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ABSTRACT

The proboscis of butterflies and moths is a key innovation contributing to the high
diversity of the order Lepidoptera. In addition to taking nectar from angiosperm sources, many
species take up fluids from overripe or sound fruit, plant sap, animal dung, and moist soil. The
proboscis is assembled after eclosion of the adult from the pupa by linking together two elongate
galeae to form one tube with a single food canal. How do lepidopterans maintain the integrity and
function of the proboscis while foraging from various substrates?
The research questions included whether lepidopteran species are capable of total selfrepair, how widespread the capability of self-repair is within the order, and whether the repaired
proboscis is functional. I demonstrated the capability of butterfly and moth species from families
throughout the Apoditrysia to completely repair a totally separated proboscis. Generally, the
repaired proboscis was capable of taking up fluid. Because self-repair is a process that has been
modeled for nature-inspired designs of microfluidic devices, further questions involve the
mechanisms used in repair. I found that labial palps, coiling, and wetting were not required for
repair for Danaus plexippus and Vanessa cardui (Nymphalidae). Wing movements facilitated
repair for V. cardui but not for D. plexippus.
Self-cleaning has applications in bioinspirational research. How is the proboscis kept
clean and free of debris during foraging? I found bacterial inhibition by the proboscises of V.
cardui and Agraulis vanillae (Nymphalidae) on poured plates inoculated with Bacillus sutbtilis
and Pseudomonas aeruginosa. The adaptive value of self-repair and self-cleaning of the
proboscis goes beyond continued uptake of fluids. Lepidopterans with separated galeae would be
excluded from foraging from narrow flower corollas. Additionally, the ability to coil the
proboscis would optimize the aerodynamics of flight by reducing drag. Structural or chemical
features of the proboscis that resist bacterial contamination would help protect from infection.
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INTRODUCTION

The order Lepidoptera is one of the most species-rich orders of the class Hexapoda, with
157,761 species sorted into 42 superfamilies and 131 families (Adler and Foottit 2017, Goldstein
2017). Lepidopterans share a large suite of synapomorphies, the most evident being the scales
that cover the wings, and the epiphysis, a moveable lobe on the fore-tibia (Kristensen, et al.
2007). All lepidopteran larvae have chewing mouthparts, virtually all are herbivorous, and some
are significant pests of crops. The adults of the most basal families have chewing mouthparts, but
the vast majority of lepidopteran adults have haustellate mouthparts in the form of a coilable
proboscis (Scoble 1995).
The proboscis generally consists of two long galeae, which are C-shaped fibers that unite
to form a single, central food canal. The two galeae are joined by rows of overlapping, plate-like
dorsal legulae and hook-like ventral legulae. The two galeae self-assemble to form the proboscis
after eclosion of the adult from the pupa, by union of the legulae from the base toward the tip
(Krenn 1997). Self-assembly is a process of great interest to engineers, and there are many
examples of self-assembly at the biomolecular or tissue levels, but there are few examples of
self-assembly of appendages (Baryshan et al. 2014).
Adult lepidopterans use the proboscis to take up fluids from a variety of sources,
including nectar, plant sap, rotting or sound fruit, honeydew, and water (Norris 1936). In
addition, lepidopterans have been observed probing tough or abrasive substrates such as
campfire ashes, crumbling cement structures, rotting logs, and soil (Adler 1982). What happens
if the two galeae become separated? Can the proboscis be repaired? This question is of vital
importance to the insect that relies on the proboscis for nutrition, which is necessary for
longevity and fecundity.
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Self-repair is of keen interest to biologists and engineers. Capabilities of self-repair in
animals range from healing of wounds to regeneration (replacement, complete or incomplete, of
of body parts) (Maginnis 2006A). However, within the phylum Arthropoda, self-repair is
usually limited to regeneration through molting (Maruzzo and Bortolin 2013). Pterygote insects
undergo determinate development in which the number of stages are fixed and the final stage is
the reproductive stage (Minelli and Fuscso 2013). In addition, the development of
holometabolous insects is epimorphic, in which molting is limited to the juvenile stages and the
adult does not undergo molts (Minelli and Fusco 2013). Therefore, adult pterygote insects are not
capable of regeneration due to the sclerotized exoskeleton (Maruzzo and Bortolin 2013).
Self-cleaning is another property of the lepidopteran proboscis that is of interest to
biologists and engineers. How does the proboscis collect nectar and probe soil or dung and at the
same time remain free of contamination from debris or bacteria? What factors or mechanisms are
in play? Self-cleaning mechanisms have been identified in the surface characteristics of both
plants and animals. For example, water falling on the upper surface of the leaves or petals of the
lotus plant, Nelumbo nucifera, forms into droplets that roll off, removing dirt along the way
(Forbes 2008, Solga et al. 2007). In the case of the lotus, micron-sized, air-trapping bumps on the
surface of the leaves combined with a coating of wax provide hydrophobicity, causing the water
to form droplets (Solga et al. 2007, Forbes 2008).
The objectives of this research are the following:
1. My first objective was to study capability of proboscis repair in multiple lepidopteran
families. I used the butterfly families Nymphalidae, Pieridae and Papilionidae, as well as
the moth families Sphingidae and Noctuidae, which were available for purchase as larvae
or pupae for rearing. In addition, I collected moths and butterflies locally to represent
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additional families to determine how extensive the repair ability is within the
phylogenetic context of the order. My experimental plan was to compare a treatment
group of specimens that had the proboscis separated completely to a control group in
which the proboscis was similarly manipulated but not separated.
2. With the ability to repair the proboscis established, my second objective was to identify
and test different mechanisms that may contribute to repair. I tested the role of the labial
palps, wing movement, coiling, and feeding as possible factors assisting repair, by
comparing a treatment group with that capacity removed or restricted to a control group
with that capacity intact.
3. My third objective was to determine if the repaired proboscis was capable of taking up
fluids. Approximately 24 hours after the repair tests, I fed the specimens on dyed sucrose
solution and then placed each in a separate cage lined with filter paper. Approximately 24
hours later I checked for the presence of the dye on the filter paper, or internally in the
gut by dissection.
4. My fourth objective was to test the self-cleaning abilities of the proboscis, and in
particular, whether the surface of the proboscis is antibacterial. I tested non-pathogenic
strains of Gram-negative and Gram-positive bacteria to determine whether their growth
on nutrient agar plates is inhibited by the detached whole proboscis. The results can be
used to guide further research into the mechanisms of self-cleaning.
The literature review follows in Chapter 2, after which Chapter 3 addresses objectives 1-3
and Chapter 4 addresses objective 4. Chapter 5 consists of Conclusions. Appendix A relates to
objectives 1 and 3 and presents more details for the locally collected moths and butterflies.
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The results of these experiments, most of which were performed at the organismal scale,
should shed light on the structural and functional properties of the proboscis and the capabilities
of the proboscis for self-repair and self-cleaning.
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CHAPTER TWO
LITERATURE REVIEW

Preface: Collecting Butterflies
The butterflies and moths (order Lepidoptera) are arguably the most charismatic
insects due to the colorful scales that produce myriads of patterns on their wings. The
large, diurnal species draw our attention visually by their beautiful wings and graceful
flight. For many entomologists, lepidopterans led the way into a world that progressively
grew both more expansive and more diminutive. The diversity was almost
incomprehensible, and as I looked more closely at the smaller creatures their beauty and
complexity became more intense and intriguing. I started filling my collection box with
pressed butterflies and moths, but I was soon discovering and collecting other orders as
well. Eventually I guided my kids, 4-Hers, home schoolers, Boy Scouts and Upward
Bound students into collecting, while teaching them that education is the foundation of
conservation. We cannot conserve what we do not know.
The fascination with insects caught hold of many a naturalist, including Charles
Darwin, who, in addition to being a beetle enthusiast, enlisted many examples from the
insect world to demonstrate his views on natural selection. He used the fighting behavior
of stag beetles as an example of sexual selection. He used the mutualism between ants
and aphids to demonstrate that natural selection can never act for the “exclusive good of
another” (Darwin 2009). He used the slave-making ants to illustrate how instincts could
be shaped through natural selection (Darwin 2009). In fact, he often set up his own
experiments on his estate to test the behaviors of insects.
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A century before Darwin, the naturalist Maria Sybilla Merian’s sense of awe at
the beauty of nature drew her to go beyond collecting to rearing lepidopteran larvae in
order to discover their life cycles and their interactions with host plants. She combined
her artistic talent with her keen observational skills to produce her innovative artwork
which included the adult, larva, and host plant together in one illustration (Etheridge
2011). Maria’s artistic style has inspired other artists and naturalists, including Allison
Stoiser, a Clemson Honors College graduate (2019), whose drawings incorporate
ecological elements to convey the richness of life in the tropics (Figure 2.1). Today one
of the persistent challenges of taxonomists is to link the larval stages to their adult
species, and the host plants of many species are unknown. In addition to rearing,
molecular techniques are used to match DNA sequences between larvae and adults
(Morse 2017).

A

B

Figure 2.1. Artwork by Allison Stoiser (used with permission) incorporates ecological
interactions. A. Ants march along a Passiflora vine in the Peruvian Amazon as heliconian
caterpillars consume the leaves (upper right). B. Clearwing butterflies of the tribe
Ithomiini (Danainae, Nymphalidae) on Boraginaceae plants. The adult butterflies scratch
the plant to release plant fluids, then use the proboscis to take up the fluids to obtain
chemical protection.
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A remarkable example of a citizen naturalist captured by the love of moths was
South Carolinian physician Richard B. Dominick, who turned an outbuilding on his
Wedge Plantation into a light trap. His extensive moth collection (over 25,000
specimens) was carefully curated by Charles R. Edwards (Sanders and Anderson 1999).
The photographs Edwards took have been used for the excellent book series, The Moths
of North America North of Mexico (MoNA), and Charles Covell’s book, The Field Guide
to the Moths of Eastern North America (Sanders and Anderson 1999). The Dominick
collection and the work of the Wedge Foundation are a source of enduring value to
entomological research.
The popularity of insect collecting has waned in recent years. During my time as a
merit badge counselor for the Boy Scouts, the insect merit badge requirements included a
50-specimen collection. Today a collection is no longer a requirement and has been
substituted by rearing experiences (Boy Scout Requirements 2018). However, as an
educator, I have watched students construct environmental and ecological knowledge
through insect collecting, which enables them to make connections that foster awareness,
appreciation, and conservation of our natural world. Greg Pohl, President of Alberta
Lepidopterists’ Guild, responded by blog to opposition to insect collecting voiced by the
Grasslands Naturalists, a group of ornithologists and amateur birders, who warranted that
collecting and dispatching insects was as unnecessary as birdwatchers killing and
collecting birds (Pohl 2012). However, there is no comparison between any of the larger
vertebrate fauna with small insects which have proportionately much larger population
sizes and reproductive ability which, under most circumstances, make the ecological
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impact of insect collecting miniscule compared to direct killing of birds. Most insects
cannot be identified on the wing, as birds can be, and identification guides for insects are
incomplete. Knowledge of insect diversity, distribution, life histories, and impacts comes
from collections of insects accomplished by both scientific researchers and amateur
enthusiasts. Entomological research relies on competently curated collections as an
essential resource for making accurate species identifications, for discovery and
description of new species, as a repository of type specimens and voucher specimens, and
for recognizing threatened species (Pohl 2012). Rare and threatened species must be
protected; however, conservation of insect biodiversity is threatened most by habitat loss,
not by depletion of populations by collectors (Pohl 2012).

