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Abstract

Making it clear: evolution, development and genetic basis of wing transparency in
Lepidoptera

by

Aaron Ford Pomerantz
Doctor of Philosophy in Integrative Biology
University of California, Berkeley

Professors Nipam H. Patel & Peter Sudmant, Co-Chairs

Pause for a moment, close your eyes, and picture a few of the most beautiful living
organisms that come to your mind... What did you see? Perhaps the creatures were
bright and shiny. Perhaps they were colorful and charismatic. Perhaps one of the
beautiful creatures you pictured was a butterfly. Indeed, the diversity of colorful patterns
in butterflies have captivated humans for centuries. Moreover, their wings have
influenced studies in a variety of scientific fields, including evolutionary biology, ecology,
and biophysics.

Lepidopteran wings are covered with thousands of flat overlapping scales, each
one of which derives from a single cell. The scales on an adult are cuticular projections
that serve as the unit of color for the wing. Each scale can generate color through
pigmentation, which results from molecules that selectively absorb certain wavelengths,
or due to light interacting with physical nanoarchitecture on the scales, known as
structural color. Thus far, researchers have made progress in understanding genetic
pathways responsible for pigment production and the early transcription factors and
signaling molecules that demarcate wing pattern positions. It remains less clear,
however, what precise genes and pathways give rise to an individual wing scale cell,
how such a novel cell type evolved, or what factors modulate cuticular micro- and
nanostructures that generate specific optical properties.

To better understand processes underlying scale and nanostructure development
in Lepidoptera, my dissertation focuses on a unique optical strategy: wing transparency.
The wings of butterflies and moths are typically covered with thousands of flat,
overlapping scales that endow the wings with colorful patterns. Yet, numerous species
of Lepidoptera have evolved highly transparent wings, which often possess scales of
altered morphology and reduced size, and the presence of membrane surface
nanostructures that dramatically reduce reflection. This trait has been interpreted as an
adaptation in the context of camouflage, in which numerous lineages independently
evolved transparent wings as a form of crypsis to reduce predation.
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In order to unravel the biological processes of wing transparency, | engaged in
an interdisciplinary collaboration (including the labs of Nipam Patel, Marianne Elias,
Doris Gomez and Serge Berthier) at the interface of physics, developmental biology and
evolutionary ecology. Working in parallel with our collaborators, we aimed to investigate
the structure, development and evolution of wing transparency in butterflies and moths
by implementing experimental and phylogenetic comparative methods. We revealed a
diversity of structural features that underlie transparent wings, notably modifications of
scale morphology, size, and density, and the presence of finely-tuned nanostructures on
the surface of the wing membrane that generate anti-reflective properties. We were able
to characterize developmental processes of wing micro- and nanostructure formation of
glasswing butterflies that were raised in the field and in the lab, and additionally utilized
museum specimens and data to identify correlations between light transmission (a
quantitative measure of transparency) and structural features. Together, our results
provide insight into the development, ecology and evolutionary history of terrestrial
transparency within Lepidoptera, highlighting multiple lineages that have independently
evolved clearwing phenotypes, as well as potential trade-offs related to
thermoregulation, water repellency and predation pressure.

One of my main experimental systems became the so-called ‘glasswing butterfly’
Greta oto, which has thin, vertically oriented scales and nanopillars coating the wing
membrane that enable omnidirectional anti-reflective properties. My collaborators and |
employed a multitude of techniques, including confocal and electron microscopy, GC-
MS, optical spectroscopy and analytical simulations to characterize wing development,
comparing transparent and non-transparent wing regions. We found that during early
wing development, scale precursor cell density was reduced in transparent regions, and
cytoskeletal organization during scale growth differed between thin, bristle-like scale
morphologies within transparent regions and flat, round scale morphologies within
opaque regions. We also show that nanostructures on the wing membrane surface are
composed of two layers: a lower layer of regularly arranged nipple-like nanostructures,
and an upper layer of irregularly arranged wax-based nanopillars composed
predominantly of long-chain n-alkanes. By chemically removing wax-based nanopillars,
along with optical spectroscopy and analytical simulations, we demonstrate their role in
generating anti-reflective properties. These findings provide insight into morphogenesis
and composition of naturally organized microstructures and nanostructures, and may
provide bioinspiration for new anti-reflective materials.

Additionally, | undertook a comparative transcriptomic analysis to identify
molecular pathways involved in scale cell development in the buckeye butterfly Junonia
coenia and the giant silkmoth Antheraea polyphemus. | also investigated differential
expression between two regions within the wing of A. polyphemus: a region we refer to
as a transparent ‘window’ in which scale cells do not develop, and an adjacent region
that undergoes canonical scale development. | then applied fluorescent in situ
hybridization and CRISPR/Cas9 induced knockouts to characterize the spatiotemporal
expression and function of genes involved in scale cell development. Comparative
RNA-seq between J. coenia and A. polyphemus uncovered genes with similar
expression levels during early pupal wing development and scale precursor
differentiation, including proneural, cell cycle, and Notch signaling factors. At later pupal
stages, when scale cell projections are forming and maturing, | identified genes with
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similar expression levels related to cytoskeletal organization, melanization, cuticle
formation, and chitin-synthesis. Using stage-specific transcriptomic analysis followed by
in situ hybridization, | uncover a suite of genes that likely play conserved roles in scale
cell patterning and morphogenesis in butterflies and moths. | identified two achaete
scute homologs (ASH1, ASH?2) expressed at the scale cell precursor stage and loss of
function of ASHZ2 resulted in the loss of scale cells. In contrast, loss of function of the
Notch receptor led to overproduction and dense clusters of scale cells, likely due to
improper lateral inhibition during scale precursor cell differentiation. | also identified that
the ‘window’ scaleless region in A. polyphemus is associated with high expression
levels of Wnt ligands, including wingless, and the bHLH transcription factor hairy, a
negative regulator of sensory bristles, revealing how putative co-option of neurogenesis
regulatory factors could contribute to scale cell patterning in Lepidoptera.

Finally, | lay out a new and easy-to-follow protocol for portable, rapid, field-
deployable amplicon sequencing through the use of new miniaturized lab equipment,
which can be beneficial for biodiversity exploration and educational programs. Human-
mediated environmental change is depleting biodiversity faster than it can be
characterized, while invasive species cause agricultural damage, threaten human
health, and disrupt native habitats. Consequently, the application of effective
approaches for rapid surveillance and identification of biological samples is increasingly
important to inform conservation efforts. Taxonomic assignments have been greatly
advanced using sequence-based applications, such as DNA barcoding, a diagnostic
technique that utilizes polymerase chain reaction (PCR) and DNA sequence analysis of
standardized genetic regions. However, in many biodiversity hotspots, endeavors are
often hindered by a lack of genomic infrastructure and funding for biodiversity research
and restrictions on the transport of biological samples. A promising development is the
advent of low-cost, miniaturized scientific equipment. Such tools can be assembled into
functional laboratories to carry out genetic analyses in situ, at local institutions, field
stations, or classrooms.
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Introduction to the work

In this dissertation | will present the findings of my doctoral research on the evolution,
development, and genetic basis of wing transparency in butterflies and moths.
Additionally, | provide a new protocol for long-range DNA amplicon sequencing using
miniaturized laboratory equipment. What follows are four main chapters, beginning with
an introduction summarizing the current state of the field and ending with a look forward
to the future. Below is a brief summary of each chapter:

Chapter 1: | present the reader with a summary of why transparency is a fascinating,
yet poorly studied, optical property in living organisms and how we have taken an
interdisciplinary approach to address scientific questions using Lepidoptera as our study
system. We show that within Lepidoptera, transparency has evolved multiple times
independently and with these multiple gains comes a large diversity of morphological
innovation.

Chapter 2: In the second chapter, | elucidate aspects of the developmental, cellular and
biochemical basis of transparency. Recent studies have explored aspects of structural
diversity, optical properties and phylogenetic distribution of transparency within
butterflies and moths, which often possess scales of altered morphology and reduced
size, and the presence of membrane surface nanostructures that dramatically reduce
reflection. However, the developmental processes underlying transparency are currently
unknown, let alone the dynamic formation of butterfly nanostructures in general. This
presents a gap in our understanding of how wing scale microstructure morphologies
and membrane surface nanostructures are generated within a living system. | therefore
set out to explore the development of wing transparency in the so-called ‘glasswing
butterfly’ Greta oto, which has thin, vertically oriented scales and irregularly arranged
nanopillars on the wing membrane that enable omnidirectional anti-reflective properties.
| demonstrated that this species could be easily reared in the lab, which allowed us to
employ a multitude of techniques, including confocal and electron microscopy, GC-MS,
optical spectroscopy and analytical simulations. | was then able to create a series of
wing development stages for the first time, comparing transparent and non-transparent
wing regions.

Chapter 3: In the third chapter, | explore the genetic basis of scale development and a
form of wing transparency that occurs via suppression of scale development. | carried
out stage-specific RNA sequencing of micro-dissected wing tissue in the buckeye
butterfly Junonia coenia and the giant silkmoth Antheraea polyphemus to identify
conserved differentially expressed genes. Additionally, | investigated differential
expression between two regions within the wing of A. polyphemus: a region we refer to
as a ‘window’ in which scale cells do not develop, and an adjacent region that
undergoes canonical scale development. | then applied fluorescent in situ hybridization
and CRISPR/Cas9 induced mutagenesis to characterize the spatiotemporal expression
and function of several genes involved in wing scale development. | also identified that
the ‘window’ scaleless region in A. polyphemus is associated with high expression
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levels of Wnt ligands, including wingless, and the bHLH transcription factor hairy, a
negative regulator of sensory bristles, revealing how co-option of neurogenesis
regulatory factors could contribute to scale cell patterning in lepidoptera.

Chapter 4: Finally, in chapter four | lay out a protocol for DNA amplicon sequencing
using miniaturized laboratory equipment for genetic biomonitoring and biodiversity
exploration. | believe that recent advancements in miniaturized scientific tools (such as
handheld thermocyclers and DNA sequencers) enable promising opportunities to “bring
the lab into the field” and offer increased accessibility to equipment, which can promote
local capacity building. Such advancements offer new and exciting opportunities to
investigate and understand living organisms in the context of their natural environment.
This is especially important today, as human-mediated environmental change is
depleting biodiversity faster than it can be characterized, while invasive species cause
agricultural damage, threaten human health, and disrupt native habitats. Consequently,
the application of effective approaches for rapid surveillance and identification of
biological samples is increasingly important to inform conservation efforts. Taxonomic
assignments have been greatly advanced using sequence-based applications, such as
DNA barcoding, a diagnostic technique that utilizes polymerase chain reaction (PCR)
and DNA sequence analysis of standardized genetic regions. However, in many
biodiversity hotspots, endeavors are often hindered by a lack of genomic infrastructure
and funding for biodiversity research and restrictions on the transport of biological
samples. A promising development is the advent of low-cost, miniaturized scientific
equipment. Such tools can be assembled into functional laboratories to carry out
genetic analyses in situ, at local institutions, field stations, or classrooms. Here, | outline
all the steps required to perform amplicon sequencing applications outside of a
conventional laboratory environment using miniaturized scientific equipment.



Chapter 1: Introduction and background

Why study wing transparency in Lepidoptera?

Lepidoptera (butterflies and moths) are a widespread and diverse order of insects, with
over 180,000 described species. As the name of the order suggests, members of this
group are characterized in part by wings that are covered with scales, after the ancient
greek lepis = scale and pterén = wing. Adult scales are cuticular projections that derive
from single cells during pupal development and serve as the unit of color for the wing.
Each scale can generate color through pigmentation, which results from molecules that
selectively absorb certain wavelengths of light, structural coloration, which results from
light interacting with the physical nano-architecture of the scale, or a combination of
both (Wasik et al., 2014; Zhang et al., 2017; Thayer et al., 2020). During pupal wing
development, scale cell extensions grow rapidly, creating finely-tuned structures ~200
pm long and ~60 ym wide. Chitin synthesis and cytoskeletal dynamics, including highly
organized F-actin filaments, during scale cell development, play essential roles in wing
scale elongation and aspects of scale ultrastructure (Dinwiddie et al., 2014; Day et al.,
2019; Liu et al., 2021). Once fully developed and matured, scales and most of the adult
wing itself remain non-living tissues. The colorful patterns produced by wing scales can
serve numerous functions, including antipredator strategies (e.g. camouflage,
deflection, aposematism, mimicry), attracting mates, thermoregulation, and water
repellency (Nijhout, 2001; Perez Goodwyn et al., 2009; Mazo-Vargas et al., 2017,
Deshmukh et al., 2018; Tsai et al., 2020).

