plot analysis (see Methods,
Supplement) of the DA exposed ROI shown in C’. X-axis is hue, Y-axis saturation, concentric bubbles of
varying darkness indicate HSV color combinations centered at the same hue and saturation, observable
area is equal to number of pixels. Inset shows ROI considered. Legend H=mode hue, S = average
saturation of all pixels, V = average value of all pixels, P = number of pixels analyzed. E Bubble plot of DA
naive ROI shown in C’. F-G’ Cover and ground scales for DA naive regions in reflected and transmitted
light. H-I’ The same as F-G’ but taken from DA exposed region. Scale bar - 100um J A plot similar to Fig4G
comparing the averaged absorbance of 3 cover and e ground scales in DA naive and exposed regions
taken from 5 experiments; n=15 each.
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Figure 2.8 Temporal control of DA exposure ex vivo recapitulates variation seen within
and between species
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A A freshly dissected pupal disc. B-F 1hr time intervals of the same wing cultured in STD+DA. Strips of
Parafilm were placed over the wing prior to incubation in the medium. Starting at hour 3 (D), one strip was
removed per hour allowing access to previously occluded scales. All images lit from left. Dashed Box in F
corresponds to the region shown in F’ and F”. Scale bar in F is 3mm and is the same for A-F. F’,F”’ Three
stripes with 0, 1, and 2hrs of DA exposure from left to right. F’ lit from right, F”” from left. Boxes in F’ are ROI
for G-G”, boxes in F” are ROI for bubble plots in H-H”. Scale bar is 1.5mm. G-G”” and H-H”’ Bubble plot
analysis of ROI from F’ and F” respectively — inset indicates specific ROl measured. Plotting performed the
same as in figure 4. | Another wing cultured in the same way as A-F, after 7hrs of incubation. J-M correspond
to regions measured for single scale analysis. J 3hrs incubation, K 2hrs, L 1hr, M freshly removed. Scale
bar 3mm. J-M Rows across feature scales from regions indicated in I. As in other figures cover and ground
are indicated by yellow and purple bars with reflected light to the left, transmission to right in each. Dashed
lines indicate boundaries of nearly invisible cover scales in transmission. Scale bar 100um. N Comparison
of average absorbance for 4 regions per wing with different DA exposure time. Each bar is the average of
3 scales from 3 experiments; n=9 each. Error bars are SD.
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Figure 2.9 In vivo injection of 3IT produces a range of phenotypes recapitulating within
and between species blue variations
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A Range of blue phenotypes in butterflies eclosed from manipulated pupae. Top to bottom: 1) 20uL 500mM
DA, 2) 20uL 500mM DA, 3) Uninjected WT, 4) 20uL 20mM 3IT, 5) 20uL 100mM 3IT, 6) 20uL 100mM 3IT,
7) 20uL 60mM 3IT. Scale bar 1cm B Forewing from the palest eclosed butterfly, 20uL 140mM injected
animal — unmountable due to crippled hindwings. Scale bar 1.5cm. C Relative reflected light spectrum of
intact wing blue areas. Wild type M. h. peleides in blue, wing from B hatched black line. D Reflected light
image of wing from B. Upper half was imaged with light oriented from top of image, bottom half from the left
of the image. Scale bar 100um. E,F SEM images of the ridges of cover and ground scales respectively from
B. Scale bar 2um. G,G’ Reflected light images of abwing surface of cover and ground scales. G’ shows
characteristic taco-ing of ground scale along its length. H,H’ Adwing reflected light images of cover and
ground scales. LI’ Transmission in immersion oil of dorsal blue cover and ground scales from B. J,J’
Transmission images of cover and ground scales from dorsal blue region of a wild type M. h. peleides.
Scale bar 100um. K Average absorbance bar chart comparing scales from the blue regions of manipulated
and wild type butterflies: 3 cover and 3 ground scales from the animal in B and 3 cover and 3 ground scales
from 3 wild type animals; n=3 for each 3IT bar, n=9 for each WT bar. Error bars are SD.
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Figure 2.10 Summary of data collected in survey of Morphos
OBSERVED COLOUR OF WING REGION
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For the reader's ease | have summarized our findings when surveying the SEM, reflectance, and
transmittance data. The original data can be accessed in Appendix 2. Phylogenetic relationships from the
tree produced by Chazot et al. are summarized on the left (219). Data for each species are organized by
regions of color on the wing (across the top of the figure). Each color is then broken in to cover and
ground columns (yellow and purple respectively) representing data from cover and ground scales. As
discussed, relevant elements to manufacturing color in morphos are ridges, pigmentation, and the lower
lamina’s thin film reflectance. Here | have indicated what each of these components contributes, where the
triangle size indicates number of lamellae in a ridge and its color representing the reflected color of the
ridges where it is possible to discern. In many instances, the reflection from the lower lamina overpowered
the reflection of the ridges, and though SEMs generally showed no major differences from ground scales,
we interpret this to suggest that the ridges do produce blue but do not have conclusive evidence. The
rectangle’s color indicates type and concentration of pigment within the scale. The rounded rectangle at the
bottom of each set indicates the color of the thin film.
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Figure 2.11 Importance of melanin for insulating abwing reflectance from lower lamina

A Ground scale of Morpho achilles seen in reflectance from abwing side — ridges produce green color. A’
Ground scale from same animal seen from abwing side, where ridges with melanin have been partially
stripped away. The thin film’s coloration can now be seen. A” The reflectance o<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>