The Study of Lepidoptera
Collecting is the first step toward organizing life, which is the job of taxonomists.
We might think that the Lepidoptera have been extensively sampled through collecting;
however, that effort has been geographically biased towards Europe and North America,
where most taxonomists are found (Gaston and May 1992). Australia, New Zealand, and
Japan have kept pace, but everywhere the work force of taxonomists is aging (Gaston and
May 1992). Our knowledge of lepidopteran larvae and life histories is inadequate,
especially in the tropics where diversity is greatest (Gaston and May 1992). The study of
Lepidoptera suffers from two discouraging tendencies pointed out by Kristensen, Scoble
and Karsholt (2007): the attention to the wing scales can misdirect focus from finer
structures and characteristics that are relevant to phylogeny and informative to many
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fields of science, and there is a professional stigma against working with this popular
group. An additional difficulty is that due to the rarity of fossilization of soft tissues, the
fossil history of this group is obscured by the small number of lepidopteran fossils
(Gaston and May 1992).
The taxonomic focus within Lepidoptera has historically emphasized describing
species. The recruitment of molecular methods has uncovered cryptic species but has also
created a preponderance of subspecies names and perhaps diverted attention from the
study of higher phylogenetic relationships, where many questions remain. Resolving
those questions of higher taxonomy would increase the predictive power of the
phylogenetic framework for Lepidoptera (Goldstein 2017).

The Evolutionary Context
To understand lepidopteran taxonomy, a brief look at the recent hypotheses of the
phylogeny of the class Hexapoda is helpful. A molecular study of 103 hexapod species
from all the hexapod orders (plus 14 arthropod outgroups) indicated the origin of the
hexapods occurred at approximately 479 million years ago (mya) in the early Ordovician
Period (Misof et al. 2014). The earliest insect fossils were found in the Rhynie Chert of
Scotland, an early Devonian deposit, including a collembolan, Rhyniella praecursor, and
an insect head, named Rhyniognatha hirsti (Grimaldi and Engel 2005). The dicondylic
mandibles of R. hirsti suggest that it was a winged insect and so the evolution of flight
was hypothesized to have arisen in the early Devonian Period (Grimaldi and Engel 2005).
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The molecular study agrees, indicating 406 mya as the origin of the Pterygota (Misof et
al. 2014).
Another major milestone in the evolution of the hexapods was holometabolous
metamorphosis, characterized by internal development of wings in the larval stage and a
pupal stage for development of the adult form (Grimaldi and Engel 2005). Holometaboly
arose only once, and holometabolous insects represent approximately 85% of the extant
insect species, demonstrating the importance of this innovation to the diversity of insects
(Grimaldi and Engel 2005). Fossil evidence for the origin of holometaboly is
inconclusive and was suggested to be during the late Carboniferous Period (Grimaldi and
Engel 2005). However, the molecular work has pushed that estimate back in time to near
the Devonian-Carboniferous boundary, approximately 362 mya (Misof et al. 2014). The
key innovations of flight and holometaboly facilitated utilization of new niches that
appeared through environmental change.
Making inferences about the evolutionary drivers of the diversity of insects
depends on fossil history and can be supplemented with molecular evidence from extant
groups. However, this effort is hampered by the incomplete and disparate fossil insect
record and the difficulties inherent in molecular work, such as sample sizes, outgroup
selection, gene selection, and the assumptions made with different models. Any of these
factors can bias the outcomes and interpretations (Condamine et al. 2016). An attempt to
estimate the diversification rates using phylogenetics to overcome the gaps in the fossil
record suggests that high diversification rates did not immediately follow the key
innovations of wings and holometaboly. Rather, high rates of diversity occurred within
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the four most species-rich orders much later (Condamine et al. 2016). The net
diversification rate changes were evaluated assuming a constant extinction rate, which
was probably not consistently the case. The four most diverse orders, Coleoptera,
Lepidoptera, Diptera and Hymennoptera (all holometabolous), demonstrated the highest
rates of diversification long after the initial appearance of holometaboly, but prior to the
span of time associated with the radiation of the angiosperms, which has been termed the
Cretaceous Terrestrial Revolution (Condamine et al. 2016).
The divergence of the orders Lepidoptera and Trichoptera based on fossil
evidence was thought to be early Jurassic Period (Grimaldi and Engel 2005). Molecular
evidence indicates an older Triassic origin of the order Lepidoptera (approximately 220
mya), with a high degree of radiation occurring during the Cretaceous Period constituting
the largest single radiation of plant-feeding insects (Misof et al. 2014, Mitter et al. 2017).
Debate persists about whether coevolution with angiosperms was a major driver of
diversification of the Lepidoptera. However, recent studies utilizing molecular data and
fossil calibration aligned major lepidopteran diversification with the angiosperm radiation
(Misof et al. 2014). Wahlberg et al (2013) identified two bursts of lepidopteran radiation
at 150 mya, before the angiosperm radiation, and 90 mya, after the radiations of
angiosperm clades which included important lepidopteran host plants.

The Phylogeny of the Lepidoptera
The megadiverse order of Lepidoptera currently stands at 131 families in 42
superfamilies (Goldstein 2017). Many traditional groupings have been found to be
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paraphyletic due to their basal position in a nested hierarchy, and in addition there are
many exceptions and reversals of the characters on which the groupings are based
(Goldstein 2017). For example, there are many day-flying species of moths, such as
members of the Uraniidae, the family which includes many moths that are strikingly
similar in appearance to day-flying swallowtails through convergence.
Molecular studies have sometimes been in conflict with morphological characters,
so a balanced approach is needed. Despite longstanding traditional groupings, the
systematics of the order has not been stable. Traditional groupings that are currently
accepted monophyletic clades include the Glossata, the suborder possessing the coilable
proboscis. However, recent molecular studies have challenged our understanding of
relationships and traditional groupings among the basal lepidopteran families, which
were thought to be well understood (Regier et al. 2015A). A new clade Angiospermivora,
characterized by larvae that feed on angiosperms, includes all superfamilies except
Micropterygidae and Agathiphagidae (Mitter et al. 2017). Some of the larvae of
Micropterygidae feed on detritus and others on liverworts, and the adults feed on pollen
or fern spores (Scoble 1995, Mitter et al. 2017). The larvae of the two known species of
agathiphagids feed inside the seeds in the cones of the Agathis pine, a gymnosperm
(Commons 1970, Scoble 1995). Before the new clade name of Angiospermivora was
proposed, Kristensen (1999) identified the angiosperm-feeding Lepidoptera as
representing the most diverse phytophagous clade among all the animals.
The traditional “Myoglossata” (Kristensen et al. 2007) has been challenged, since
molecular studies have indicated that two small superfamilies without musculature in the
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proboscis (Acanthopteroctetoidea and Lophocoronoidea) belong within the clade
“Exoporia” (Hepialoidea and Mnesarchaeoidea) (Regier et al. 2015A, Mitter et al. 2017).
The new clade represents a more inclusive Coelolepida, meaning “hollow scale” (Borrer
1960), which places emphasis on the character of hollow wing scales rather than the
unique exoporian condition of separate openings for oviposition and copulation, with an
external groove for sperm transfer from the bursa to the spermatheca (Scoble 1995,
Regier et al. 2015A).
The Ditrysia are a monophyletic clade based on the strong synapomorphy of two
reproductive openings on the female, one for mating and one for egg-laying, on separate
abdominal segments, with an internal duct between the bursa copulatrix and the oviduct
(Goldstein 2017, Scoble 1995). The sister group of the Ditrysia has been unclear, but the
molecular evidence suggests that the clade Euheteroneura consisting of the superfamilies
Tisherioidea plus Palaephatoidea are the most closely related to the Ditrysia (Regier et al.
2015A). However, within the Euheteroneura, a South American group of the paraphyletic
Palaephatoidea (in part) has been identified by the most recent genetic studies as the
sister group to the Ditrysia (Mitter et al. 2017).
A well supported understanding of the relationships in Ditrysia has been elusive,
perhaps due to their rapid radiation and due to much convergence in morphological traits,
but molecular study has clarified the situation (Regier et al. 2013, 2015A 2015B;
Heikkilä et al. 2015; Mitter et al. 2017). The most basal superfamily of the Ditrysia is
Tineoidea, which may not be monophyletic. My first encounter with Tineidae was as an
instructor for a lab performing dissections of owl pellets. One student’s pellet contained
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many tiny, dead caterpillars. These larvae were of the family Tineidae, the larvae of
which are generally ground-dwelling and consume cloth, fungi, fur, hair, and detritus
(Regier et al. 2015A). These feeding habits of tineid larvae, and most of the larvae of
several other basal ditrysian families, are quite distinctive from most of the rest of
Lepidoptera, which have host-specific phytophagous larvae (Regier et al. 2015B).
Kristensen et al. (2007) viewed host-specific phytophagy as basal and fungivory and
detrivory as secondary. Some larvae of Psychidae (Tineoidea) are external, generalist
plant-feeders which create cases (bagworms), but others of the same family are
fungivores, so the ancestral ecological status of ditrysian larvae is unclear.
Above the basal level of Ditrysia, some notable changes are that Yponomeutoidea
+ Gracillarioidea are recognized as sister group to all the Apodytrisia. Gelechioidea,
Alucitoidea, and Pterophoroidea have been moved into the Apoditrysia, within the
Obtectomera clade, typically characterized by obtect pupa with legs adhered to the body
(Regier et al. 2013, Mitter et al. 2017). The butterfly families in the Papilionoidea
branched off earlier than previously thought, which has eliminated the traditional clade,
“Rhopalocera” (Regier et al. 2009, Regier et al. 2013, Mitter et al. 2017). Hence the clade
“macrolepidoptera” has lost its butterfly component and been renamed Macroheterocera,
with Pyraloidea as its sister group (Mitter et al. 2017).
Molecular analysis of the Noctuioidea, the highly derived and species rich
superfamily, has brought about contentious changes (Goldstein 2017, Regier et al. 2017).
The former families Arctiidae and Lymantriidae have been placed as subfamilies in the
new family Erebidae along with the deltoid moths. Two noctuid subfamilies were given
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family status (Nolidae and Euteliidae). The key characters that support this reorganization
are the venation of the forewing and the characteristics of the tympanum (Zahiri et al.
2011). By molecular evidence the family Doidae, traditionally in the Noctuoidea,
belongs in the Drepanoidea, meaning that the tympanal organs characteristic of
Noctuoidea evolved twice (Mitter et al. 2017). The family Noctuidae, which contained
42,030 species in 2009 (Pogue 2009), now contains 11,772 species, and is surpassed as
the largest lepidopteran family by Erebidae, which contains 24,569 species (Goldstein
2017).
A strongly supported phylogeny is necessary to provide a framework for the study
of Lepidoptera. However, the finer points of systematics are not the focus of this
dissertation. A few important trends have been recognized in lepidopteran evolution, the
first being an increase in body size. Another trend is considered to be a breakthrough in
the coevolutionary arms race against bats: the ability to detect sounds with tympana in
various locations and physical arrangements (Regier et al. 2013). There has also been a
change in larval feeding modes from leaf-miners feeding inside the plant tissues
(endophytophagy), to caterpillars feeding outside the plant with some mode of
concealment such as leaf-rolling, to feeding externally on a plant without protection
(Regier et al. 2015B). Lastly, the utilization of secondary defense chemicals of the host
plants has resulted in aposematic coloration and many Müllerian and Batesian mimicry
complexes (Goldstein 2017, Jiggins 2017).
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Evolution of the Proboscis
Evolution of the proboscis represents a key innovation early in the phylogeny of
Lepidoptera which accounts for the vast diversity of the order, since only 277 of the
current 157,761 named species (<0.2%) retain the basal mandibulate adult mouthparts
(Goldstein 2017). The rest are members of the Glossata and possess a proboscis which
consists of two elongate galeae, essentially hairy fibers, whose inner convex surfaces join
to form the central food canal. Intrinsic galeal musculature is lacking in some
superfamilies within the Glossata (Goldstein 2017). Most of the “macrolepidoptera” are
found in the clade Ditrysia, the members of which possess two openings to the female
reproductive tract (Scoble 1995). Morphological and molecular evidence point to the
proboscis evolving once. Kristensen (et al. 2007) described the “remarkable ‘apomorphy
syndrome’” of character changes that occurred: elongation of the galeae; formation of
medial concavity and galeal linking structures; and mandibles losing function after
emergence from the pupal skin, with associated reduction of the epistomal sulcus.
Increased musculature in the head arose concurrently to operate the cibarial pump (Krenn
2010).
The earliest proboscis fossil dates from the late Jurassic period and may represent
a ditrysian moth (Labandeira 2003). In addition, leaf mine damage characteristic of
Nepticuloidea is found in the fossil record dating from the early Cretaceaous, confirming
that the proboscis was present before the angiosperms (Doorenweerd et al. 2017,
Labandeira 2003). The earliest lepidopteran fossils come from the early Jurassic period
and is represented by three wings bearing scales plus looped anal veins. Those characters
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taken together indicate a lepidopteran which has been named Archaeolepis mane
(Grimaldi and Engel 2005). Archaeolepis mane has been dated to 190 mya and indicates
that Lepidoptera and Trichoptera had diverged by that time (Wahlberg et al. 2013). The
venation of the wings and the morphological structure of the scales provide
phylogenetically informative characters which can be used to infer whether the original
insects were from the order Lepidoptera or from other orders of scale-bearing insects, and
if from Lepidoptera, to identify the clade (Simonsen 2001, van Eldijk et al. 2018). The
use of scale characteristics has recently been applied to detached, individual scales found
in cores of sedimentary deposits used in the study of pollen (van Eldijk et al. 2018). The
scales were probably transported by wind or water to the site of deposition. A study of
six scales found in a core sample from Schandela-1 in Germany representing the TriassicJurassic boundary revealed that one of the scales was hollow with serrated margins and
with ridges and perforations characteristic of the clade Coelolepida, which is basally
nested in the Glossata, and the status of Coleolepida as sister group to the Eriocraniidae
has been reinforced by molecular evidence (Scoble 1995, Regier et al. 2015A, van Eldijk
et al. 2018). This evidence suggests that the proboscis evolved by the late Triassic-early
Jurassic periods (van Eldijk et al. 2018).
The basal proboscis was short, coilable, and weakly held together. The most basal
extant proboscis is represented in the family Eriocraniidae. The galeae are without
musculature and are not strongly linked together, indicating a strong component of
capillary action for uptake of fluids (Scoble 1995, Lehnert et al. 2014). This suggests that
the first use of the proboscis may have been to take up fluids from droplets or surface