Yet, numerous species of butterflies and moths possess fransparent wings that
allow light to pass through, so that objects behind them can be distinctly seen (Fig 1.1,
Yoshida et al., 1997; Siddique et al., 2015). This has typically been interpreted as an
adaptation in the context of camouflage, in which some lineages evolved transparent
wings as a form of crypsis to reduce predation (Arias et al., 2019; McClure et al., 2019).
Indeed, one can easily imagine how an ‘invisibility cloak’ would serve as an effective
camouflage strategy for an organism to blend in with any background and remain
‘hidden in plain sight’ (Cuthill, 2019). Controlled field studies using butterflies with
varying degrees of wing transparency and wild birds have additionally supported the
hypothesis that transparency is involved in camouflage and decreases detectability by
predators (Arias et al., 2019, 2020). Perhaps counter-intuitively, wing transparency is
widespread among many groups of aposematic Lepidoptera, whereby chemically-
defended species display conspicuous wing patterns that advertise unpalatability to
predators. This phenomenon did not go unnoticed by Henry Walter Bates over 150
years ago, who observed the striking similarities between distantly related clearwing
butterflies and moths collected in nearby regions of the Brazilian Amazon, contributing
to his theory of mimicry (Fig 1.2, Bates, 1862). Many different chemically-defended
clearwing species locally converge on similar wing patterns and form mimicry ‘rings’,
thus begging the question: why adapt to be both transparent and aposematic?

Despite the natural history and physical properties described in a handful of
transparent species, the evolutionary history and potential mechanisms underlying
transparency in terrestrial organisms has been lacking. In order to achieve efficient
transparency, the wing scales must be modified in such a way that they are no longer
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covering the wing membrane, and some species additionally form nanostructures on
their wings that generate anti-glare properties. As such, clearwing Lepidoptera make up
an excellent model group for studying terrestrial transparency, as it raises puzzling
physical, physiological, developmental and evolutionary questions. For instance we can
ask, what are the structural solutions for being transparent? Are there trade-offs
between transparency and other important functions that are normally fulfilled by scales,
such as hydrophobicity? What are the developmental and genetic pathways underlying
wing transparency? How has transparency evolved in Lepidoptera? Understanding such
questions around transparency requires working at the interface between physics,
evolutionary biology and developmental biology. Thus, my lab (Patel) formed an
intercontinental collaborative effort (with labs including Elias, Gomez and Berthier) that
aimed to elucidate the adaptive functions of transparency in clearwing Lepidoptera and
the generative processes leading to modified scales and nanostructures in transparent
wings, bridging the gap between ontogeny, function and evolution.

Prevalence of transparent organisms in aquatic and terrestrial environments

When light interacts with the surface of an organism, different levels of reflected light will
be produced at the interface between the air and the substrate of the organism
depending on the refractive index, a dimensionless number that describes how fast light
travels through the material (Johnsen and Widder, 1999). When light moves between
materials with different refractive indices, such as a mix of cellular proteins or lipids in a
living organism, the light scatters rather than passing through unaffected (Benedek,
1971; Chapman, 1976). Transparency is the transmission of light across the visible
spectrum without significant absorption or scattering so that the material appears
completely see-through, and a number of conditions must be fulfilled if incident light is to
be transmitted freely through a living organism.

Until recently, research had primarily been devoted to the occurrence of
transparency in water, which is much more frequent than on land. Transparency in
water can serve as protection against visually hunting predators through concealment,
in particular in open ocean habitats where there may be nowhere to hide or blend in
against the surrounding environment (Chapman, 1976; Johnsen, 2001; Tuthill and
Johnsen, 2006). A survey by Johnsen (2001) revealed a broad phylogenetic distribution
of transparent organisms, including members belonging to Arthropoda, Mollusca,
Annelida, Cnidaria, and Chordata. For instance many fish (e.g. the ghost catfish
Kryptopterus vitreolus), crustaceans (e.g. hyperiid amphipods Phronima sp, anemone
shrimp Periclimenes yucatanicus), and cephalopods (e.g. the glass octopus
Vitreledonella sp.) have highly transparent bodies.

By contrast, transparent organisms are nearly absent on land. This disparity is
likely explained by physical and biological factors. The ability to achieve efficient
transparency requires low absorption and reflection, as well as low scattering of light,
and these constraints are often difficult to fulfill for organisms in terrestrial environments.
The contrast between refractive indices is ultimately dictated by the material's
composition (e.g. the exoskeleton of arthropods composed of chitin) and that of the
medium surrounding the material, such as air for butterflies, and water for aquatic
species. For instance, let us consider the refractive indices of air ( n ~ 1.0), water (n ~
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1.33) and biological tissue (n ~1.56 for insect chitin). In this case, we can see there is a
larger difference between refractive indices of air and the biological tissue (1.0 versus
1.56), relative to water and the tissue (1.33 versus 1.56), resulting in higher reflection of
the incident light in the terrestrial environment, which compromises camouflage by
transparency (Meyer, 1979; Johnsen, 2001). Challenges faced by organisms are also
different in air than water, such as the need for self-supporting anatomical structures
(e.g. bones and protective epidermis typically composed of opaque biological materials)
and for protection against higher levels of ultraviolet (UV) radiation (e.g. light-absorbing
pigments such as melanin) (Chapman, 1976).

While the majority of studies on transparent organisms to date have focused on
marine organisms, a handful of transparency-inducing properties have been
investigated in terrestrial arthropods. For instance, early studies using electron
microscopy identified that the outer surface of many insect compound eyes were
covered in three dimensional cone-shaped protuberances that were in the range of ~50-
200 nanometers in height and ~200 nm distance between nanostructures (Bernhard
and Miller, 1962; Bernhard et al., 1970). The first type of nanostructures observed were
termed ‘corneal nipples’, which were found to be arranged in a more or less perfect
hexagonal array and were shown to create an interface with a gradient refractive index
between air and the corneal lens material, thereby significantly reducing the amount of
light reflection (Bernhard and Miller, 1962; Miller, 1979; Stavenga et al., 2006). Corneal
nipple nanostructures are presumed to function in reducing eye glare of the insect, so
that they are less visible to predators, or could additionally function to increase the
amount of light that reaches the photoreceptive region of the eye in nocturnal insects to
improve vision (Miller, 1979). The latter function highlights a potential use for
technology, as synthetic insect-inspired anti-reflective nanostructure coatings are being
investigated for applications to improve solar cells by reducing reflection and improving
the absorption of light within, which could boost optoelectronic conversion efficiency
(Cai and Qi, 2015). A more recent comparative study applied atomic force microscopy,
providing nanometer and subnanometer resolution, for a survey of 23 insect orders and
several non-insect arthropods (Blagodatski et al., 2015). This study identified a high
diversity of nanostructure morphologies and patterns, including nipple-like structures,
maze-like nanocoatings, parallel strands/ridges formed by fusion of nipple-type
protrusions, dimple-type nanocoating and various transitions between these major
forms, such as nipples-to-maze transition, maze-to-strands transition, nipples-to-strands
transition and dimples-to-maze transition.

In addition to insect cornea, nanostructures have also been characterized on the
wing membrane of several insect species. For example, the transparent-winged
hawkmoth Cephonodes hylas was found to contain nanostructures coating the wing
membrane that morphologically resembled the aforementioned ‘corneal nipple arrays’,
and were shown to reduce surface reflection on the wings (Yoshida et al., 1997).
Perhaps the most notable example of a transparent butterfly is Greta oto, commonly
known as the ‘glasswing’ butterfly (Nymphalidae: Ilthomiinae). The thin bristle-like and
forked scales in the transparent regions of the wing expose nanoprotuberances on the
surface of the membrane (Binetti et al., 2009). The structures were charactered as
randomly sized ‘nanopillars’ and were found to enable broadband and omnidirectional
anti-reflection properties (Fig 1.3, Siddique et al., 2015). This is in contrast to the typical
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wing surface of butterflies and moths, which contain densely packed, colorful scale
outgrowths and smooth chitinous wing membrane that results in high surface reflection.
More recently, another transparent-winged butterfly in the genus Chorinea (Riodinidae:
Riodininae) was found to contain small, widely spaced scales and dome-shaped chitin
nanostructures on the membrane that result in anti-reflective and angle-independent
transmission (Narasimhan et al., 2018). Such anti-reflective nanostructures found in
nature are proving to be quite rewarding for applications in biomimetics and
biophotonics, such as solar cells, anti-glare glasses and optical implant devices
(Narasimhan et al., 2018; Han et al., 2019). However, despite efforts to produce small-
scale artificial nanofabrications, the developmental and genetic mechanisms involved in
the formation of anti-reflective nanostructures in a living system are virtually unknown.
Taken together, we can see how transparency can be a powerful evolutionary
innovation, but it is likely uncommon due to physical and biological constraints. As a
result, transparency is rare for terrestrial organisms due to challenging optical
requirements, but it is frequently found in aquatic life, in which organisms are better able
to match the refractive index of their surrounding environment. Perhaps unsurprisingly
however, life finds a way. Many organisms have evolved morphological innovations that
overcome the challenges of terrestrial transparency, notably in the form of anti-reflective
nanostructures, such as those located on the corneal surface of insect eyes and wings.

Phylogenetic distribution of transparency in Lepidoptera

Over the past several years, members of the Patel Lab have conducted preliminary
analyses of clearwing Lepidoptera by investigating specimens within private and public
collections, which revealed numerous strategies to achieve clearwing phenotypes. For
example, the giant glasswing butterfly Methona confusa (Nymphalidae: Ithomiini) was
observed to contain modified scales that resembled thin bristle-like morphologies and a
smooth wing membrane surface that lacked nanostructures (Fig 1.2, Fig 1.3). As a
result, the wing is somewhat transparent, but retains a high degree of reflectivity.
Interestingly, numerous distantly related species of butterflies and moths closely
resemble the wing patterns of Methona, implying convergent evolution, but upon closer
inspections we noticed that the scale morphologies were dissimilar between each
species (Fig 1.2). This small sample of mimics highlights that there is more than one
way to make a wing clear, as scale morphologies can be modified in independent ways
to generate a clearwing phenotype.

Searching the literature also revealed a handful of studies on transparent
lepidopteran species. For instance, the longtail glasswing, Chorinea faunus
(Riodinidae), was found to contain small, widely spaced scales and dome-shaped chitin
nanoprotuberances on the membrane that generate anti-reflective properties
(Narasimhan et al., 2018). As previously mentioned, the hawkmoth, Cephonodes hylas
(Sphingidae) has nude wings due to its scales falling out upon eclosion, and was found
to possess anti-reflective nanostructures on its wing surface that morphologically
resemble insect corneal nipple arrays (Yoshida et al., 1997). Nipple array
nanostructures have also been characterized in transparent wing regions of the tiger
moth Cacostatia ossa (Erebidae) (Deparis et al., 2014). Finally, the glasswing butterfly
Greta oto (Nymphalidae: Ithomiini) was found to contain thin, vertically oriented scales,
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allowing the wing surface to be exposed, along with nanopillars that coat the surface. In
contrast to the previously described nipple arrays, the structures in G. oto were
characterized as irregularly arranged ‘nanopillars’ that featured a random height and
width distribution, and were found to enable omnidirectional anti-reflection properties
(Fig 1.3, Binetti et al., 2009; Siddique et al., 2015).

While this sporadic sampling of clearwing butterflies and moths implied
independent evolutionary events, open questions remained with regard to the
phylogenetic extent of transparency, the diversity and evolution of underlying structures,
the existence, if any, of structural constraints on transparency, and the ecological
relevance of transparency on land. As such, our lab and collaborators (Patel, Elias,
Berthier, and Gomez) surveyed the Order Lepidoptera for the presence of clearwing
species on the basis of: our own experience, on previous published literature, on
knowledge of museum curators and researchers, on species names, and Lepidoptera
collections in various natural history museums (including the Essig Museum of
Entomology, French Museum of Natural History, McGuire Center for Lepidoptera &
Biodiversity). In total, we identified species with at least partially transparent wings in 31
out of the 124 existing Lepidoptera families and gathered a total of 123 species (Gomez
et al., 2021). This distribution of clearwing species represents approximately one
quarter of the extant butterfly families, the remainder of which are primarily composed of
opaque species. Therefore, we can infer that transparency has evolved multiple times
independently and may present evolutionary benefits (McClure et al., 2019; Gomez et
al., 2020; Pinna et al., 2020). With these multiple evolutionary gains comes a wide
diversity of structural strategies, including highly modified scale morphologies and
intricate membrane-surface nanostructures.

Diversity of scale morphologies in clearwing Lepidoptera

Utilizing our diverse dataset of transparent lepidopteran species, we explored aspects of
wing scale microstructure diversity (for instance the wing scale type, dimensions, and
density) by taking images of disarticulated wings using high magnification digital and
scanning electron microscopy. We found that there are a variety of ways to achieve
transparency through modifications of scale cell organization and morphology. For
example, species exhibiting transparent wings may contain a low density of scales (i.e.
the number of scale cells are reduced and spaced farther apart relative to scale cells in
an opaque butterfly wing), have a reduction in the overall size of the scales (i.e. scales
are modified to be shorter, forked or bristle-like, thereby exposing the wing membrane),
the scales themselves can transparent, the scales can be vertically-oriented, or a
combination of the above (Fig 1.4).

A common structural strategy involves flat scales with either decreased scale cell
densities relative to opaque wing regions, or the flat scales are transparent and packed
in high density, together representing 49 species from 22 families (Gomez et al., 2021).
Examples of flat, low density scales include species such as the danaid Parantica sita
and the papilionid Parnassius glacialis (Fig 1.4) (Perez Goodwyn et al., 2009). Gomez
et al. (2021) also documented species that contained transparent scales including the
hesperid Oxynetra semihyalina and the crambid Diaphania unionalis. Such ‘glass
scales’ have been previously recorded on the dorsal wing surface of a colorful species,
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the papilionid Graphium sarpedon, which were reported to act as thin films and also
function as polarizing reflectors (Stavenga et al., 2012). Scales can also be erected
such that they are protruding from the wing at a non-flat angle, with examples including
the riodinid Chorinea faunus, the papilionid Lamproptera meges, the nymphalids
Parantica sita and Methona confusa and the pierid Patia orise. (Fig 1.4).

Another structural strategy involves thin bristle-like, or ‘piliform’ scales, which can
refer to a scale that morphologically resembles the macrocheate bristle on the notum of
Drosophila melanogaster. Examples include the forked and bristle-like scales present in
numerous ‘glasswing’ butterflies belonging to the Ithomiini tribe (Fig 1.4 Binetti et al.,
2009; Siddique et al., 2015). Forked scales can also be found in members belonging to
the genus Acraea (Fig 1.4). Species with only bristle-like scales in their transparent wing
regions have appeared multiple times and are phylogenetically widespread, including
members belonging to the Haeterini such as Cithaerias sp., saturniids such as
Rothschildia lebeau, or clearwing moths belonging to the Arctiidae (Fig 1.4, Hernandez-
Chavarria et al., 2004; Berthier, 2007; Pomerantz et al., 2021). Such repeated cases of
bristle-like scales in Lepidoptera are potentially interesting, as scales are homologous to
insect sensory bristles (Galant et al., 1998). As such, bristles may represent the
ancestral state of a scale, and these clearwing butterflies may have reverted wing
scales back to their ancestral morphology.

Nude wing membrane was another structural strategy that was identified in
clearwings, such as the erebid moth Senecauxia coraliae and the psychiid Chalioides
ferevitrea (Gomez et al., 2021). Nude wing membrane was previously recorded in the
sphingid Cephonodes hylas which contains spread out sockets, which are the remnants
of fully developed scales that fall out shortly after eclosion (Fig 1.4) (Yoshida et al.,
1997). We observed small regions of nude wing membrane in members belonging to
the saturniidae, such as the giant silkmoth Antheraea polyphemus, in which neither
sockets nor scale cells form around the crossvein (Fig 1.4). It remains unclear what
potential benefits exist for a large moth to contain small transparent wing spots but
previous hypotheses have been put forward, such as serving as ‘false holes’ so
predators visually mistake the moth as a rotten leaf (discussed in Hernandez-Chavarria
et al., 2004).

This wide variation and broad dispersion among transparent-winged phenotypes
indicates that the different scale projection types arose as result of independent
evolution. Until recently, comparative studies of clearwing Lepidoptera were lacking, but
our surveys highlight a myriad of morphological innovations and combinations of scale
modifications (such as scale type, insertion, and density) that now expand the range of
strategies reported in the literature (Gomez et al., 2021). We find additional support for
the independent evolution of scale projection types from investigating a group of
Methona (lthomiini) mimics. Adult ithomiids sequester toxic compounds such as
pyrrolizidine alkaloids (PA’s) which makes them distasteful to predators such as spiders
and birds (Brown, 1984). Bates (1862) suggested that palatable species evolved to
resemble unpalatable ithomiids, in order to share in their survival advantage. While the
Methona butterflies and distantly related mimics we investigated were remarkably
similar in their macro wing pattern (with characteristic black stripes and clear wing
regions), the scale morphologies themselves were quite different, ranging from thin
bristle-like erected scales to flat translucent scales, suggesting that the scale
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morphologies evolved in an independent manner and subsequently converged similarity
in wing pattern phenotype (Fig 1.2).

Taken together, these results suggest that there is not one common pathway to
make a wing transparent. However, it does seem that there are three main strategies
and/or combinations that contribute to making a wing clear from a presumably opaque
ancestral state. As a first step, a lepidopteran can begin to achieve wing transparency
through a reduction in the density of wing scales, and in some cases leave only the
socket cell behind or abolish scale precursor cell development altogether. The scale
dimensions can also be made as narrow as possible and erected vertically, enabling
more light to reach and pass through the wing membrane, while potentially still retaining
other benefits of the scale, such as water repellency. Finally, the scale projections
themselves can be made translucent and lack pigmentation. While these strategies are
necessary to get the wing scales ‘out of the way’ so to speak, the chitinous material of
the wing membrane itself remains highly reflective. As such, numerous species of
clearwings have evolved wing surface nanostructures, which generate considerable
anti-reflective optical properties.

Diversity of wing surface nanostructures in clearwing Lepidoptera

In addition to scale modifications, the presence of nanoprotuberances on the surface of
the wing membrane can enhance transparency through the reduction of light reflection,
by generating a gradient of refractive index between the chitin-made membrane and the
air (Yoshida et al., 1997; Binetti et al., 2009; Siddique et al., 2015; Pomerantz et al.,
2021). Using scanning electron microscopy at high levels of magnification, we
investigated the wing membrane surface of our clearwing specimens in order to
determine if they harbored surface nanostructures (Fig. 1.5, 1.6, 1.7).

We identified wing surface nanostructures that were previously documented,
such as nipple arrays in the hawkmoth Hemaris thysbe, as well as numerous previously
undescribed nanostructures in a wide diversity of butterflies and moths (Fig 1.5). For
instance, we identified irregularly arranged nanopillar-like structures within members of
the Haeterini, including Cithaerias merolina, Dulcedo polita and Haetera pierra. These
structures appear to morphologically resemble the anti-reflective wax-based nanopillars
previously characterized in ithomiines, such as Greta oto and Godyris duilia, suggesting
that this class of nanostructure has arisen at least twice independently in nymphalid
butterflies (Fig 1.5, Fig 1.6) (Pomerantz et al., 2021). The two-dimensional fast Fourier
transformation (FFT) based on SEM images of the nanostructures also reveals a ring-
shaped distribution of the squared Fourier components, a characteristic from the
irregular arrangement of nanopillars (Fig 1.6, as reported in Siddique et al., 2015).
Within nymphalids, we also observed irregular maze-like nanostructures in species such
as Parantica sita, and similar maze-like nanocoatings have previously been
documented covering the corneae insect eyes, such as Gyrinidae beetles (Fig 1.5, 1.6)
(Blagodatski et al., 2015). In addition to ordered nipple arrays that have been previously
characterized in the sphingid Hemaris and the riodinid Chorinae, we identified similar
highly ordered to quasi-ordered dome-shaped nanostructures in the sessid moth
Synanthedon kathyae, the arctiid wasp mimic Cosmosoma myroadora, the erebid
Cocytia durvillii and the papilionid butterfly Lamproptera meges (Fig 1.5, 1.6, 1.7). The
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Fourier power distribution based on SEM of the nipple-like nanostructures shows that
the arrays are highly organized at intermediate spatial frequencies and equivalently
periodic in all directions (Fig 1.6, 1.7). Such ordered nipple-like nanostructures appear
to be chitin-based and have evolved numerous times in phylogenetically distant
butterflies and moths, suggesting that this class of nanostructure is a common route to
achieve transparency (Pomerantz et al., 2021). We also observed dome-shaped
nanostructures that were spaced-out relative to the highly ordered nipple array class of
structures. These spaced-out domes were present in species that mimic ithomiine
butterflies, such as the pierid Dismorphia fortunata and the notodontid Dioptis sp. (Fig
1.5, 1.6, 1.7). Finally, we observed several cases where a clearwing species had
modified scales that exposed the wing membrane, but did not harbor any type of
surface nanostructure and consequently had glossier, more reflective wings. Clearwing
species that lacked wing surface nanostructures included members of the Acraea,
Parnassius, Antheraea, as well as Methona and species that mimic Methona, including
members belonging to Lycorea, Parides, and Notophyson (Fig 1.6, 1.7).

In a recent study, (Pinna et al., 2020) conducted a comparative study of optics
and structures in transparent wings of neotropical mimetic clearwing Lepidoptera. They
identified an unexpected diversity of nanostructures that cover the wing membrane and
report five types of nanostructures: absent, maze, nipple arrays, pillars, and sponge-
like. They reveal that nanostructure density largely influences light transmission and
while transparency was largely influenced by modification of scale microstructure
features, nanostructures provide a means to additionally fine-tune the degree of
transparency.

Taken together, we report a wide variety of wing surface nanostructures in
clearwing butterflies and moths, just as there are a wide variety of corneal surface
nanostructures previously documented on the surface of arthropod cornea (Blagodatski
et al., 2015). Turing reaction—diffusion mechanisms have been proposed as a model for
the formation of different corneal nanostructure morphologies (such as spacing, height,
and spatial organization) during insect eye development (Blagodatski et al., 2015;
Kryuchkov et al., 2017). While the formation of such biological structures have been
mathematically modelled, the developmental processes underlying transparency were
virtually unknown, let alone the dynamic formation of butterfly epithelial nanostructures
in general (see Chapter 2).