20

films such as sap from plant wounds (van Eldijk et al. 2018). The change from mandibles
to a sucking proboscis may have been prompted by dry environmental conditions which
drove adaptations for acquisition of water to compensate for water loss and prevent
desiccation (van Eldijk et al. 2018). Fossil evidence suggests that the earliest driver of
evolutionary adaptation from chewing towards sucking mouthparts may have been the
change from utilization of pollen for food, as seen with fossil evidence of Mesozoic
sawflies and brachyceran flies, to consumption of the pollination drops of gymnosperms,
by scorpionflies, nemerstrinid flies, and lepidopterans (Labandeira 2010). Some
Mesozoic gymnosperms produced pollen drops which collected air-borne pollen and
could have been used opportunistically as a source of water and fluid nutrition for insects
with long proboscises (Labandeira et al. 2007, Labandeira 2010). This situation invited
insect pollination associations. Some of the insect pollinator lineages became extinct with
their gymnosperm hosts at the end of the Triassic and early Jurassic, while others
persisted through a transition time of low insect diversity, ultimately transferring to
angiosperm hosts. The angiosperm radiation took place over the course of 45 million
years during the mid-Cretaceous Period (Labandeira 2010). Angiosperm evolution
proceeded from basal bowl-shaped flowers to the more derived tubular flowers that are
better suited to pollination by insects with long proboscises (Labandeira 2010). The
angiosperm nectar became a rich resource of nutrients for the insect pollinators.
Pollination guilds arose as the colors and shapes of the flowers and types of nectar
rewards were honed by pollinators with suitable mouthparts. Some relationships have
demonstrated spectacular coevolutionary adaptations, such as Darwin’s orchid,
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Angraecum sesquipedale, the species name of which reflects the length of the floral spur
of “one and a half feet,” (Arditti et al. 2012, Borror 1960). Darwin predicted a moth
pollinator with a proboscis of equivalent length which was later discovered, the hawk
moth Xanthopan morganii (Sphingidae).
The lepidopteran proboscis was at first used to obtain water by capillarity. It was
held loosely together and as such did not need assembly or repair mechanisms. As the
proboscis became musculated and elongated, the proboscis had to be assembled by
linkage of the galeae prior to sclerotization. The ability to coil was needed to protect the
proboscis from water loss. As the proboscis evolved as a tool for obtaining nectar and
other resources of the angiosperms, the integrity of the proboscis had to be maintained
through foraging and probing abrasive substrates, which would require repair
mechanisms.

Morphology of the Proboscis
The extant mandibulate moths that represent the basal lineages of the order
Lepidoptera, superfamilies Micropterigoidea, Agathiphagoidea, and Heterobathmioidea,
are very important in giving us a glimpse of the lepidopteran ground plan (Goldstein
2017). The members of Micropterigidae do not have a proboscis and they use their
mandibles to feed on pollen or fern spores (Scoble 1995). The earliest fossils of
Micropterygidae are in amber and date to the Cretaceous Period (Scoble 1995). The
Heterobathmoidea may be the sister group to the Glossata, the clade of butterflies and
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moths that possess haustellate mouthparts in the form of the coilable proboscis (“glossa”
means “tongue”) (Borror 1960, Scoble 1995, Regier et al. 2015A, Mitter et al. 2017).
The proboscis is constructed from two elongated galeae which have concave
medial grooves that when brought together form the central food canal. The proboscis is
linked together by overlapping, plate-like dorsal legulae and hook-like ventral legulae.
Within each galea is a trachea and a nerve situated on or near a longitudinal septum. Each
galea may possess variable series of muscles running longitudinally (Figure 2.2). The
interior space is filled with hemolymph (Krenn 2010). The structural complexity of the
proboscis includes variation in cuticular topography, musculature, and sensory
equipment.

Figure 2.2. Cross section of the proboscis of Manduca sexta, labeled to show the internal
structures and the legulae (photograph by C.E. Beard).
Basal glossatan families lack internal musculature. In the earliest glossotan
family, the Eriocraniidae, the galeae are moderately elongated, and the proboscis is
coilable and equipped with dorsal and bi- or trifid ventral legulae (Krenn and Kristensen
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2000). The galeae are not always linked tightly and can separate to sponge up liquids.
Mandibles are still present in the adult, but without musculature, and are thought to be
used only for the pharate adult to escape from the pupal shell (Scoble 1995).
Subsequently the proboscis became supplemented with various types of sensilla
proximally near the tip of the proboscis, secondary ventral legulae, and pilifer bristles
(Krenn and Kristensen 2000). The various glossatan superfamilies have novel
characteristics and reduced or secondarily lost characteristics. For example, the
Neopseustoidea have two food canals in the proboscis, in Hepialoidea the galeae are
reduced or absent, and some members of Pyraloidea, Gelechioidea, and Choreutoidea
have the basal portion of the proboscis covered with scales (Scoble 1995, Krenn and
Kristensen 2000). The adaptive value of the scales, usually found on the wings, body, and
legs, has been hypothesized to be thermal insulation, escape from predators by loss of
scales, favorable aerodynamic qualities, hydrophobicity, and resistance to bacterial
contamination of the surface (Kristensen 1999, Wagner et al. 1996). In addition, the
wealth of colors and patterns that can be produced by the combinations of pigmented and
reflective scales provide visual communication signals that serve many adaptive purposes
(Kristensen 1999).