Ecological relevance of transparency: vision, thermoregulation and
hydrophobicity

Intuitively, one might perceive transparency in Lepidoptera as a means of ‘being
invisible’ to go undetected by visually hunting predators and the trait therefore provides
a selective advantage. However, wing scales represent a multifunctional evolutionary
innovation that can function in camouflage, mimicry, attracting mates, thermoregulation,
and water repellency (Nijhout, 2001; Perez Goodwyn et al., 2009; Mazo-Vargas et al.,
2017; Deshmukh et al., 2018; Tsai et al., 2020). Because clearwings harbor modified
and/or reduced wing scales, there is an open question as to whether there are trade-
offs or constraints to evolving wing transparency.
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Scales in Lepidoptera are known to play a role in hydrophobicity based on wing
scale morphology, arrangement, and insertion angle. One study investigated whether or
not hydrophobicity was affected based on scale morphology for two butterfly species
with clear wings, Parantica sita (Nymphalidae: Danaeinae) and Parnassius glacialis
(Papilionidae: Parnassiinae). Parantica sita has thin ovoid, erected scales and was
found to have super-hydrophobic wing surfaces, whereas Parnassius glacialis has
bristle and spade-like scales and was found to have wings that were less hydrophobic
than most opaque Lepidoptera. (Perez Goodwyn et al., 2009). Another study reported
low hydrophobicity values in the clearwing species Greta oto, which has a high
proportion of transparent wing area (Wanasekara and Chalivendra, 2011).
Transparency may therefore come at a cost, especially for Lepidoptera endemic to
tropical environments that receive a high amount of rainfall. Perhaps this is why we find
relatively few cases in which clearwings have abolished scale cell development
altogether, but instead retain modified scales that coat the wing in order to retain water-
proofing properties. The structural determinants of hydrophobic properties in clearwing
Lepidoptera, such as surface nanostructure and roughness, remains unknown and
potential trade-offs between optics and hydrophobicity are yet to be determined.

Species from colder environments, such as higher latitudes or altitudes, can gain
thermal benefits from being more strongly pigmented, as radiation absorption aids in
heating up (Bogert, 1949). Pigmented wing scales in Lepidoptera can help to fulfill
thermoregulatory functions in opaque species and can play a thermostatic role by
emitting or absorbing infrared radiations relative to temperature. For example, a large-
scale comparative analysis in opaque butterflies showed that body and proximal wing
coloration correlates to climate in the near-infrared (700-1100 nm) range but not below
700 nm, where both thermoregulation and vision spectrums coincide (Munro et al.,
2019). As such, we could expect wavelength absorption to be higher at high latitudes
compared to low latitudes, in particular in the infrared range, and that transparency
could entail thermal costs. In a recent study, Gomez et al. (2021) tested the ecological
relevance of transparency for thermoregulation and found that mean transmittance in
lepidopteran wings in the near infrared range and in the human-visible range decreased
with increasing latitude. On the other hand, mean transmittance in the ultraviolet (UV)
range did not strongly vary with latitude (Gomez et al., 2021). Overall, results with
transparency in Lepidoptera and their links with ecology (e.g. latitude, activity rhythm)
are in line with trends identified in opaque Lepidoptera and suggest that transparency
may be more complex than just enhancing concealment, as it is likely a multifunctional
compromise (Gomez et al., 2021).

Wing pattern development in glasswing butterflies

Recent studies have explored aspects of structural diversity, optical properties and
phylogenetic distribution of transparency within Lepidoptera. However, such studies
involved the use of dead adult specimens deposited in museums, which represents the
'finished' form the wing and associated structures, whereas the developmental
processes underlying transparency remained unknown.

From 2016-2017, we undertook expeditions to Tarapoto, Peru, where our
collaborators were rearing clearwing butterflies at a local field site. During these trips,
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we performed pupal wing dissections of several species belonging to the Ithomiini,
including Methona, Ithomia and Oleria. The aim of these experiments was to gather
preliminary data and characterize scale development, which involved wing tissue
fixation and staining with compounds to mark cellular components such as actin, cell
membrane and nuclei (see Chapter 2). Near the end of the trip, | performed
pharmacological treatments on a subset of Oleria onega, which involved injecting doses
of heparin directly into pupae. Heparin is a highly sulfated form of heparan sulfate
glycosaminoglycan, which is known to modulate wing patterns in Lepidoptera. Heparin
is thought to bind to Wnt ligands (among other signaling molecules) and facilitate their
transport, inducing what appears to be Wnt gain-of-function effects in butterfly wing
patterns, in particular with extension of basal, discal, and external wing symmetry
systems (Serfas and Carroll, 2005).

In wild-type individuals, the dorsal surface of O. onega forewings have clear
regions and two black striped patterns that appear to be associated with the Nymphalid
central symmetry system, as well as black scales around the wing margin (Fig 1.8). The
central region of the hindwing is primarily clear, while the margin contains black scales.
The ventral wing surface mirrors the same pattern as the dorsal surface, with the
addition of a stripe of orange scales and white spots near the distal margin. In heparin
treated individuals, it was apparent that wing patterns had been highly modified (Fig
1.8). One individual contained mostly black wings with severely reduced transparent
zones. The shift in patterns corresponded with a shift in scale morphology, resulting in
fewer bristle-like and forked scales that are normally present in the clear wing regions.
On the ventral side of the wing, the orange marginal band had decreased in size and
several white spot patterns had merged. Another heparin-treated individual could hardly
be called a glasswing butterfly anymore, as both the forewing and hindwing appeared
completely black and covered in opaque scales (Fig 1.8). These results are in line with
previous studies that treated opaque butterfly species with heparin, noting that such
pharmacological treatments potentially affected Wnt signaling ligands and shifted wing
pattern boundaries. As such, we can hypothesize that Wnts, such as WntA are possible
candidate wing patterning factors in glasswing butterflies (Nymphalidae: Ithomiini) that
demarcate the boundaries between opaque and transparent zones. It would be
interesting for future studies to investigate these signaling ligands in wing discs and
probe how the regulation of wing patterning factors may have been modified to enable
wing transparency in different lineages of Lepidoptera.

Conclusion and future directions for transparent Lepidoptera

Transparency is a fascinating, yet poorly studied, optical property in living organisms.
We have shown that among the Lepidoptera, transparency has evolved multiple times
independently in an insect order characterized by wing opacity, and with these multiple
gains comes a large diversity of morphological innovation (Pinna et al., 2020; Gomez et
al., 2021; Pomerantz et al., 2021). Optical transparency is determined by
macrostructure (such as the proportion of clearwing area), scale microstructure (such as
scale morphology and density) as well as wing surface nanostructures (such as nipple
arrays and nanopillars). Microstructural traits are tightly linked in their evolution, perhaps
resulting in differential investment of chitin and pigment synthesis based on the
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structural strategy. The links between transparency and latitude are also consistent with
thermal benefits, and less with UV protection (Gomez et al., 2021). Comparative
analyses in clearwing Lepidoptera also mirror findings from opaque Lepidoptera,
demonstrating that transparency is more complex than just enhancing concealment and
is likely a multifunctional compromise.

Research on transparent aquatic organisms has left many questions unanswered
with regard to the structural basis of transparency, its genetic and developmental
pathways, its functional roles and potential trade-offs with optics, and the selective
pressures driving its evolution and form (Johnsen, 2014; Bagge, 2019). The same can
be said about studies of transparent species on land, which have historically consisted
of physicists applying imaging and modeling approaches on museum specimens with a
bioinspiration goal of replicating anti-reflective, hydrophobic or anti-fouling properties
(e.g. Narasimhan et al., 2018; Han et al., 2019). Future studies should utilize an
evolutionary framework and comparative approaches with transparent organisms to
expand optical measurements (taking into consideration both micro- and nano-
structures within each individual), explore developmental and molecular pathways, and
experimentally test adaptive functions and potential trade-offs with other vital functions
such as water repellency.

The fact that many transparent Lepidoptera are chemically protected and display
warning patterns in their wings (aposematism) and form sympatric mimicry complexes is
also a remaining puzzle. Many adult ithomiine butterflies chemically protect themselves
from predators by sequestering pyrrolizidine alkaloids, and are involved in mimicry
rings, in which co-occurring species converge in conspicuous wing patterns that
advertise toxicity to would-be predators. Based on their local abundance, ithomiine
species are considered to act as mimetic models for many other distantly related
species of Lepidoptera. Transparency as a means of concealment in this group is
therefore puzzling, as conspicuous wing patterns are expected to be selected for
maximal detection by predators. Nevertheless, recent studies suggest that transparent
patches might also participate in the aposematic signal and that selection acts on the
transmission properties of these patches, such as the degree of transparency (Pinna et
al., 2020). Therefore, transparent aposematic Lepidoptera may benefit from a double
protection via a ‘dual signal’ from predation. For instance, a transparent species may be
less detectable than an opaque species, but if detected by a predator may be
recognized as unpalatable due to the aposematic wing pattern (Tullberg et al., 2005;
Willmott et al., 2017; Cuthill, 2019). As such, Pinna et al. (2020) call for a change of
paradigm in transparent mimetic lepidoptera: transparency not only enables camouflage
but can also be part of aposematic signals. While there is clearly a high amount of
structural diversity, future studies should also thoroughly quantify the relative
contributions of micro- and nanostructures on associated optical effects, and how such
structures develop and evolve, which may contribute to our ability to truly harness the
power of transparency in nature and generate bio-inspired applications for anti-reflective
materials.
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Figure 1.1. Examples of clearwing butterfly and moth species in situ.

A) The ‘Amber phantom’ Haetera piera (Nymphalidae: Haeterini) held up against my
eye to illustrate its remarkably transparent wings (Image credit: Aaron Pomerantz,
location: Yasuni, Ecuador). B) The ‘glasswing butterfly’ Greta oto (Nymphalidae:
Ithomiini) freshly eclosed and perched on my hand (Image credit: Aaron Pomerantz,
location: Gamboa, Panama). C) The ‘longtail glasswing’ Lamproptera meges
(Papilionidae: Leptocircini) (Image credit: Yi-Kai Tea, shared with permission, location:
northern Thailand). D) The ‘Angel’ Chorinea sylphina (Riodinidae: Riodinini) (Image
credit: Adrian Hoskins, shared with permission, location: Machu Picchu, Peru). E) The
‘giant glasswing’ Methona confusa (Nymphalidae: Ilthomiini) (Image credit: Aaron
Pomerantz, location: Mindo, Ecuador). F) The ‘giant silkmoth’ Antheraea polyphemus
(Saturniidae: Saturniini) (Image credit: Aaron Pomerantz, location: Berkeley, California,
USA).
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Figure 1.2. The Methona mimicry complex and associated scale morphologies.

The Methona mimicry complex is composed of distantly related butterfly and moth
species whose wing patterns morphologically resemble the giant glasswing butterfly in
the genus Methona (Nymphalidae: Ithomiinae). Scanning electron microscopy (SEM)
reveals that the scale morphologies amongst co-mimics differ dramatically, yet the
overall wing patterns bear striking similarity. Scale bars = 100 pm.
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Figure 1.3 Comparison of wing surface ultrastructure and mechanism of
transparency via anti-reflective nanostructures.

A) The giant glasswing Methona confusa has reflective wings. B) Scanning electron
microscopy of the wing surface reveals that it is smooth and devoid of nanostructures.
C) Schematic of wing surface reflection. Light travels through air and interacts with the
high refractive index chitin, producing surface reflection. D) The glasswing butterfly
Greta oto has highly transparent wings. E) Scanning electron microscopy of the wing
surface reveals that it is coated with nanopillars. F) Schematic of wing surface reflection
when nanostructures are present on the wing surface, which function to create a
refractive index gradient to reduce surface reflection.
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Figure 1.4. Compilation of scanning electron microscopy showcasing the
diversity of scale morphologies in clearwing Lepidoptera.

Clearwing butterflies and moths produce a wide range of strategies to modify wing scale
morphology. Scales can be modified so that they have thin, bristle-like or forked
morphologies, for example in (A) Olyras insignis (Nymphalidae: Ithomiini), (B)
Cosmosoma myrodora (Erebidae: Arctiinae), (C) Dulcedo polita (Nymphalidae:
Haeterini), (D) Acraea andromacha (Nymphalidae: Acraeini), (E) Godyris duilia
(Nymphalidae: Ithomiini), and (F) Thyridia psidii (Nymphalidae: Ithomiini). Scales can
also be modified such that they are reduced in size and vertically oriented, for instance
in species such as (G) Chorinaea faunus (Rionidae: Riodinini), (H) Patia orise (Pieridae:
Dismorphiinae), (1) Lamproptera meges (Papilionidae: Leptocircini), (J) Parantica sita
(Nymphalidae: Danaina), (K) Eurytides aguari (Papilionidae: Leptocircini). (L)
Parnassius glacialis (Papilionidae: Parnassiini). The scales themselves can be
translucent, for example in (M) Ideopsis vitraea (Nymphalidae: Danaina), scales can be
deciduous and fall out upon eclosion, leaving only the socket cell, for example in (N)
Hemaris thysbe (Sphingidae: Hemaris) and scale may lack entirely because they do not
form in parts of the wing during pupal development, as in (O) Antheraea polyphemus
(Saturniidae: Saturniini).
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Figure 1.5. Scanning electron microscopy reveals several distinct classes of wing
surface nanostructures in transparent butterflies and moths.