Proboscis Function
Functionally, the proboscis surpasses the popular concept of a drinking straw. The
cibarial pump in the head, operated by several sets of muscles, provides suction that pulls
fluid through the food canal upwards. But in addition, the hydrophilic structure of the

24

interior of the food canal facilitates movement of liquid up the food canal by capillarity
(Monaenkova et al. 2012, Zhang et al. 2018A). Series of muscles run through the length
of each galea and enable the proboscis to perform a wide range of motions including
extension, coiling, elevation, and lateral movements (Eastham and Eassa 1955, Krenn
and Mühlberger 2002).
The food canal tapers distally, which theoretically imposes a pressure requirement
that the cibarial pump alone cannot attain (Tsai et al. 2014). Capillary action is an
essential part of fluid uptake. A narrower food canal facilitates capillary action but
increases pressure requirements, while a wider food canal improves flow capability (Tsai
et al. 2014). To balance the two requirements and not overload the cibarial pump,
butterflies employ a range of behaviors that can change the physical parameters of the
food canal and the pore size of the drinking region Those behaviors, which include galeal
sliding, splaying, pulsing, and pressing the porous tip against the substrate during
feeding, modulate the pressure requirements on the cibarial pump and optimize fluid
intake (Tsai et al. 2014). Specimens of Danaus plexippus were observed to perform these
behaviors which changed the diameter of the drinking region of the proboscis by 5-8%.
The structural changes in the drinking region in turn manipulate the width of the dorsal
legulae to facilitate capillary uptake of fluid (Tsai et al., 2014).
The uncoiling of the proboscis works by the hydraulic pressure of hemolymph
filling the galeal lumen. Coiling of the proboscis occurs by muscle activity along with the
elasticity of the cuticle (Krenn 2010, Wannemacher and Wasserthal 2003).
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Capillarity plays a role in feeding from surface films, such as rotting fruit, sap, or
moist soil. The dorsal surface of the proboscis is pressed onto the substrate and fluids are
taken up by capillarity through the slits between the dorsal legulae (Monaenkova et al.
2012, Kwauk et al. 2014).
Similar structures on a larger scale use similar forces differently. The
hummingbird tongue, which is larger than a butterfly proboscis, also takes up nectar and
was first hypothesized to do so by capillary action. The hummingbird tongue consists of
two longitudinally divided, outwardly facing C-shaped fibers, each supported by a dorsal
rod of keratin. When extruded from the bill and immersed in nectar, the two sides splay
apart. After insertion into nectar, the fringe-like lamellae along each tip adhere together
and curl inward by elastocapillary deformation, forming two scoops to trap the nectar,
after which the tongue is retracted with the nectar (Rico-Guevara and Rubega 2011).
Water-trapping by folding of flexible material is called capillary origami and represents a
type of self-assembly that promises application for devices too large for capillary forces
alone to be effective (Reis et al. 2010). Water-trapping is not the whole story though.
When the tongue tips contact the nectar, surface tension is thought to load fluid onto the
tongue by capillarity, so probably both mechanisms work together (Kim et al. 2012).
The proboscis is used for foraging for liquid nutrition and water from a variety of
substrates (Norris 1936, Adler 1982). A few moth species can pierce vertebrate skin to
take blood (Bänziger 1971). Puddling butterflies are a common sight, but puddling is
done predominantly by male butterflies which have been found to take up sodium from
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moist soil during puddling. Some of the sodium is delivered to the female in the
spermatophore to support egg production (Adler and Pearson 1982, Boggs 1997).
Some lepidopterans use saliva to solubilize dried substances for uptake, as
recorded by Poulton who observed a skipper butterfly consume ink after dabbing the dry
substrate with saliva (Norris 1936, Adler 1982). Some butterflies and moths participate
in pharmacophagy, consuming functionally important chemicals for defense or other
purposes. Adult clearwing butterflies (Ithomiinae, Nymphalidae) obtain pyrrolizidine
alkaloids from plants from damaged areas or withered inflorescences, or by scratching
the plant tissue to release plant fluids which are taken up with the proboscis (Schulz et al.
2004, Brehm et al. 2007).
Another novel use of the proboscis is pollen manipulation by the longwing
butterflies of the tribe Heliconiini (Nymphalidae). Heliconius butterflies extract nutrients
from pollen by accumulating a mass of pollen on the proboscis, adding a clear fluid from
the proboscis, and manipulating the pollen mass by partial coilings and extensions of the
proboscis (Hikl and Krenn 2011). This clear fluid does not contain sugars so regurgitated
nectar has been ruled out, and it is thought to be saliva (Eberhard et al. 2009A). With
that knowledge, the search for morphological adaptations supporting pollen feeding
revealed that the salivary glands of two heliconian species of pollen feeders were 50%
longer and had 88% more volume in the secretory part of the salivary glands than in two
non-pollen feeding heliconian species (Eberhard et al. 2009B). The utilization of pollen
to obtain amino acids is credited for extending the life of heliconians to six months or
more, beyond the lifespan of most butterflies (Jiggins 2017).
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The use of the proboscis for stridulation has been described in the pupal stage of
the hesperiid, Gangarat thyrsis. This species pupates in a leaf-roll. The long proboscis
develops in a partially external pupal sheath on which ridges run transversely. The
abdomen possesses ridges along the ventral surface of abdominal segment 5. When the
pupal insect is disturbed, it stridulates by rubbing the abdominal ridges against the
proboscis ridges and by banging the sides of the leaf-roll (Scoble 1995, Chapman 2013).

Self-Assembly
The process of self-assembly can occur at different scales. At the organismal
scale, arthropods are bilaterally symmetrical animals, and so single, unpaired structures
such as the lepidopteran proboscis represent a fusion of some kind. Other examples
include the mouthparts of many other insects such as the rostrum of hemipterans, the
ovipositor of silverfish (Zygentoma) (Matushkina 2011) and wasps (Hymenoptera)
(Scudder 1961).
Assembly of the lepidopteran proboscis has been studied for five Nymphalid
species of butterflies (Krenn 1997). These species assembled the proboscis within 30
minutes after eclosion if the galeae did not become entangled, or up to 210 minutes if the
galeae became entangled (Krenn 1997). Of 20 specimens observed, three were unable to
assemble the proboscis within a few hours after eclosion (Krenn 1997). Assembly
proceeded by repeated extension and recoiling of the proboscis, with saliva evident as
droplets on the surface and menisci between the galeae. Antiparallel and sideways
movements of the galeae link the legulae and the coil acts as a mold (Krenn 1997). The
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role of saliva during assembly has recently been demonstrated as forming liquid bridges
between the galeae which draw the galeae together by capillarity, facilitating linkage of
the ventral legulae (Zhang 2018A).
Of interest would be studies of assembly looking at representatives from a more
diverse sampling of lepidopteran families. The family Sphingidae includes many model
species used in research (Kawahara et al. 2009). Sphingidae contains moths with
wingspans ranging from small to very large (25-200 mm), and although some species
have reduced or short proboscises, many have exceptionally long proboscises (Kitching
and Cadiou 2000). To allow for development of a long proboscis, the pupae of some
members of the subfamily Sphinginae possess a separate case for development of the
proboscis, which may be curved or coiled, or extended anteriorly forming a keel over the
head (Kitching and Cadiou 2000, D’Abrera 1986). Proboscis assembly in these species
may be atypical.