Clearwing butterflies and moths have evolved a variety of nanostructures on the surface
of the wing membrane, many of which have been shown to generate anti-reflective
properties. For instance, irregularly arranged nanopillars can be found in (A) Greta oto
(Nymphalidae: Ithomiini), (B) Cithaerias merolina (Nymphalidae: Haeterini), and maze-
like nanostructures can be found in (C) Parantica sita (Nymphalidae: Danaina). Ordered
nipple arrays can be found in species such as (D) Hematris thysbe (Sphingidae:
Hemaris), (E) Synanthedon kathyae (Sesiidae: Sesiinae), (F) Chorinaea faunus
(Rionidae: Riodinini), and quasi-ordered dome structures can be found in species such
as (G) Cosmosoma myrodora (Erebidae: Arctiinae), (H) Cocytia durvillii (Erebidae), and
(I) Lamproptera meges (Papilionidae: Leptocircini). Spaced-out dome nanostructures
can be found in (J) Patia orise (Pieridae: Dismorphiinae), and (K) Dioptis sp.
(Notodontidae: Dioptini) or the wing membrane can be smooth and absent of any
nanostructure, such as (L) the scaleless window region of Antheraea polyphemus.
Scale bars = 20 um.
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Figure 1.6. Compilation of clearwing butterfly species and their associated scale
and wing surface features.

Representative images of clearwing species showcasing the whole forewing, a
representative scale from a clear wing region and an opaque wing region, scanning
electron micrograph (SEM) of the wing surface ultrastructure (red outline indicating
nanostructures are present) and a two-dimensional fast Fourier transformation (FFT)
obtained from the SEM.
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Figure 1.7. Compilation of clearwing moth species and their associated scale and
wing surface features.

Representative images of clearwing species showcasing the whole forewing, a
representative scale from a clear wing region and an opaque wing region, scanning
electron micrograph (SEM) of the wing surface ultrastructure (red outline indicating
nanostructures are present) and a two-dimensional fast Fourier transformation (FFT)
obtained from the SEM.
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Figure 1.8. Effects of heparin treatments on the wing pattern of Oleria onega
(Nymphalidae: Ithomiini).

Heparin treatments modify the boundaries of transparent and opaque regions of the
wing, such as an expansion of melanic central symmetry system patterns, suggesting a
role of Wnt signaling ligands in demarcating wing patterns in glasswing butterflies.
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Preface to Chapter 2

Until recently, research attention has been primarily devoted to transparent organisms
in aquatic environments, which are much more frequent compared to cases of
transparency on land. Recent studies have explored aspects of structural diversity,
optical properties and phylogenetic distribution of transparency within butterflies and
moths, which often possess scales of altered morphology and reduced size, and the
presence of membrane surface nanostructures that dramatically reduce reflection.
However, the developmental processes underlying transparency are currently unknown,
let alone the dynamic formation of butterfly nanostructures in general. This presents a
gap in our understanding of how wing scale microstructure morphologies and
membrane surface nanostructures are generated within a living system. We therefore
set out to explore the development of wing transparency in Greta oto, which has thin,
vertically oriented scales and irregularly arranged nanopillars on the wing membrane
that enable omnidirectional anti-reflective properties. We showed that this species could
be easily reared in the lab, which allowed us to employ a multitude of techniques,
including confocal and electron microscopy, GC-MS, optical spectroscopy and analytical
simulations. We were then able to create a time-series of wing development for the first
time, comparing transparent and non-transparent wing regions. In this study, we
highlight several novel features related to the development of wing transparency. (1) We
found that early into wing development, scale precursor cell density is reduced in
transparent regions, and cytoskeletal organization (such as actin bundle and
microtubule distribution) during scale growth differs between thin, bristle-like scale
morphologies within transparent regions and flat, round scale morphologies within
opaque regions. These features of modified scale development aid in exposing the wing
surface in transparent regions, which contains anti-reflective nanopillars. (2) We showed
that these sub-wavelength nanopillars on the wing membrane are an epicuticular wax-
based layer, which derives from wing epithelial cells and their associated microvillar
projections, and nanopillars are composed predominantly of long-chain n-alkanes. (3)
By chemically and physically removing wax-based nanopillars, along with analytical
simulations, we further demonstrated their role in generating anti-reflective properties.
To the best of our knowledge, the biochemical composition and ontogeny of wax-based
anti-reflective nanostructures in Lepidoptera wings have not been characterized until
now. (4) Finally, we tested the solubility of wing surface nanostructures in several
additional species of clearwing Lepidoptera. We found that the wings of ‘glasswing’
butterflies (Nymphalidae: Ithomiini) and ‘phantom’ butterflies (Nymphalidae: Satyrinae)
harbor wax-based nanopillars, suggesting that this class of anti-reflective nanostructure
evolved multiple times independently.

This chapter has been published in the Journal of Experimental Biology,
https://doi.org/10.1242/jeb.237917
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Abstract

The wings of butterflies and moths (Lepidoptera) are typically covered with thousands of
flat, overlapping scales that endow the wings with colorful patterns. Yet, numerous
species of Lepidoptera have evolved highly transparent wings, which often possess
scales of altered morphology and reduced size, and the presence of membrane surface
nanostructures that dramatically reduce reflection. Optical properties and anti-reflective
nanostructures have been characterized for several ‘clearwing’ Lepidoptera, but the
developmental processes underlying wing transparency are unknown. Here, we applied
confocal and electron microscopy to create a developmental time series in the
glasswing butterfly, Greta oto, comparing transparent and non-transparent wing regions.
We found that during early wing development, scale precursor cell density was reduced
in transparent regions, and cytoskeletal organization during scale growth differed
between thin, bristle-like scale morphologies within transparent regions and flat, round
scale morphologies within opaque regions. We also show that nanostructures on the
wing membrane surface are composed of two layers: a lower layer of regularly arranged
nipple-like nanostructures, and an upper layer of irregularly arranged wax-based
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nanopillars composed predominantly of long-chain n-alkanes. By chemically removing
wax-based nanopillars, along with optical spectroscopy and analytical simulations, we
demonstrate their role in generating anti-reflective properties. These findings provide
insight into morphogenesis and composition of naturally organized microstructures and
nanostructures, and may provide bioinspiration for new anti-reflective materials.

Key Words: Anti-reflection, nanostructures, glasswing, Lepidoptera, cytoskeleton,
morphogenesis

Introduction

The wings of butterflies and moths (Lepidoptera) have inspired studies across a variety
of scientific fields, including evolutionary biology, ecology and biophysics (Beldade and
Brakefield, 2002; Prum et al., 2006; Gilbert and Singer, 1975). Lepidopteran wings are
generally covered with rows of flat, partially overlapping scales that endow the wings
with colorful patterns. Adult scales are chitin-covered projections that serve as the unit
of color for the wing. Each scale can generate color through pigmentation via molecules
that selectively absorb certain wavelengths of light, structural coloration, which results
from light interacting with the physical nanoarchitecture of the scale; or a combination of
both pigmentary and structural coloration (Stavenga et al., 2014; Thayer et al., 2020).
Cytoskeletal dynamics, including highly organized F-actin filaments during scale cell
development, play essential roles in wing scale elongation and prefigure aspects of
scale ultrastructure (Dinwiddie et al., 2014; Day et al., 2019).

In contrast to typical colorful wings, numerous species of butterflies and moths
possess transparent wings that allow light to pass through, so that objects behind them
can be distinctly seen (Fig. 1A—H) (Goodwyn et al., 2009; Yoshida et al., 1997; Siddique
et al., 2015). This trait has been interpreted as an adaptation in the context of
camouflage, in which some lineages evolved transparent wings as crypsis to reduce
predation (Arias et al., 2019; 2020; Mcclure et al., 2019). Transparency results from the
transmission of light across the visible spectrum through a material, in this case the
chitin membrane, without significant absorption or reflection. Levels of reflection are
largely determined by the differences in refractive indices between biological tissues
and the medium, and a larger difference results in higher surface reflection. Previous
studies on transparency in nature have primarily focused on aquatic organisms, which
are frequently transparent, aided by the close match between the refractive indices of
their aqueous tissue and the surrounding medium — water (e.g. Johnsen, 2001). By
contrast, transparency is rare and more challenging to achieve on land, primarily owing
to the large difference between the refractive indices of terrestrial organism’s tissue
(n=~1.3-1.5) and air (n=1), which results in significant surface reflection (Yoshida et al.,
1997; Johnsen, 2014; Bagge, 2019).

Nevertheless, some organisms have evolved morphological innovations that
overcome the challenges of terrestrial transparency, notably in the form of anti-reflective
nanostructures. Early experiments elucidated highly ordered sub-wavelength
nanostructures (termed ‘nipple arrays’) on the corneal surface of insect eyes (Bernhard,
1962). These structures were found to generally be ~150-250 nm in height and spaced
~200 nm apart, which reduces reflection across a broad range of wavelengths by
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creating a smoother gradient of refractive indices between air and chitin (Stavenga et
al., 2006). Nanostructure arrays have also been identified on the wings of cicadas,
which help to reduce surface reflection over the visible spectrum (Huang et al., 2015).

Some lepidopterans possess ‘clear wings’ in which scales have undergone
modifications that enable light to reach the wing membrane surface. The wing itself is
composed of chitin and has some inherent transparency, but owing to the high
refractive index of chitin, n=1.56, the wing surface reflects light (Vukusic et al., 1999).
For example, the butterfly Methona confusa (Nymphalidae: Ithomiini) has an exposed
wing membrane that lacks nanostructures on the surface, and as a result, the wing is
somewhat transparent, but retains a high degree of reflectivity (Fig. 1A—E). Conversely,
the longtail glasswing, Chorinea faunus (Riodinidae), contains small, widely spaced
scales and dome-shaped chitin nanoprotuberances on the membrane that generate
anti-reflective properties (Narasimhan et al., 2018). The hawkmoth, Cephonodes hylas
(Sphingidae), has nude wings owing to deciduous scales that fall out upon eclosion, and
possesses anti-reflective nanostructures on its wing surface that morphologically
resemble insect corneal nipple arrays (Yoshida et al., 1997). Nipple array
nanostructures have also been characterized in transparent wing regions of the tiger
moth Cacostatia ossa (Erebidae) (Deparis et al., 2014). Finally, the glasswing butterfly,
Greta oto (Nymphalidae: Ithomiini), contains thin, vertically oriented scales, allowing the
wing surface to be exposed, along with nanopillars that coat the surface (Fig. 1F-J).
These irregularly arranged nanopillars feature a random height distribution and enable
omnidirectional anti-reflective properties (Fig. 11,J) (Siddique et al., 2015; Binetti et al.,
2009). More recent studies have explored aspects of structural diversity, optical
properties, phylogenetic distribution and ecological relevance of transparency within a
wide range of butterflies and moths, highlighting that transparency has evolved multiple
times independently and may present evolutionary benefits (Mcclure et al., 2019;
Gomez et al., 2020 preprint; Pinna et al., 2020 preprint).

Lepidoptera are proving to be an excellent group to investigate transparency on
land, but the developmental processes underlying wing transparency are currently
unknown. This presents a gap in our understanding of lepidopteran wing evolution and
diversification, as transparent butterflies and moths contain multitudes of intriguing scale
modifications and sub-wavelength cuticular nanostructures (Gomez et al., 2020 preprint;
Pinna et al., 2020 preprint). Therefore, we set out to explore the development of wing
transparency in the glasswing butterfly, G. ofo, which belongs to a diverse tribe (~393
species) of predominantly transparent neotropical butterflies (Elias et al., 2008). We
applied confocal and transmission electron microscopy (TEM) to compare wing
development, scale cytoskeletal organization and membrane surface nanostructures
between clear and opaque wing regions. Using chemical treatments, scanning electron
microscopy and gas chromatography—mass spectrometry, we found that nanostructures
on the wing membrane surface are composed of two layers: a lower layer of chitin-
based nipple-like nanostructures, and an upper layer of wax-based nanopillars
composed predominantly of long-chain n- alkanes. Finally, by removing wax-based
nanopillars, we demonstrate their role in dramatically reducing reflection on the wing
surface via optical spectroscopy and analytical simulations.
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Materials and Methods

Samples

Glasswing butterfly [Greta otfo (Hewitson 1854)] pre-pupae were purchased from Magic
Wings Butterfly House (Deerfield, MA, USA) and reared on Cestrum nocturnum
(Solanaceae) leaves at 27°C and 60% humidity on a 16 h:8 h light:dark cycle at the
Marine Biological Laboratory (Woods Hole, MA, USA) under United States Department
of Agriculture permit number P526P-19-02269. At the appropriate time of development,
pupal wings were dissected and age was recorded as hours after pupal case formation
(h APF) Dinwiddie et al. (2014). The average timeline from pupation to eclosion (adult
emergence) for G. ofo at 27°C is approximately 7 days, and we report our time series
here which covers early aspects of wing scale development.

Optical imaging and scale measurements

Images of whole-mounted specimens were taken with a Canon EOS 70D digital camera
with an EF 100 mm /2.8 L macro lens. High- magnification images of disarticulated
wings were taken with a Keyence VHX-5000 digital microscope. Scale density was
determined by counting the numbers of scales in a 1 mm? area. Scales were also
removed from the wings and laid flat onto a slide, and Keyence software was used to
measure the surface area of individual scales. Images of clear and opaque regions
were processed with Keyence software to measure the percentage of area covered by
scales. We took measurements from three individual males and three individual females
that were reared in the same cohort. All measurements were taken on the dorsal
surface of the forewing (indicated by the red box in Fig. 1F) and each measurement was
replicated three times per individual. For statistics, we used N=3, where measurements
for each individual were averaged and the difference between each wing measurement
group (scale density in clear versus opaque regions and percent wing membrane
exposed in clear versus opaque regions) was analyzed using t-tests for two
independent samples with unequal variance estimates. An ANOVA test was used to
analyze scale area measurements between different scale morphologies (bristle, forked
and opaque).

Confocal microscopy

For confocal microscopy of fixed tissue, pupal wings were dissected and fixed in PEM
buffer (0.1 mol I”' PIPES, 2 mmol I EGTA, 1 mmol I MgSO4, pH 6.95) with 3.7%
paraformaldehyde for 20— 30 min at room temperature, as described previously
(Dinwiddie et al., 2014). Fixed wings were incubated in 1X PBS+0.1% Triton- X 100
(PT) with 1:200 dilution of phalloidin, Alexa 555 conjugated (Invitrogen A34055), and
wheat germ agglutinin, Alexa 647 conjugated (Invitrogen W32466) at a dilution of 1:200
overnight at 4°C. Wings were washed in PT and then placed in 50% glycerol: PBS with
1 ug ml~" DAPI overnight at 4°C. Wing samples were placed on microscope slides and
mounted in 70% glycerol:PBS. A coverslip (#1.5 thickness) was applied, and each
preparation was sealed around the edges with nail polish. Slides of fixed tissue were
examined with an LSM 880 confocal microscope (Carl Zeiss, Germany) with 40x and
63x% objectives. Confocal images and movies were generated using Imaris Image
Analysis Software (Bitplane, Oxford Instruments, UK).
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Scanning electron microscopy

We cut 2 mm square pieces from dry wings, coated them with a 10 nm layer of gold
using the Bio-Rad E5400 Sputter Coater, and imaged with a Hitachi TM-1000 SEM at 5
kV. Top-view and cross- section SEM images were analysed with Imaged 1.52 to
measure membrane thickness and nanostructure dimensions (n=6 individuals).

Transmission electron microscopy

For TEM, wings of G. ofo pupae were dissected and fixed in 2% glutaraldehyde, 2%
paraformaldehyde in 0.1 mol I”! sodium cacodylate buffer overnight at 4°C (pH 7.4).
Samples were then rinsed in 0.1 mol I™! cacodylate buffer (pH 7.4) and post-fixed in 1%
aqueous osmium tetroxide in 0.1 mol I-! cacodylic buffer overnight at 4°C, then rinsed in
water. Samples were en bloc stained with 1% uranyl acetate in water and then rinsed in
water. Samples were dehydrated through a graded ethanol series (60-100% in 10%
steps), rinsed in propylene oxide, and then infiltrated in 50% resin and propylene oxide
overnight. Samples were infiltrated with Epon/ Alardite embedding medium (70%, 80%,
95% to 100% steps) and polymerized at 60°C for 2 days. Thin sections (~70 nm) were
cut on an Ultramicrotome RMC PowerTome XL using a Diatome diamond knife. Digital
images were taken using a JEOL 200 transmission electron microscope (JEOL, USA).

Wing surface wax extraction and analysis

To identify the molecular composition of the transparent wing surface, we pooled
forewing dissections from three individual adults and performed two replicates for
chloroform-based extractions and two replicates for hexane-based extractions (after
Futahashi et al., 2019). First, the samples were soaked with 100 pl of either hexane or
chloroform and gently mixed for 15 min on a Thermolyne RotoMix 51300. The liquid
solutions containing dissolved wing surface compounds were then transferred to glass
vials with fixed microvolume inserts, and the solvent was evaporated under a stream of
high-purity nitrogen gas (99.99%). Dried extracts were re- dissolved in fixed volumes of
hexane (10 ul), and half of the extract (5ul) was injected by automatic liquid sampler into
a gas chromatograph coupled with a mass selective detector (GC: 7890A; MS: 5975C;
Agilent Technologies, USA) operating in electron impact mode. The injection was
performed in a split/ splitless injector in the splitless mode. Separation of compounds
was performed on a fused silica capillary column (DB-5MS, 30 mx0.32 mmx0.25 um,
Agilent J&W GC columns, USA) with a temperature program starting from 80°C for 5
min and increasing by 80°C min~" to 200°C, followed by an increase of 5°C min™" to
325°C, which was held for 3 min, with helium used as the carrier gas, positive electron
ionization (70 eV), analog to digital (A/D) sampling rate was set at 4, and the scan range
was m/z 40.0 to 650.0. Chemical data processing was carried out using the software
Enhanced Chemstation (Agilent Technologies). We retained peaks with abundances
greater than 0.25% of the total and compounds were identified according to their
retention indices, diagnostic ions and mass spectra, which are provided in Table S1. For
some peaks, it was not possible to narrow the identity to a single specific compound
because (1) some low abundance substances produced poor quality mass spectra, (2)
multiple compounds could have produced the observed fragmentation patterns and/or
(3) multiple compounds may have co-eluted at the same retention time.
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Optical measurements

The wing reflection measurements were performed on a Cary 5000 UV-Vis-NIR
spectrophotometer, equipped with a light source of tungsten halogen and an integrating
sphere diffuse reflectance accessory (Internal DRA 1800). Wing measurements from
the dorsal wing surface were recorded using three different individuals for control
treatments (untreated) and three different individuals for hexane treatments with
unpolarized light with a spot size of 100 um for an incident angle of 8 deg to avoid the
loss of direct specular reflectance component through the aperture. All measurements
were taken in the dark to avoid possible stray illumination from the surrounding
environment and we performed two technical replicates for each individual wing. A
reference measurement was done with a calibrated commercial white spectralon
standard to calculate the relative diffuse reflectance. The reflectance measurements
and mean data are available from Dryad (https:// doi.org/10.6078/D1TD7H).

Optical simulations
The total volume fraction of the untreated wing along the height h can be given by:
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The average distance between two nanostructures is represented as d, conical shaped
cuticular nipple nanostructure height as hp, wax-based irregular nanopillar radius as rnp,
mean height of the irregular nanopillar distribution as hnp and their corresponding
variance as Onp. The volume fraction of the treated wing without the irregular nanopillars
will be:
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After determining the volume fraction, the corresponding refractive index changes along
the wing at any height h were calculated using the effective medium theory (EMT) with
the Maxwell-Garnett approximation as shown in Fig. 6E (see Fig. S2). EMT pertains to
analytical or theoretical modeling that describes the macroscopic properties of
subwavelength nanostructured materials, when the nanostructures collectively affect the
optical properties. EMT is developed from averaging the multiple values of the
constituents that directly make up the nanostructured material including the surrounding
media, in this case, chitin, wax and air. The refractive indices of the different materials
were considered as nair=1, Nchitin=1.56+i0.008 (Vukusic et al., 1999; Narasimhan et al.,
2018), and we considered nwax=1.39 (based on Hooper et al., 2006). Therefore, the
effective refractive index neff can be calculated for any h using the equations below with
the calculated volume fractions, where air volume fraction can be calculated by
corresponding fair=1=fwax/chitin:
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Afterwards, the transfer matrix method (TMM) computed the reflectance from the
stratified medium with calculated refractive index profiles as shown in Fig. 6E for the
unpolarized condition (taking the average of both s- and p-polarization) at an incident
angle of 8 deg (to replicate the experimental condition). The basic formalism of TMM
relies on the calculation of thin film reflection and transmission from Maxwell’s
electromagnetic equations using the boundary conditions. Because of the stack of thin
films, the reflectance and transmittance is calculated with a transfer matrix formalism
describing the propagation of light from layer to layer. The membrane-only reflection at
normal incident light can be directly calculated from Siddique et al. (2016):
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where membrane thickness is hm and modulation is om, 8=(21Nnchitinh)/A is the phase
delay introduced by the membrane thickness of h, and r is the reflection coefficient at
the air—chitin boundary governed by Fresnel's equation for a normal incident light, i.e.
r=(1-Ncnitin)/(1+Nchitin)-

Results

Scale measurements in clear and opaque wing regions of adult Greta oto

We investigated features of scale density, scale morphology and the amount of wing
surface exposed in adult G. oto. We focused on two adjacent regions on the dorsal
surface of the forewing for consistency: a clear region within the discal cell and an
opaque region that consists mainly of black scales near the cross-vein (indicated by the
red box in Fig. 1F). The clear wing region contained two types of alternating scale
morphologies — bristle-like scales and narrow, forked scales — while within the opaque
wing region, scale morphologies resembled ‘typical’ butterfly pigmented scales — flat
and ovoid with serrations at the tips (Fig. 1K,L). The mean (ts.d.) density of scales in
the adult wing were significantly lower within the clear region, with 98.2+18.1 scales per
mm2 in males and 102.31£17.2 in females, compared with the opaque region with
374.31£22.2 scales per mm2 in males and 358.1+19.6 in females (t=-30.9, d.f.=4,
P<0.0001 for male sample comparison, t=-21.9, d.f.=4, P<0.0001 for female sample
comparison; Fig. 1N). In the clear region, forked scales were significantly smaller in size
(498139 ym2) compared with the bristle-like scales (831+183 um2), while in the opaque
region, scales were the largest (3467+382 um2) (Fig. 10). Finally, the amount of
exposed wing membrane was significantly different between wing regions, with an
average of 81.6+2.7 and 82.2+4.3% of exposed membrane in the clear wing regions of
males and females, respectively, compared with 2.6+1.1 and 1.4+£0.7% membrane
exposed in opaque regions of males and females, respectively (t=78.9423, d.f.=4,
P<0.0001 for male sample comparison, t=48.3854, d.f.=4, P<0.0001 for female sample
comparison, Fig. 1P).