Self-Repair
The insect cuticle has been characterized regarding material properties of
strength, elasticity, hardness, stiffness, and fracture toughness (Parle et al. 2017). These
properties vary greatly between insect species, between different areas on an individual
organism, and within a species through different developmental stages. In some areas of
the body the cuticle is flexible while other areas require greater hardness. The material
properties result from the density and orientation of chitin fibers, the degree of
sclerotization and the types of proteins involved, orientation of fibrils, metals
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incorporated into the matrix, surface waxes, and the degree of hydration (Parle et al.
2017). Waxes are hydrophobic by their non-polar nature (Forbes 2008).
Different chemical precursors, especially proteins and enzymes present, result in
different crosslinks with differences in color, flexibility, and strength (Anderson 2010).
There is debate about whether the hardening of the cuticle is due to the crosslinks that
forms during sclerotization or the dehydration of the cuticle that accompanies the
sclerotization process. Probably both factors are at work (Anderson 2010). For example, I
have found that when the proboscis cannot coil, the usually flexible proboscis can
become stiff and the tip warped over time. One of the most important roles of the cuticle
is to prevent water loss, a critical challenge for small organisms. The insect cuticle loses
its impermeability to water transport at a certain critical temperature that varies with
species. The probable reason may be melting of the lipid waxes that coat the cuticle
(Gibbs 1998). The functions of the different parts of the organism are reflected in the
material properties of the cuticle of those parts. For example, the anterior pleopods of an
isopod are more elastic than the posterior pleopods, reflecting a structural response to
differential functional demands (Parle et al. 2017). Incorporation of the protein resilin in
the wings of odonates imparts flexibility that enhances the aerodynamic performance of
these aerial predators (Donoughe et al. 2011).
The likelihood that a stress will cause failure of a component can be measured and
is expressed by engineers as the safety factor (material strength at failure point divided by
stress of the activity) (Parle et al. 2017). The higher the safety factor, the more durable is
the component, with a safety factor of less than one indicating certain failure. The living
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mammalian bone undergoes a constant remodeling process, without which the bone
would suffer frequent failures. The process starts with osteocytes sensing a crack,
followed by osteocytes removing injured tissue, and then the osteoblast cells creating
new bone tissue (Parle et al. 2017). The self-repairing remodeling processes are
perpetually ongoing in the living bone tissue and are responsive to mechanical loads
(Parle et al. 2017). That is why astronauts living in microgravity excrete calcium and lose
bone strength. When astronauts return to earth and their bones are again subjected to the
mechanical loads of operation in gravity, bone remodeling enables recovery to occur,
taking up to three years for a return to pre-flight strength (Sibonga et al. 2017). The insect
cuticle is a non-living, acellular layer atop a single-celled layer of living epidermis.
However, insects do possess a degree of repair capability of the cuticle. A breach in the
cuticle, which is thought to be detected by disruption of the pore canal filaments, will
first be filled with hemolymph which congeals, followed by encapsulation of parasites or
foreign bodies by melanization. The cuticle around the breach is strengthened by
increased sclerotization to prevent the crack from spreading. Cells migrate to the wound
and into the clot to restore the continuity of the epidermis, which can then secrete new
endocuticle (Parle et al. 2017, Chapman 2013). Stress applied to deform the leg of a
locust was followed by restoration of loading capacity after 24 hours. This may be due to
the reorientation or realignment of chitin fibers (Parle et al. 2017). McCullough (2014),
reported that the horns of the rhinoceros beetle, Trypoxylus dichotomus, have a safety
factor of 2 to 7, yet 17% of a natural population were found with scratched or broken
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horns from male to male combat. Therefore, functional integrity depends not only on a
high safety factor but also on behavioral and environmental interactions.
Juvenile insects and all arthropods can molt, replacing the wounded area and even
regenerating new appendages. Adult insects do not molt, but the wound healing process
can impart a survivable outcome to cuticular damage.
Self-repair in arthropods can occur by regeneration of lost limbs through molting
(Maruzzo and Bortolin 2013). For example, the fiddler crab Uca mioebergi (Decapoda:
Ocypodidae) can regenerate chelipeds through sequential molts, and the new appendages
are functional for both foraging and courtship (Juanes and Smith 1995, Bely and Nyberg
2009). Some larval insects can regenerate also. An example is replacement of lost caudal
filaments of the damselfly nymph Ishnura posita (Odonata: Coenagrionidae), which takes
at least two molts (Robinson et al. 1991, Maginnis 2006A). However, in the pterygote
(winged or secondarily wingless) insects no molting occurs after the adult stage is
reached (Minelli and Fusco 2013), with the single exception of the primitive order of
mayflies (Ephemeroptera). Some changes in the exoskeleton of insects can occur between
molts, but that is limited to laying down extra cuticle layers and secretion of wax
(Chapman 2013).
Among the vertebrates, repair is usually a cellular or developmental process, such
as wound repair or regeneration of lost limbs. Animal grooming, such as preening of bird
feathers could be considered a form of mechanical repair, since it restores good wing
function. Self-repair of the lepidopteran proboscis is an example of self-repair that is not
developmental but mechanical.
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Some animals are capable of autotomy, the self-amputation of a limb (Gleason et
al. 2014). This is seen among vertebrates and invertebrates, particularly among prey, and
may be due to selection pressure from predators. Damselfly nymphs are capable of
autotomy of caudal gills to escape predators, such as dragonfly nymphs (Gleason et al.
2014). Among populations of damselflies of the genus Enallagma, the breaking force
required to detach a lamellar gill was higher among populations where predation risk was
low, whereas in populations with a higher predation risk the breaking force was lower
(Gleason et al. 2014). As with I. posita, Enallagma damselflies were capable of
regenerating lost lamellar gills in two molts (Gleason et al. 2014). Arthropod molting
carries with it the risk of entanglement of appendages with the exuviae, which is
especially problematic for arthropods with long appendages, such as the stick insects
(Phasmatodea) (Maginnis 2006B). If the nymphal stick insect Sipyloidea siplylus
(Phasmatodea: Diapheromeridae) cannot extract one of its long, delicate legs from the
exuviae during molting, it can detach the leg through autotomy and regenerate a new leg
in three molts (Maginnis 2006B). Autotomy of a tangled leg allows for escape rather than
death in that circumstance. However, for arthropods in general, when regeneration occurs
after autotomy the new limb is often reduced in size and constrained functionally.
Impaired locomotion leaves an organism at risk from predation and less capable in
foraging (Stoks 1998, Juanes and Smith 1995). Limb loss in adults may impair courtship
and mating, and regeneration allocates resources away from reproductive demands,
reducing fecundity (Maginnis 2006A).
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Arthropod post-embryonic growth and development occurs through molting the
cuticle (Minelli and Fusco 2013). The number of segments may increase through
sequential molts, which is called anamorphosis. Some arthropods add segments with each
molt throughout life (euanamorphosis), such as millipedes of the order Julida. Some
arthropods add segments with each molt until they reach a stopping point at an adult
stage, which may or may not coincide with sexual maturity (teloanamorphosis), such as
millipedes of the order Polydesmida. Hemianamorphic arthropods add segments with
each molt to a certain point, after which they continue to molt without adding segments,
such as centipedes of the order Lithobiomorpha. Other arthropods, including
holometabolous hexapods, are epimorphic, and retain the same number of segments
throughout life (Minelli and Fusco 2013).
Although developmental patterns of arthropods need deeper study, comparatively
and on the level of gene expression, some evolutionary trends can be seen (Minelli and
Fusco 2013). There is a trend toward differentiation between larval and adult stages,
such as with insect metamorphosis. Another evolutionary step is a quiescent stage
between larva and adult (the pupal stage). However, most basal holometabolous insects
possess an exarate pupa that is capable of movement, and the key innovation of
holometaboly is internal wing development beginning in the last larval stage (Kristenson
1999). There is sometimes the case of hypermetamorphosis, such as is seen in the blister
beetles (Coleoptera: Meloidae), in which the larval stages show differentiation from a
mobile triungulin larva for dispersal, progressing to active (feeding) and quiescent (nonfeeding) larval stages, followed by pupa and adult. Many crustaceans also show
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hypermetamorphic development. Another developmental variant is alternation of
parthenogenic and sexual generations, such as with many aphids (Minelli and Fusco
2013).
What happens at each molt is determined by the endocrine system and the balance
of ecdysone, which drives the insect towards a molt, with juvenile hormone, which if
present at sufficient levels, keeps the insect in the larval stage (Truman and Riddiford
1999). The number and timing of molts can be affected by environmental factors, such as
food availability, population density, temperature and seasonality (Minelli and Fusco
2013, Nijhout 2013).
A proposed evolutionary progression from hemimetabolous to holometabolous
metamorphosis began with the embryo of holometabolous larvae which did not enclose
the whole yolk during dorsal closure. The first larval stage had to feed and began the
process by feeding on the rest of the yolk while still within the egg which served as a
shelter (Truman and Riddiford 1999). To reduce competition for food resources,
alternating feeding and non-feeding stages led up to the last larval stage, which
eventually became the non-feeding pupal stage. This pattern is seen in the
hemimetabolous thrips (Thysanoptera) which have both feeding and non-feeding instars
(Truman and Riddiford 1999). Reduction of competition between larva and adult by
separation of growth and reproductive resources temporally is considered to be the
natural selection pressure favoring holometabolous metamorphosis and contributing to
the rich diversity of holometabolous orders (Truman and Riddiford 1999).
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The process of molting the cuticle imparts the ability to self-repair wounded areas
or lost parts. Regeneration restores some of the functions of the missing part (Maginnis
2006A). Regeneration has been reported among vertebrates, such as Osteichthyes,
Amphibia and Reptilia, and invertebrates from many phyla including Platyhelminthes,
Gastropoda, Annelida, Mollusca, Enchinodermata, and preeminently among the
Arthropoda, since developmental growth through molting provides opportunities for
regeneration (Maginnis 2006A).

Self-Cleaning
Many studies have been performed on the self-cleaning qualities of the
leaves and petals of plants, including the exceptional self-cleaning characteristics of the
lotus plant, Nelumbo nucifera (Nelumbonaceae) (Forbes 2008). The self-cleaning
abilities, longevity, fragrance, and circadian blooming rhythm made the lotus a symbol of
renewal, purity and enlightenment in ancient Egyptian religions, Hinduism, Buddhism,
and the lotus became a symbol of Mary in Christianity (Kandeler and Ullrich 2009). The
self-cleaning ability of lotus leaves and petals are linked to microstructures on the
surfaces which impart hydrophobicity (Solga et al. 2007). The process was a mystery
until scanning electron microscopic images revealed the ultrastructure of the surfaces of
plants (Solga et al. 2007). Managing water’s adhesive and cohesive properties is the
challenge of hydrophobic surfaces. The strong polarity of water molecules cause
attraction toward each other (cohesiveness) or toward a surface (adhesiveness). The
behavior of water contacting a surface depends on the contact angle between the water
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and the surface, with low contact angles allowing the water to spread out over the
surface, and contact angles of 90o or more coaxing the water molecules to form a droplet
(Forbes 2008). Hydrophobicity is defined as creating a contact angle of ≥120o with a
surface, and contact angles of ≥150o give stronger inhibition to the adhesiveness of water
and are called superhydrophobic surfaces (Forbes 2008, Wolff et al. 2016).
Rough surfaces can impart hydrophobicity, and that roughness can be regular,
random, or hierarchical (Blossey 2003). The surface of the wings of certain cicada
species consists of a nanostructure of pillars that convey a bacteriocidal property to the
wings (Pogodin et al. 2013, Birkenhauer and Neethirajan 2015). When Gram-negative
bacteria contact the tips of the nanopillars, the cell membranes get stretched as the cells
descend between the pillars (Pogodin et al. 2013). The membranes ultimately rupture
causing cell death. The bacteriocidal activity is caused by the structure of the wing
surface alone, without any biological interactions (Pogodin et al. 2013).
Synthetic superhydrophilic surfaces have been constructed with alternating layers
of positive polyelectrolytes and negative silica (Forbes 2008). The resulting surface is a
field of nanopores that act like a sponge to attract water through a nanowicking effect
(Forbes 2008). The nanowicking process is used in nature by various organisms, such as
telmatophagic flies, which have pseudotracheae (ridges) on the labellum for sponging up
nutrition (Chapman 2013).
A hydrophilic/hydrophobic dichotomy has been effective in some insects for
uptake of water or nutrition. Some beetles of the genus Stenocara (Tenebrionidae)
survive in the dry Namib Desert by using the bumpy dorsal surface of their elytra to
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collect water from the morning fogs (Parker and Lawrence 2001, Forbes 2008). The tips
of the bumps are hydrophilic and water condenses there. Then water rolls into the waxcovered, hydrophobic valleys between the bumps, where it forms into droplets that are
channeled to the beetle’s mouth (Parker and Lawrence 2001, Forbes 2008). The exterior
of the proboscis also has both hydrophilic and hydrophobic regions that reflect the
functions of those regions (Lehnert et al. 2013). The tip, called the drinking region, is
hydrophilic to assist feeding. The rest of the proboscis surface is hydrophobic, perhaps to
assist self-cleaning.
Grooming is a necessary function for keeping the exoskeleton free of inorganic
debris and organic particles, such as bacteria and pollen, and to maintain sensory
functions so critical to foraging, finding a mate, and avoiding predators (Hackmann et al.
2015). Grooming can be active, accomplished by movements such as nibbling with
mouthparts or rubbing and scraping body parts against each other or against the substrate.
Active methods combine specialized structures usually characterized by setae and bristles
with behavioral movement patterns (Hlavac 1975). Cleaning the grooming structures
becomes necessary as well, and placement of setae on bilaterally symmetrical parts such
as apposing legs works well, and the complementary part can be simpler in structure
(Hlavac 1975). Passive methods of grooming include the self-cleaning qualities that are
inherent in the structural and chemical properties of the surface. Over evolutionary time,
some methods of grooming have taken on new functions (Alcock 2009), such as
spreading cuticular waxes and chemicals (Hackmann et al. 2015), and extracting
chemicals from pollen (Hikl and Krenn 2011).
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The antennae are of great importance to most insects as sensory organs used for
tactile sensation and olfactory reception (Chapman 2013). To protect those functions,
some insects actively clean the antennae with the mouthparts, but many insects have
specialized structures that function as antenna cleaners (Hlavac 1975, Hackmann et al.
2015). One of the autapomorphies of the order Lepidoptera is the epiphysis, a moveable
lobe on the ventral surface of the tibia of the foreleg (lost secondarily in some groups)
(Kristensen et al. 2007, Scoble 1995). The antenna is inserted and pulled between the
tibia and the epiphysis, the long scales of which act like a comb. The epiphysis has been
demonstrated experimentally to effectively clean particles from the antenna (Callahan
and Carlysle 1971, O’Dell et al. 1982, Robbins 1989). Among the butterfly families of
the superfamily Papilionoidae, only Paplionidae and Hesperiidae have the epiphysis.
Families Lycaenidae, Pieridae, Nymphalidae, and Riodinidae lack the epiphysis and use
the foreleg or midleg to clean the antennae (Robbins 1989).
For flying insects, the wings were hypothesized to be especially in need of selfcleaning since particles of any kind would be expected to negatively affect the
aerodynamics of flight (Wagner et al. 1996). A study of eight species of lepidoptera from
the families Geometridae, Noctuidae, Saturniidae, Hesperiidae, Pieridae, and
Nymphalidae showed high contact angles on the wing surfaces of 123-141o, suggesting
hydrophobicity (Wagner et al. 1996). The wings were contaminated with particles and
then fogged sufficiently to create water droplets, considered equivalent to raindrops or
dew. After the fogging treatment, >95% of the particles were removed by the droplets
(Wagner et al. 1996). The choice of larger species was based on the assumption that
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species with short wings could clean the wings through mechanical grooming behaviors.
Another study of ten species each from Lycaenidae and Notodontidae found
superhydrophobic contact angles of 148-156o, combined with low sliding angle values,
which indicate that water droplets will roll off easily if the wing tips slightly (Fang et al.
2017). These properties are enhanced by the three-tiered hierarchical structure of the
scales at the microscopic level created by the scale shape, the longitudinal ridges and
lateral bridges on the scales, and the surface stripes on the ridges and bridges (Fang et al.
2017).
The proboscis is used for obtaining fluid nutrition from nectar in flowers and from
sap, rotting fruit, dung, moist soil, and other substrates (Adler 1982). Butterflies and
moths are liable to encounter dirt, sticky pollen, debris, and ubiquitous bacteria in these
sources. The variable wettability of different regions of the proboscis serves to prevent
adherence of these substances and thereby passively keep the proboscis clean (Lehnert et
al. 2013). The proximal part of the lepidopteran proboscis is hydrophobic, repelling water
and resisting adherence of contaminating debris (Lehnert et al. 2013). However, the
hydrophobic region is capable of water intake through dorsal legulae which have been
shown to be hydrophilic, enabling fluid uptake between the legulae and creating the
potential for channeling fluid towards the drinking region or the dorsal legulae (Lehnert
et al. 2013, Kwauk et al. 2014). Saliva exuded through the dorsal legulae forms a droplet,
which demonstrates the hydrophobicity of the cuticle surrounding the legulae in that
region. The formation of a droplet allows physical manipulation of the droplet through
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movements of the proboscis (Pometto 2014), and the saliva droplet can be reabsorbed
through the dorsal legulae.
At the tissue or cuticular scale, hydrophobicity is an important function to protect
the organism from wetting and contaminants. Superhydrophobic surfaces can be
constructed from different components, such as setae or microtrichia combined with
secretion of wax or wax crystals onto the cuticle of arthropods or epidermis of plants
(Wolff et al. 2016). The superhydrophobicity of the lotus leaf is accomplished through
wax crystals atop a bumpy epidermis (Solga et al. 2007). The cuticle of the whip scorpion
becomes hydrophobic through a process of first secreting a continuous film on the
surface of the cuticle, followed by a volatile second secretion which evaporates from the
surface forming indentations, and ultimately secreted wax crystals aggregate to form
nanoparticles (Wolff et al. 2016). Biomimetic products, such as hydrophobic paints and
fabrics, have been developed by finding ways to add nanostructures to surfaces (Forbes
2008).
Superhydrophobicity has been demonstrated in leafhoppers (Hemiptera:
Cicadellidae) (Rakitov and Gorb 2013). Why would terrestrial leafhoppers need to repel
water from their cuticles? Many cicadellid species are phloem feeders whose exudates are
most likely full of excess sugars, like the honeydew of aphids. A hydrophobic cuticle
would repel water and the rain of exudates of other phloem feeders (Rakitov and Gorb
2013). The Malpighian tubules of cicadellids produce brochosomes, which are tiny (200700 nm diameter), proteinaceous, honeycomb-shaped structures that are expelled from
the anus and spread over the cuticle by a comb of spines on the hind tibia (which are a
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key character for identification of the family) (Rakitov and Gorb 2013, Triplehorn and
Johnson 2005). Some female leafhoppers have a white patch of wax on each forewing
which is composed of specialized brochosomes. After oviposition into plant tissue, the
female uses her tibial comb to scrape brochosomes from the white spots onto the
oviposition site, a modified grooming behavior which putatively provides a measure of
maternal protection of the eggs (Rakitov 2004).
In addition to the wettability imparted by the roughness of the cuticular surface,
several other structural elements contribute to the functional properties of the proboscis.
The shape of the proboscis is generally elliptical for surface-film feeders and more
rounded for nectar feeders. With an elliptical proboscis, liquid contacting the proboscis
will form a higher meniscus on the drinking region than with a round proboscis, and more
of the dorsal legulae in the drinking region would be exposed to the fluid, facilitating
uptake into the food canal (Lehnert et al. 2013). In addition, the sap feeders generally
have a brush of sensilla along the drinking region which enhance the elliptical shape
(Lehnert et al. 2013.) The shape and size of the dorsal legulae vary through the length of
the proboscis. The dorsal legulae are closely spaced and overlapping in the hydrophobic
portion of the proboscis and are situated more widely apart and not overlapping in the
hydrophilic drinking region, creating the slits through which fluid enters the food canal
(Lehnert et al. 2013). These slits may act as a sieve, straining out pollen, dirt, and debris.
After feeding, the lepidopteran can self-clean by discharging saliva through the slits,
dislodging any debris from the drinking region of the proboscis (Lehnert et al. 2013).
Similar needs for self-cleaning arise in other flower-visiting organisms.
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Nature-Inspired Designs
Engineers have targeted self-assembly, self-repair, and self-cleaning mechanisms
in nature for study and application in nature-inspired designs of products. The insect
fluid-feeders have been studied to learn about efficiency and mechanics of fluid uptake
(Zhang et al. 2018A, 2018B). How does the lepidopteran proboscis optimize fluid uptake
by integrating pressure from the cibarial pump with proboscis structure, muscular
movements, capillarity within the food canal, and the wettability properties of the
surfaces of different regions of the proboscis (Kingsolver and Daniel, 1995)? The
answers are being used to model the proboscis in the design of fiber-based microfluidic
devices (Monaenkova et al. 2012). The lepidopteran proboscis consists of two galeae that
can be united through self-assembly and self-repaired after separation. These features are
applicable to the design of fibers that can come together to grasp fluids, retain fluids, and
then release fluids in a controlled manner (Tsai et al. 2011). The performance of the
proboscis is further modulated by behaviors such as antiparallel motion, splaying,
spreading, and pushing of the galeae during feeding (Tsai et al. 2014). The wettability
properties of the proboscis surface vary according to the different functional regions of
the proboscis (Lehnert et al. 2013). Those properties are a result of the surface roughness
and cuticular waxes, and probably confer antibacterial and self-cleaning activity to the
hydrophobic regions. Therefore, the questions of self-repair and self-cleaning as
examined in my research have potential engineering applications as well as informing our
understanding of biological structures and functions.
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CHAPTER THREE
SELF-REPAIR OF THE LEPIDOPTERAN PROBOSCIS

Note: A similar version of this chapter was submitted to Annals of the Entomological
Society of America.

Introduction
Self-assembly occurs at scales from molecular to organismal and beyond, such as
in the organization of schools of fish, flocks of birds, and synchronized flashing of
fireflies (Camazine et al. 2001). Self-assembly autonomously brings order to disordered
components and integrates environmental factors, templates, and behaviors to produce
new functions (Whitesides and Gryzbowski 2002). Assembly typically involves the
initial fitting together of parts, whereas repair involves restoration of parts that have been
damaged or become separated. At the tissue level, self-repair compensates for damage
from interactions with the environment, and at the level of the organism, involves
remodeling, healing, or growth (Weinkamer et al. 2013). At all levels, self-repair restores
a damaged, worn, or deteriorated part to working order.
Among vertebrates, repair is usually a cellular or developmental process, such as
wound repair or regeneration of lost limbs. Animal grooming, such as preening of bird
feathers, could be considered a form of mechanical repair, since it restores or maintains
wing function. Self-repair in arthropods can occur by regeneration of lost limbs through
molting (Maruzzo and Bortolin 2013). However, the absence of molts in adult pterygote
hexapods limits the opportunities for repair of appendages and other body parts to the
immature stages (Minelli and Fusco 2013).
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The proboscis of butterflies and moths is self-assembled when the insect emerges
from the pupa (Krenn 1997), and represents a special case of repair that does not involve
molting. We, therefore, asked whether separation of the galeae after assembly could lead
to non-regenerative repair. The proboscis consists of two elongate galeae united by
overlapping plate-like dorsal legulae and hook-like ventral legulae (Eastham and Eassa
1955, Krenn 2010). Krenn (1997) described the process of assembly as a “once in a
lifetime sequence of events,” and proposed that if the galeae became separated after
assembly, the loss of flexibility in the sclerotized proboscis would prevent repair and the
separated food canal would prevent acquisition of fluids. However, based on the theory
of capillarity and wetting, fluid uptake by the open, wettable food channel should occur
(Darhuber et al. 2003, Berthier et al. 2016). Uptake of fluid has been confirmed for two
butterfly species, Papilio polyxenes asterius Stoll and Pieris rapae L., when the galeae
are separated up to half of their length (Lehnert et al. 2014).
I systematically investigated whether butterflies and moths could repair a
proboscis after total separation of the galeae, and if so, whether fluid uptake could be
restored. To distinguish initial proboscis assembly from subsequent separation and
reunion, I refer to the latter process of galeal gathering and relinking into a single unit as
“repair”. This distinction emphasizes that repair occurs after cuticular sclerotization and
tanning, resulting in a change in the material properties of the proboscis.
I then examined the influence of selected structures and behaviors on the process
of repair. As a reference I used the observations of assembly reported by Krenn (1997),
including coordinated movements of the wings and labial palps, repeated extension and
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coiling of the galeae, and saliva production, to identify factors that might influence repair.
Accordingly, I experimentally tested the following hypotheses: 1) butterflies can repair a
totally separated proboscis 2) the repaired proboscis is functional, 3) labial palps are
necessary for repair, 4) wing movements are necessary for repair.
Subsequent studies of assembly have demonstrated that saliva facilitates galeal
union by capillary action (Zhang et al. 2018A, 2018B). Proboscis coiling is associated
with directional and controlled transport of saliva, which is needed to hold the galeae
together by the formed menisci while the insect links the legulae (Zhang et al. 2018B).
When the insect is not able to coil separated galeae, it should still be able to gather and
reunite them, with saliva facilitating the capillary adhesion of the two strands (Zhang et
al. 2018A). Therefore, I tested the hypothesis that 5) coiling is necessary for repair.
Based on preliminary observations that fluid feeding facilitates repair (Pometto
2014), I simulated feeding from a pool of liquid by submersing the proboscis in water
after separation to test the hypothesis that 6) fluid feeding facilitates repair.