Morphogenesis and cytoskeletal organization of developing scale cells

To investigate developmental processes of wing and scale development, we performed
dissections of G. otfo pupae at different time points (Fig. 2). As in other species of
Lepidoptera, the early pupal wing consisted of a thin bilayer of uniform epithelial tissue
and by 16 h APF, numerous epidermal cells had differentiated to produce parallel rows
of sensory organ precursor (SOP) cells (the precursors to the scale and socket cells)
(Fig. 2B,C). At this early stage of wing development, we observed that the clear wing
region harbored a lower density of SOP cells relative to the opaque wing region (Fig.
2B,C). In a 400 ym2 area, the density of SOP cells in the clear region was 65.2+7.0,
compared with the density of SOP cells in the opaque region of 169.2+15.7 (t=—10.4629
d.f.=4, P=0.0003, N=3 pupae). We can therefore infer that early into wing development,
SOP cell patterning is differentially regulated between clear and opaque regions, which
impacts the adult wing scale density and the amount of wing membrane surface
exposed in different parts of the wing.
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Next, we investigated cellular and cytoskeletal organization during scale growth
in clear and opaque wing regions (Fig. 2D-1). We found that general aspects of scale
development in G. oto follow those previously reported in several butterfly and moth
species by Dinwiddie et al. (2014), with some notable distinctions for modified scale
growth in the clear wing regions of G. oto. By 30 h APF, the SOP cells have divided to
produce the scale and socket cells (Fig. 2D,E). The scale cell body lies internally within
the wing, while the socket cell associated with each scale cell lies in a more superficial
position. Phalloidin staining showed the appearance of small cylindrical scale
outgrowths containing F-actin filaments, and WGA staining showed outlines of the
membrane as the scale outgrowths begin to project and elongate beyond the wing
surface. At this stage, budding scales in the clear wing region appeared morphologically
similar to the unspecialized opaque scales: roughly elongated balloon-shaped with
numerous small actin rods fanning out from the pedicel to the apical tip of the scale (Fig.
2D,E). By 48 h APF, scale cell extensions have grown and elongated (Fig. 2F,G). The
actin filaments have reorganized into smaller numbers of thick, regularly spaced
bundles along the proximal— distal axis of the scale just under the surface of the cell
membrane. Fluorescent staining revealed larger bundles of F-actin in the adwing (
facing the wing membrane) side of the scales relative to the abwing side (Movie 1). At
this stage, scales in different regions of the wing had taken on dramatically different
morphologies. Scales in the clear region had elongated in a vertical orientation and
obtained two types of alternating morphologies: short and triangular, or long and bristle-
like outgrowths (Fig. 2F). In the opaque region, scales had taken on a round and
flattened morphology, with ground scales shorter than the cover scales (Fig. 2G). By 60
h APF, scale projections were even more elongated (Fig. 2H,l). The triangular scales in
the clear wing region had proceeded to generate two new branches, which forked and
elongated at the tips bidirectionally, while bristle-like scales had elongated and curved
(Fig. 2H). In the opaque region, scales were longer, wider and flatter, and had
developed serrations at the tips (Fig. 2I).

Ultrastructure analysis of developing bristle, forked and opaque scales

To reveal ultrastructural detail of developing wing scale morphology, we performed TEM
on pupal wing tissue of G. otfo at 48 h APF (Fig. 3). In transverse sections, we could
resolve distinct scale morphologies (bristle, forked and opaque) and their associated
cytoskeletal elements.

Bristle-like scales in the clear wing regions were circular in cross- sections (Fig.
3A-C). We could also distinguish between distal and basal regions of bristle-like scales,
the latter of which had the presence of a surrounding socket cell in the cross-section
(Fig. 3B, C). TEM revealed that these bristle-like scales were ringed by peripheral
bundles of actin filaments, which lay spaced just under the cell membrane (Fig. 3B,C’).
In distal regions of the bristle-like scale, actin bundles were larger on the adwing side
relative to the abwing (Fig. 3B), while near the base of the bristle-like scale (indicated by
the presence of a surrounding socket cell), actin bundles were more evenly distributed
around the periphery (Fig. 3C).

We also observed large populations of microtubules distributed throughout
developing scales, which were internal relative to the actin bundles. Interestingly, we
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observed distinct patterns of microtubule distribution within different developing scale
morphologies. The cross-section of bristle-like scales revealed large populations of
internal microtubules, which we identified owing to their characteristic ring shape and
diameter of ~25 nm (Fig. 3B',C’). The circular ring shape of microtubules in cross-
sections of both the basal and distal parts of the bristle-like scale suggested that
microtubules are all longitudinally oriented, running in the same direction as the actin
filaments, parallel to growth. We also observed that populations of microtubules were
localized primarily away from the surface of the scale in its interior, and microtubules
were fewer distally than basally (Fig. 3B',C’).

In our TEM cross-sections, we also observed scale types that appeared more
triangular in shape, suggesting that they correspond to developing forked scales within
the clear wing region (Fig. 3D,E). These scales were ringed by peripheral bundles of
actin filaments, with larger actin bundles on the adwing side of the scale. Interestingly,
we observed two internal bundles of actin filaments that were not observed in bristle-like
scale morphologies, although we note that these could also be internal actin bundles
previously referred in other butterfly species as ‘rods’, which only extend approximately
two-thirds of the way along the proximal—distal axis and are only on the lower surface of
the scale (Fig. 3E') (Dinwiddie et al., 2014). We also note that there was variability in
microtubule orientation, rather than the ubiquitous longitudinal orientations observed in
bristle-like scales.

Finally, developing opaque scales were easily identified in cross-sections owing
to their large size and flattened morphology (Fig. 3F,G). We observed peripheral
bundles of actin filaments that were widely spaced and smaller in size in distal parts of
the scale (Fig. 3G,G’). We observed a clear asymmetry in actin bundle size, which were
larger on the adwing side of the scale relative to the abwing surface. In opaque wing
regions, TEM micrographs revealed what appeared to be concentrated parallel-running
populations of microtubules near the narrow base of the scales, and then a more mesh-
like network of microtubules in more distal flattened regions, indicating that microtubules
have varying orientations within different regions of the scale (Fig. 3G,G’, Fig. S1). In
contrast to the bristle-like scales, large, flattened opaque scales appeared to contain
populations of microtubules that were more widely distributed and less dense. In all
scale types, we observed the presence of hexagonally packed F-actin filaments and
numerous internal organelles and vesicles, including mitochondria, electron-dense
vesicles and free ribosomes (Fig. 3, Fig. S1).

Ontogeny of wing membrane nanostructures

The clear wing regions of G. oto contain nanopillars that cover the surface of the
membrane (Fig. 11). These nanopillars were previously characterized based on SEM in
adult wings, which feature an irregular height distribution and help to generate
omnidirectional anti-reflective properties (Siddique et al., 2015). To gain insight into the
development of these nanostructures, we examined the surface of the wing membrane
epithelial cells with TEM (Fig. 4B—F). At 60 h APF, a perpendicular section through the
wing epithelia showed a continuous epithelial lamina (Fig. 4B,C). We observed that the
epithelial cells contained microvilli, which appeared as slender linear extensions from
the inner margins of the developing cells that insert into electron-dense material (Fig.

36



4B,C). The surface layer of the epithelia appeared as an extracellular lamellar system,
and lamina evaginations appeared in the section as domes distal to the microvillar
extensions (Fig. 4C). By 72 h APF, we observed a thin outer layer of the epicuticle that
rose above the epidermal cells, and by 120 h APF, we found that this layer above the
microvilli contained what appear to be dome-shaped protrusions and thickened cuticle,
possibly secreted from regularly spaced microvilli (Fig. 4D,E). Finally, in our TEM cross-
section of a fully developed adult wing of G. ofo, we observed that the membrane
surface harbors dome-shaped nanoprotrusions with morphologies similar to those of
insect corneal surface nipple arrays (Yoshida et al., 1997; Bernhard, 1962), which we
refer to throughout the text now as ‘nipple nanostructures’, and an upper layer
containing pillar-like protrusions, which we refer to as ‘nanopillars’, that featured a more
irregular height distribution (Fig. 4F). These results show early subcellular processes of
developing nanopillars within the clear wing region, which arise distal to microvillar
extension in epithelial cells.

Topographical organization and biochemical composition of wing surface
nanostructures

Based on our electron microscopy results of membrane nanostructures, we investigated
the topographical organization and biochemical composition of the adult wing surface.
To do so, we treated individual, disarticulated adult G. ofo wings in two ways: (1) by
physically removing wing surface nanostructures by gently pressing and rubbing a wing
in between paper and Styrofoam (Yoshida et al., 1997) and (2) by testing the wing
surface structures for solubility in organic solvents, including hexane and chloroform to
extract lipids (Futahashi et al., 2019). We then performed SEM to compare wing surface
topography of untreated and treated wing samples (Fig. 5A—C’). SEM confirmed that the
first treatment partially or completely removed nanostructures across the wing
membrane surface (Fig. 5B). In a region of partial removal, we could identify smaller,
dome-shaped nipple nanostructures underneath the top layer of nanopillars (Fig. 5B’).
SEM of the chemically treated wing surface revealed that the upper layer of irregularly
sized nanopillars was completely removed, revealing a layer of regularly arranged
dome-shaped nipple nanostructures that did not dissolve through chloroform or hexane
exposure (Fig. 5C,C"). Therefore, we hypothesized that the upper layer of irregularly
sized nanopillars consisted of a secreted wax-based material, which sits above smaller
chitin-based nipple nanostructures.

To test this hypothesis, we extracted the surface layer of G. ofo clear wing
regions with either hexane or chloroform and analyzed the chemical composition by gas
chromatography—mass spectrometry (GC-MS). We found that the chemical profile
generated by both hexane and chloroform extracts yielded similar results (Fig. 5D). In
all extracts, we identified two straight-chain alkanes that made up approximately two-
thirds of the compounds detected: 41.64+5.75% pentacosane (C25H52) and
23.32+5.35% heptacosane (C27H56) (Table S1). The remaining compounds were
primarily composed of slightly larger methyl-branched alkanes (monomethyl and
dimethyl C27, C29 and C31) and esters. Therefore, our results suggest that in G. oto,
there are two components to wing surface ultrastructure: procuticle-based nipple
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nanostructures, and an upper epicuticular layer of irregularly sized nanopillars,
composed mainly of straight- chain alkanes (Fig. 5D,E).

Anti-reflective properties of wax-based nanopillars

To address whether the wax-based nanopillars play a role in wing reflection, we
measured the reflectance spectra of untreated and hexane-treated wings (Fig. 6).
Additionally, we measured nanostructure geometries and membrane thickness from
wing SEM cross-sections and determined the average distance between two
nanostructures as d=174 nm, conical-shaped cuticular nipple nanostructure height as
hp=77 nm, wax-based irregular nanopillar radius as rnp=53 nm, mean height as
hnp=224 nm and variance as cnp=49.3 nm, and membrane thickness as hm=746 nm
and variance as om=43nm (Fig. 6B,D, Fig. S2). On the basis of SEM micrographs for
treated and untreated samples, we modeled three wing architectures, consisting of: (1)
nanopillars with variable height together with cuticle-based nipple nanostructures on the
wing membrane, (2) cuticle-based nipple nanostructures on the wing membrane and (3)
the wing membrane without any nanostructures, to simulate the optical properties for
different conditions (Fig. 6E). The simulated reflectance data of the untreated and
treated conditions in Fig. 6F closely resembled the experimental ones. In untreated
wings of G. oto, we found that transparent regions have a low total diffuse reflection of
approximately 2%, which is in line with previous reflectance measurements of this
species (Siddique et al., 2015) (Fig. 6F). By contrast, the hexane-treated wings without
the upper layer of wax nanopillars had approximately 2.5 times greater reflectance
relative to the untreated wings, and generated an iridescent thin film spectra, even
though they harbored dome-shaped nipple nanostructures (Fig. 6D,F).