Methods
Insects and Rearing Conditions
I tested five butterfly and two moth species: Vanessa cardui (L.) and Danaus
plexippus (L.) (Nymphalidae), Papilio cresphontes Cramer (Papilionidae), Phoebis
sennae (L.) (Pieridae), Heliothis virescens (Fabricius) (Noctuidae), and Manduca sexta
(L.) (Sphingidae). These include species that have served as models in previous work,
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and, therefore, provide a foundation for understanding the proboscis (Monaenkova et al.
2012; Lehnert et al. 2016; Zhang et al. 2018A, 2018B).
Adults of D. plexippus and P. cresphontes were reared from pupae obtained from
Shady Oak Butterfly Farm, Brooker, FL, or from eggs derived from these cohorts. Adults
of V. cardui and M. sexta were reared from larvae obtained from Carolina Biological
Supply Company, Burlington, NC. Adults of H. virescens were reared from larvae
obtained from Benzon Research, Carlisle, PA. Adults of P. sennae were collected at the
South Carolina Botanical Gardens, Clemson, SC (34.6760N 82.8222W) on 23 October
2015 and maintained at 4–8oC until use. Adults of additional families were collected at
the Clemson University Cherry Farm in Clemson, SC (34.6532N 82.8338W).
Representatives of species used were deposited in the Clemson University Arthropod
Collection (CUAC). Eggs and larvae were maintained in the laboratory until pupation.
All pupae were reared with a 12:12 photoperiod (artificial lighting) at 22–31oC and
relative humidity of 46–95%. All experiments were run between 0900 and 2100 EDT or
EDST. Adult specimens with patent deformities or that did not fully assemble the
proboscis after emergence were excluded from experiments.

Specimen Handling and Imaging
Reared specimens were used 20–47 h after emergence from the pupa, except in
the fluid immersion experiment (73–81 h after eclosion). No food or water was given
before the experiments. Individuals were randomly assigned to treatment or control
groups. Each cohort of butterflies and moths was dedicated to a specific experiment to
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ensure that the rearing conditions within each test were standardized. Experiments were
performed at 23–30oC and relative humidity of 26–72%.
I restrained the wings by inserting them vertically over the body into a glassine
sleeve and securing them with a clothes pin roughly parallel to the body (Pometto 2015).
The legs were restrained by a second sleeve overlapping the first and secured by the same
clothes pin. Once secured, each insect was placed laterally on a Parafilm®-wrapped glass
slide with a translucent ruler inserted in the Parafilm® (Pometto 2015). The proboscis
was extended and propped in position with insect pins and photographed under low
magnification (Canon EOS Rebel T3i camera mounted on MEIJI Techno RZ dissecting
microscope). To separate the galeae I gently palpated the proboscis with a capillary tube
(1.0-mm outer diameter) distal to the bend region to initiate a medial separation of the
galeae. I then inserted the capillary tube between the galeae distal to the bend region and
moved the tube along the length of the proboscis distally and proximally to separate the
galeae totally (Pometto 2014). For the repair experiments, the proboscises of treatment
specimens were separated, and the proboscises of control specimens were left intact.
Krenn (1997) determined that assembly occurs within 210 min after eclosion. We,
therefore, worked within a timeframe of 1 h. Photographs were taken at 0, 10, 20, 30, 45,
and 60 min.
I took measurements from the photographs using ImageJ software (National
Institutes of Health, Bethesda, MD) to compute the percent union of the galeae (U), using
the formula U=(Lunited/Ltotal)*100 where Lunited is the united length of the proboscis
measured from the base of the head, and Ltotal is the total length of the proboscis (Figure
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3.1). When the proboscis presented a medial split consisting of two discontinuous
sections united and a separated region in between, the two united regions were summed
to compute Lunited (Figure 3.1C). General observations of the behaviors used in repair
were made during the experiments.

Figure 3.1. Types of union of the galeae; schematic drawings in dorsal view on the left,
photographs in lateral view from a single specimen of Danaus plexippus on the right. A.
Fully united galeae; total length (Lt) equals the united portion of the galeae (Lu), Lu = Lt.
B. Partially united galeae, Lu<Lt. C. Partially united galeae with a medial separation; the
united portions are summed for Lu. D. Totally separated galeae, Lu = 0.
Images of the ventral surface of the proboscis were taken during feeding to
confirm linkage of the ventral legulae. For V. cardui and H. virescens, the extended
proboscises of three dispatched specimens of each species were dehydrated in an ethanol
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series and fixed using hexamethyldisilazane (HMDS). The fixed proboscises of V. cardui
were viewed with a Zeiss SmartZoom-5 digital microscope (Carl Zeiss Microscopy,
LLC, Thornwood, NY) and fixed proboscises of H. virescens were viewed on a Hitachi
TM3000 Scanning Electron Microscope (Hitachi, Tarrytown, NY). The repaired, coiled
proboscis of one individual of M. sexta was fixed in Bouin’s solution, washed and
dehydrated in a tert-butyl alcohol series, infiltrated and embedded in L. R. White acrylic
resin (fixative and resin obtained from Thermo Fisher Scientific, Waltham, MA),
sectioned with an 820 Spencer Microtome (American Optical Corp. Southbridge, MA),
stained with methylene blue, and photographed with a Jenoptik ProgRes SpeedXT Core
5 digital camera (Jenoptik, Huntsville, AL) on an Olympus BH-2 compound microscope
(Olympus Corporation of the Americas, Miami, FL).

Functionality after Repair
Control and treatment specimens of D. plexippus, V. cardui, P. cresphontes, and
H. virescens were tested for the ability to take up fluid by feeding them 21–29 h after
initial separation of the proboscis. Individuals were placed for at least 5 min on a brown
paper towel saturated with 12–27% sucrose-water (v:v) with 6 drops of blue food
coloring per 100 ml of water (Southern Home Assorted Food Coloring Set, Jacksonville,
FL). The sugar concentration was measured with a Bellingham and Stanley Pocket
Refractometer (Epic, Inc., New York, NY). If an individual did not voluntarily extend its
proboscis, I extended it with an insect pin to initiate contact with the paper towel. After
feeding, the legs and body were rinsed with tap water and blotted dry, and the specimens
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were placed in separate cages lined with Fisher Qualitative Medium (Thermo Fisher
Scientific, Waltham, MA) or Whatman Qualitative 1 (GE Healthcare Life Sciences,
Marlborough, MA) filter paper to collect gut exudate for 21–29 h at 24–30oC.
Functionality of the proboscis was demonstrated by presence of blue dye in the
gut exudate on the filter paper. If filter paper was negative for dye, the specimen was
either fed again and observed for colored gut exudate or dissected to determine if dye was
in the gut. At least two individuals of each species were used as color controls by
following the same procedure but feeding the specimens with clear sucrose solution
(Pometto 2014).

Repair by Wild-Caught Lepidoptera
To determine the generality of repair among Lepidoptera, I collected
representatives of additional families. The previously described separation procedure was
adapted for small specimens as follows: 1) instead of using clothes pins, the wings were
covered with glassine sleeves and a pin was inserted into the sleeve above and below the
wings, parallel to the body; 2) the galeae were separated using a minuten pin mounted on
a probe; 3) measurements were taken at 30 and 60 min to reduce manipulation of the
proboscis.

Methodology for Testing the Hypotheses
To study the mechanisms of repair of the proboscises, the methods previously
described were followed except: 1) the proboscises of both treatment and control
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specimens were totally separated; 2) the legs were restrained for the labial palp and
coiling experiments and unrestrained for the wing restraint and fluid immersion
experiments; 3) the proboscises were imaged initially and at an endpoint based on the
time interval in which most repair occurred for that species (10 min unless otherwise
stated). To test the role of the labial palps, all three segments of each labial palp were
removed with microscissors from treatment specimens; no bleeding occurred. Labial
palps of control specimens were not removed. To test whether wing movements assisted
repair, the wings of treatment specimens were unrestrained, allowing freedom of
movement within a container (14 cm height x 11 cm diameter). The wings of control
specimens were restrained throughout the experiment.
To test the influence of coiling on repair, after separating the galeae of all
individuals, I positioned each insect vertically on a Styrofoam stage with its body in a
groove. For treatment specimens, the separated galeae were extended over a horizontal
support consisting of a 7.0-mm contiguous row of insect pins (heads of pins removed)
that supported the middle of the galeae but did not contact the proboscis base and allowed
the tip to extend beyond the row of pins (Figure 3.2). The row of pins was mounted on a
plastic support that could be attached with two pins to the end of the groove of the
Styrofoam stage for treatment specimens or removed for control specimens. For the
treatment specimens this arrangement allowed lateral movement and elevation of the
galeae but not coiling. Elevation of the head was prevented by two insect pins crossed
behind the head and inserted into the Styrofoam stage. For control specimens, the support
was removed, the head and wings were similarly restrained, and the separated galeae
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were extended into an open chamber that allowed full movement of the proboscis without
contacting the sides of the chamber. At the endpoint (10 min for V. cardui and 5 min for
D. plexippus), each specimen was removed from the stage and the proboscis was
photographed.
To test the effect of fluid immersion, I used unfed specimens 73–81 h after
emergence, during which time the specimens remained in the rearing chamber (23–30oC,
58–79% relative humidity). The wings of all specimens were restrained, the legs were
free, and the proboscises were separated. For the treatment group, I extended the
separated galeae and used flat forceps to gently grasp and immerse at least the distal 50%
of both galeae into a watch glass containing approximately 10 ml of distilled water for 1
min. For control specimens, I extended the separated galeae similarly for 1 min without
immersion. I positioned individuals of both groups vertically in the groove on the
Styrofoam stage described for the previous experiment (with the row of pins and their
supporting structure removed), allowing full freedom of movement of the galeae in the
open chamber. Pins were inserted through the glassine sleeves and into the Styrofoam to
keep the insects in place. At the endpoint (10 min for V. cardui and 5 min for D.
plexippus), each specimen was removed and the extended proboscis was photographed
under the dissecting microscope.
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Figure 3.2. Experimental setup for testing the effect of coiling on proboscis repair. The
butterfly’s wings and legs were restrained with two overlapping glassine sleeves held
with a clothes pin. The butterfly was positioned on a Styrofoam stage in a groove ending
in an open chamber. To prevent coiling, the proboscis was extended over a contiguous
row of insect pins mounted on a plastic support. Two crossed insect pins prevented
elevation of the head. The plastic support with row of pins and the two crossed pins were
removed for controls and for the wetting experiments.

Statistical Analyses
For each species, I used repeated-measures ANOVA to evaluate when significant
repair occurred. I omitted values that remained constant at a given time (for all treatment
individuals when the proboscises were initially 100% separated, for M. sexta at 10 min
when no repair had occurred, and for unseparated controls). Confidence intervals (95%)
for mean repair at 60 min were computed to determine if the mean for the controls
(100%) was included in each interval. In experiments of the mechanisms of repair, the
variances did not differ significantly, so a two-sample t-test assuming equal variances
was used to compare means of treatments and controls for each species at the endpoint.
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An alpha of 0.05 was used for all t-tests. Analyses were performed with SAS® software
(SAS Institute, Inc. 2008).