For simulated data, the overall reflectance ratio of the hexane- treated wing to
the untreated wing was approximately three, similar to experimental reflectance data
(Fig. 6F; see dataset available from Dryad at https://doi.org/10.6078/D1TD7H).
Importantly, the simulated results for the untreated wing with wax-based irregular
nanopillars make reflectance more uniform across wavelengths, which reduces the
iridescent effect of the wing membrane. Finally, we simulated a thin film membrane
without any nanostructures, which showed reflectance (averaged from all wavelengths)
of the membrane itself to be 8.81+3.46%, whereas the treated and untreated wing
reflections were 5.78+2.82% and 1.93+0.77%, respectively (Fig. 6F). While treated
wings harboring dome-shaped nipple nanostructures reduced the overall reflectance
relative to the membrane only, their effect was not strong enough to reduce reflectance
spectra oscillation. The wax-based irregular nanopillars on top introduced a more
gradual transition between refractive indices to lessen the oscillation by approximately
five-fold, in addition to reducing overall reflection (Fig. 6F). Additionally, we simulated
the three wing architecture models considering different mean membrane thicknesses
and variance in membrane thickness (Fig. S3). We found that variance in wing
membrane thickness reduced reflectance spectra oscillations, rather than mean
membrane thickness alone, and more peaks appear in the visible spectrum with
increasing thickness of the membrane. (Fig. S3; Dryad dataset
https://doi.org/10.6078/D1TD7H). Overall, these results demonstrate that the non-
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constant architecture of the wing membrane and wax-based irregular nanopillars on the
wing surface of G. oto function to dramatically enhance anti-reflective properties.

Solubility of wing surface nanostructures in clearwing Lepidoptera

We investigated additional species of clearwing Lepidoptera by assessing the solubility
of wing surface nanostructures with hexane treatments, including (A) an additional
glasswing butterfly, Godyris duilia (Nymphalidae: Ithomiini), (B) the amber phantom
butterfly, Haetera piera (Nymphalidae: Haeterini), (C) the longtail glasswing, Chorinea
faunus (Riodinidae: Riodinini), and (D) the clearwing hawkmoth, Hemaris thysbe
(Sphingidae: Dilophonotini) (Fig. 7). For both G. duilia and H. piera, we found that the
clear wing membrane surface is covered in irregularly arranged nanopillar structures
(Fig. 7A,B). After hexane treatments, the wings became more reflective, the upper layer
of irregularly arranged nanopillars was removed, while nipple-like structures remained,
supporting that nanopillars are likely wax-based, similar to G. oto. Conversely, for both
C. faunus and H. thysbe, the reflectivity of the wings and the regularly arranged nipple
array-like nanostructures on the membrane surface appeared unaffected after hexane
treatment, suggesting that the structures are chitin-based (Fig. 7C,D). These results
indicate that wing surface nanostructures can be either chitin-based, which
morphologically resemble the nipple array type of nanostructure, or wax-based, which
morphologically resemble irregularly arranged nanopillars, and both types appear to
have arisen in phylogenetically distant lineages of Lepidoptera.

Discussion

Butterflies and moths have evolved sub-wavelength anti-reflective structural innovations
on their wings that enable them to be transparent. Here, we report the details of pupal
wing development and scale cytoskeletal organization in the glasswing butterfly, G. oto,
as well as insights into the ontogeny and biochemical basis of wing surface
nanostructures that reduce reflection in clearwing Lepidoptera.

The arrangement of unicellular projections in insect integument, such as bristles
and scales, has been a model for research on cellular pattern formation (Ghiradella and
Butler, 2009). Shortly after pupation, SOP cells develop from a monolayer of epithelial
cells into orderly arrangements, then differentiate into scale and socket cells. In the
present study, we found that early SOP cell patterning affects the final adult scale
density in G. oto, and this feature of spacing scale cells farther apart, and therefore
reducing the overall density of scales, is an initial step to generate clear wings. During
early pupal development, the receptor molecule Nofch is expressed in a grid-like pattern
in the wing epithelium (Reed, 2004). This may contribute to the parallel rows of
uniformly spaced SOP cells, which express a homolog of the achaete-scute proneural
transcription factors that likely function in scale precursor cell differentiation (Galant et
al., 1998). Notch-mediated lateral inhibition could establish a dense population of
ordered SOP cells in the developing wing, resulting in a characteristic ratio of scale-
building and epithelial cells (Escudero et al., 2003; Couturier et al., 2019). Future
studies should investigate whether modifications in Notch signaling play a role in scale
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cell patterning in clearwing butterflies and moths, many of which contain reduced
densities of scale cells (Gomez et al., 2020 preprint; Pinna et al., 2020 preprint).

The range of morphological diversity among scales and bristles within
Lepidoptera likely results developmentally from components or modifiers of the
cytoskeletal structures and cell membrane. One study surveyed a wide range of
developing butterfly and moth scales and identified that F-actin is required for several
aspects of scale development, including scale cell elongation and proper orientation
(Dinwiddie et al., 2014). In the developing bristle-like scales in G. oto, we find relatively
symmetrical actin bundles distributed throughout the periphery and a large population of
longitudinally running interior microtubules. This is similar to what has been described
for developing bristles in Drosophila melanogaster pupae, which contain peripheral
bundles of cross-linked actin filaments and a large population of microtubules that run
longitudinally along the bristle (Tilney et al., 2000). It was recently shown that actin
bundles play different roles in shaping scales and bristles in the mosquito Aedes
aegypti, in which developing bristles contained symmetrically organized actin bundles,
while actin bundle distribution in scales became more asymmetrically organized (Djokic
et al., 2020). Given that actin dynamics play a variety of roles in regulating the
development of bristles and scales (Dinwiddie et al., 2014; Day et al., 2019; Tilney et
al., 2000; Djokic et al., 2020), we hypothesize that modifications in F-actin organization
of scales in the transparent wing of G. oto are responsible in part for their narrow bristle-
like and forked morphologies.

In an analysis of moth scale development, major shape changes were found to
be correlated with changes to the orientation of the cytoplasmic microtubules (Overton,
1966). In the present study, we identified large populations of microtubules organized
throughout developing scales and found that microtubules exhibit different distributions
and orientations relative to distinct scale morphologies, namely between bristle, forked
and flat, round scales. In D. melanogaster, microtubules may play a role in bristle
development by adding bulk to the bristle cytoplasm, contributing to proper axial growth,
and aiding organelle and protein distribution (Bitan et al., 2010, 2012). It would be
interesting for future studies to functionally characterize the role microtubules play in the
development of lepidopteran scales. Our findings lend further support to the
observations that general patterns of scale development, including patterns of F-actin
localization and microtubule distribution, seem to be well conserved in Lepidoptera, and
that modifications of scale morphology to achieve clearwing phenotypes, such as
narrow bristle-like and forked scales, likely involve alteration of cytoskeletal organization
during scale growth.

Chitinous wing membrane has a higher refractive index than air, which generates
glare under natural light conditions. Some clearwing species have evolved sub-
wavelength anti-reflective nanostructures, which reduces glare and likely aids in crypsis
(Yoshida et al., 1997; Siddique et al., 2015). In this study, we identified the early
developmental processes of nanostructures that arise in the wing epithelium. We also
note interesting parallels of our observations to previous descriptions of developing
nanostructures on the surface of insect cornea. Early data on pupal development of
corneal nanostructures were produced by detailed electron microscopy studies,
showing that corneal nipples emerge during lens formation (Gemne, 1971; Frohlich,
2001). In these observations, development of initial laminar patches formed on top of
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underlying microvilli. Subsequently, nanostructures (termed nipple structure array)
formed on the surface, with the tips of microvilli still attached to the inner surface.
Gemne (1971) proposed that the corneal nanostructures originate from secretion by the
regularly spaced microvilli of the cone lens cells, although there is still debate about the
exact nature of how microvilli pre-pattern nanostructure arrays (Kryuchkov et al., 2017).
Our TEM results provide insight into the early developmental processes of anti-
reflective nanostructure formation in the wings of G. oto, highlighting certain similarities
to nipple array development in insect cornea. It would be interesting for future work to
explore whether features of nanostructure formation arose independently in insect
cuticle as a mechanism to reduce surface reflection.

In contrast to previously described highly ordered nipple arrays found on insect
eyes and some clearwing lepidopteran wings (Stavenga et al., 2006; Kryuchkov et al.,
2017), the irregularly sized anti-reflective nanopillars in the clear regions of G. oto wings
appear to consist of an upper layer of wax-based epicuticle sitting above procuticle-
based nipple nanostructures. Insect cuticle is an extracellular matrix formed by the
epidermis and is composed of three layers: the outermost envelope, the middle
epicuticle and the inner procuticle (Moussian, 2010). The envelope and the epicuticle
are composed mainly of lipids and proteins, while the procuticle contains the
polysaccharide chitin. Many terrestrial arthropods deposit a layer of wax lipids on the
surface of their cuticle, which reduces evaporative water loss (Gibbs, 1998). In some
species of dragonfly, epicuticular wax-based nanostructures have also been
demonstrated to play a role in generating optical properties, such as an ultraviolet
reflection (Futahashi et al., 2019). In mature males of these dragonflies, a dense wax
secretion composed of long-chain methyl ketones, in particular 2-pentacosanone, was
found to contribute to the UV reflection properties (Futahashi et al., 2019). The chemical
composition of nanopillars on the wing surface of cicadas, which contribute to
hydrophobicity and antimicrobial properties, was found to consist of epicuticular
components such as fatty acids and hydrocarbons ranging from C17 to C44(Roman-
Kustas et al., 2020). Another study exploring the molecular organization of dragonfly
wing epicuticle found that the major components identified were fatty acids and n-
alkanes with even- numbered carbon chains ranging from C14 to C30 (Ilvanova et al.,
2013). Here, we identified that the epicuticular layer of irregularly sized anti-reflective
nanopillars in G. ofo appears to be composed mainly of n-alkanes, including
pentacosane (C25) and heptacosane (C27) and showed the importance of these
structures in attaining better transparency. Interestingly, we found that butterflies
belonging to the tribe Haeterini also contain irregularly arranged hexane-soluble
nanopillars on the wing membrane surface, suggesting that wax-based anti-reflective
structures have arisen multiple times independently.

Turing reaction—diffusion mechanisms have been proposed as a model for the
formation of various corneal nanostructure morphologies (such as spacing, height, and
spatial organization) during insect eye development (reviewed in Kryuchkov et al.,
2017). Although the degree of height irregularity of nanopillars is important for achieving
omnidirectional anti-reflection in G. ofo, we do not yet understand how such variability in
height is generated. Perhaps the pressure of the wax secretion varies across the area
of microvillar extensions, similar to how nozzle area plays a role in the propulsion force,
and tunes the height of the nanopillars in the process. In such a scenario, the degree of
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the height variation could be synthetically engineered depending on the two-
dimensional nanopatterned mask design in the biomimetic processes, such as molding
or imprinting techniques. Additionally, others have generated three-dimensional wax
structures using n-alkanes, noting that wax-based crystals can generate different
shapes, sizes and densities depending on the chain length (Gorb et al., 2014). Future
work should investigate the possible role of alkanes, and the two-dimensional surface
growth geometry, in generating three- dimensional anti-reflective nanostructures and
potential applications for biomimetics.

Taken together, these results enable us to form a hypothesis that the origin of
anti-reflective nanopillars may have involved a two-step evolutionary process. First,
regions of wing membrane may have become increasingly exposed through a reversion
of dense, flat, wing scales to fewer, narrow more bristle-like scales. Next, membrane
surface nanostructures may have arisen and reduced surface reflection, which became
an advantageous phenotype owing to enhanced crypsis and reduced predation.
Interestingly, some basal ithomiines contain nanostructures on the membrane surface,
despite having opaque wings (C.P., unpublished observations). Wing surface
nanostructures are also known to provide antibacterial and hydrophobicity properties in
insects, which may explain why they are present in some opaque species. This
presents an interesting question of whether wing surface nanostructures in clearwings
were already present in an opaque ancestor and were selected for anti-reflective
properties, or whether they arose de novo. In either scenario, this potential two-step
evolutionary process may have required different sets of developmental programs or
gene networks that co-occurred to generate wing transparency. Future studies of scale
and nanostructure development and evolutionary histories of transparent species and
their opaque ancestors will help to elucidate how transparency repeatedly arose in
Lepidoptera. Our exploration of G. ofo wing development can serve as a model for
understanding how transparent phenotypes evolved within Ithomiini, a diverse tribe of
neotropical butterflies that act as mimicry models for numerous species of Lepidoptera
Elias et al. (2008), as well as more distantly related butterfly and moth species.
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