Results
Repair of the Proboscis
All six species were capable of total repair of the proboscis after complete
separation of the galeae. At 60 min after separation, total repair was accomplished by
91% of D. plexippus (n=11), 75% of P. cresphontes (n=12), 33% of P. sennae (n=6) 20%
of V. cardui (n=10), 8% of H. virescens (n=12), and 0% of M. sexta (n=10) (Figure 3.3).
When viewed the next day (21–29 h after separation), the number of specimens with
totally reunited proboscises had increased (except for P. sennae, which remained the
same): 100% of D. plexippus, 92% of P. cresphontes, 80% of V. cardui, 46% of H.
virescens, and 30% of M. sexta. The proboscises of all control specimens remained
entirely intact during the experiment and at 21–29 h after separation. The 95% confidence
intervals (CIs) for the treatment specimens at 60 min included 100% for D. plexippus and
P. cresphontes, suggesting that self-repair reached a condition similar to the intact
controls.
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Figure 3.3. Repair of the proboscis was followed as percent union of galeae (mean ±
standard error), measured as U = (Lunited/Ltotal)*100 where Lunited is the united length of
the proboscis and Ltotal is the total length of the proboscis, for six species of Lepidoptera
after total galeal separation (controls: treatments): Danaus plexippus (11:11), Vanessa
cardui (11:10), Papilio cresphontes (11:12), Phoebis sennae (5:6), Heliothis virescens
(11:12) and Manduca sexta (7:10). Proboscises of controls were not separated (total
n=56) and persisted at 100% (not shown).
Repeated measures ANOVA within each species demonstrated that the greatest
rate of repair occurred in the initial 10 min for D. plexippus, P. cresphontes, V. cardui,
and H. virescens (Table 2.1). For example, for D. plexippus, nine out of 11 individuals
repaired the proboscis totally during the first 10 min after total galeal separation, with a
rate of reunion of 9.23% per minute. Phoebis sennae showed the fastest rate during the
first 20 min. Manduca sexta showed no repair until 20 min and accomplished only partial
repair by four of ten specimens by 60 min (8–20% reunion of galeae), with the fastest
rate of repair occurring during the 30–45 minute interval (Table 3.1). Of the four partially
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repaired specimens of M. sexta, three were completely repaired by the next day (23–24 h
after separation).
Table 3.1. Repeated measures ANOVA for rate of repair (change in percent galeal
union/minute) for six species of Lepidoptera (controls: treatments): Danaus plexippus
(11:11), Vanessa cardui (11:10), Papilio cresphontes (11:12), Phoebis sennae (5:6),
Heliothis virescens (11:12) and Manduca sexta (7:10). Proboscises of controls were not
separated (total n=56) and persisted at 100% union.
Rate of Proboscis Repair (%/min)
Time
Interval

Heliothis
virescens

Manduca
sexta

1.92a

3.07a

0b

0.73b

1.53a

0.53b

0.07ba

0.47b

0.34b

0.80ab

0.82b

0.20ab

-0.21b

0.49b

0.44b

0.87ab

0.35b

0.26a

0.19b

0.29b

0.53b

-0.25b

-0.08b

-0.07c

5, 40

5, 44

5, 36

5, 20

5. 44

5, 36

F value

156.00

24.45

11.86

3.72

10.48

2.93

p value

<0.0001

<0.0001

<0.0001

0.0153

<0.0001

0.0257

95% CI at
60 min

91.78 –
103.10

83.88 –
100.50

42.72 –
81.28

9.54 –
94.21

33.96 –
62.39

0.06 –
10.94

0-10
min
10-20
min
20-30
min
30-45
min
45-60
min
DF

Danaus
plexippus

Papilio
cresphontes

Vanessa
cardui

9.23a

6.05a

3.68a

-0.16b

1.53b

0.72b

Phoebis
sennae

Notes: Change in percent galeal union (U) per min was computed for each time interval
as (Ufinal – Uinitial)/(tfinal – tinitial) where t is the time moment of observation. Values
followed by the same letter are not significantly different (Least-squared means, p <
0.05). DF, degrees of freedom; CI, confidence interval.
Linkage of the ventral legulae of the repaired proboscises was confirmed by
observations of live specimens of the butterfly species and H. virescens while feeding
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using the dissecting microscope, including the D. plexippus (Figure 3.4A), and by
viewing the fixed proboscises of M. sexta, V. cardui, and H. virescens microscopically
(Figure 3.4.B, C, D).

B

A

C

D

Figure 3.4. Images of repaired proboscises demonstrate linkage of the ventral legulae (AC: light microscope; D: scanning electron microscope). A. Distal ventral surface of a
feeding Danaus plexippus; B. Cross-section of the coiled proboscis of Manduca sexta
(photograph by Alison Arling); C. Distal ventral surface of proboscis of Vanessa cardui;
D. Distal ventral surface of proboscis of Heliothis virescens.

Fluid Uptake after Repair
The repair process resulted in a functional proboscis (Figure 3.5). Of the four
reared species that were fed 21–29 h after the initial separation, 35 (79.6%) of 44
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treatment specimens of D. plexippus, V. cardui, P. cresphontes, and H. virescens, were
functional. Of these 35 repaired individuals positive for fluid uptake, the proboscises of
29 (66%) were fully reunited, and six (13.6%) were partially repaired (27–93% union of
galeae). The proboscises of all controls (n=37), which were not separated initially, were
still intact at 21–29 h past initiation of the repair experiments, and 36 (97.3%) of the
controls were functional (one H. virescens control did not take up fluid).

FLUID UPTAKE AFTER REPAIR
Total repair, Positive

Partial repair, Positive

Total repair, Negative

Partial repair, Negative
6.8

PERCENT OF INDIVIDUAL SPECIMENS

9

18.2
40

100

91

9.1

2.7

13.6
13.6

36.4

20

97.3
66

40

D. PLEXIPPUS
P.
N=11
CRESPHONTES
N=12

36.4

V. CARDUI
N=10

H. VIRESCENS
ALL
ALL CONTROLS
N=11
TREATMENTS
N=37
N=44

Figure 3.5 The ability to take up fluid was compared by species and by whether the
proboscises were fully or partially repaired. The proboscises of control specimens were
never separated, and all controls for the four species were pooled.
Behaviors of Repair
Proboscis repair generally proceeded by repeated extension and coiling of the
proboscis. Movements of the extended galeae included vibrations, crossing, and flicking.
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A single galea or the loose coil could be held or repeatedly pressed against the thorax. I
noted that the proboscis can fully coil even when the galeae are not fully united;
therefore, I extended the proboscis to determine if the galeae were united. Saliva was
observed as menisci at the point of separation or as droplets on the proboscis anywhere
along the united portion, typically dorsally in the region proximal to the bend and
dorsally or ventrally distal to the bend. The behavioral sequence of repair typically ended
with the proboscis fully coiled.

Repair by Wild-Caught Lepidoptera
At least one specimen of the following taxa completely reunited the totally
separated galeae within 24 h of separation (treatments: controls): Nymphalidae: Eutoieta
claudia (Cramer) (1:0); Lycaenidae: Cupido comyntas (Godart) (1:0); Hesperiidae:
Urbanus proteus (L.) (2:2); Geometridae: Epimecis hortaria (Fabricius) (4:1),
Prochoerodes lineola (Drury) (3:1), Nemoria lixaria (Guenée) (4:3); Erebidae:
Halysidota tessellaris (Smith) (5:4), Hypoprepia fucosa Hübner (6:8), Catocala spp.
(2:1), Hyphantria cunea (Drury) (4:4). For the following species, at least one specimen
partially repaired the proboscis within 60 min: Pyralidae: Hypsopygia olinalis (Guenée)
(2:4), Attevidae: Atteva aurea (Fitch) (6:3) and Notodontidae: Heterocampa obliqua
Packard (1:0). No repair was observed for Nadata gibbosa (Smith) (Notodontidae) (1:0).
One reared tortricid showed no repair by 60 min but was partially repaired four days later
and able to acquire fluid. Controls maintained complete union of the galeae with the
exception of two individuals of H. cunea, two of A. aurea, and two of H. olinalis.
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Mechanisms of Repair
Danaus plexippus and V. cardui showed no significant difference in repair,
relative to controls, when the labial palps were removed, coiling was prevented, or the
proboscis was wetted (Table 3.2) D. plexippus showed no significant difference when the
wings were free to move (df=14–24, p>0.05). However, when V. cardui was free to move
its wings, repair occurred significantly faster than for controls with wings restrained
(p=0.0300, t=-2.53, df=10). I confirmed the result with an independent repetition of the
experiment using a larger sample size (p=0.0002, t=-4.55, df=20) (Table 3.2)

Table 3.2. Factors involved in proboscis repair for two species of nymphalid butterflies.
Experiment
Labial palps

Species

Danaus plexippus
Vanessa cardui
Wing restraint Danaus plexippus
Vanessa cardui
Vanessa cardui
Wetting
Danaus plexippus
Vanessa cardui
Coiling
Danaus plexippus
Vanessa cardui
*Significant (P < 0.05).

Control n:
Treatment n
8:8
10:10
11:10
6:6
11:11
13:13
13:13
9:11
9:9

Test statistic

p-value

t = 0.25
t = 0.92
t = 0.72
t = -2.53
t = -4.55
t = 0.70
t = -1.02
t = 0.70
t = -0.82

0.8064
0.3688
0.4773
0.0300*
0.0002*
0.493
0.319
0.494
0.426

Discussion
Repair of the Proboscis
All tested butterfly species and the moth H. virescens are able to fully reunite the
proboscis within 60 min. The first 10 min predicts the outcome for D. plexippus and P.
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cresphontes and shows the most progress in all species except M. sexta. The diel activity
rhythm of each species might influence repair. Of the two nocturnal species, no
specimens of M. sexta showed total galeal reunion until viewed the next day (23–24 h
after separation) at which time three individuals were completely reunited. One of 12
specimens of H. virescens was fully reunited by 60 min, whereas four additional
specimens were totally reunited by 21–25 h.
The time required for repair might be related to size. Danaus plexippus and P.
cresphontes, the two species of butterflies with the largest wingspans, repair fastest.
Structural characteristics of the proboscis might influence repair. Danaus plexippus and
P. cresphontes are nectarivores with relatively smooth proboscises. Species that feed
from surface films, such as overripe fruit and tree sap, are characterized by sensilla
styloconica along the drinking region, which give the proboscis a brushy appearance
(Krenn 1998, Lehnert et al. 2016). Vanessa cardui and H. virescens have brushy
proboscises and repair more slowly than do D. plexippus and P. cresphontes. Phoebis
sennae, which lacks a sensilla brush and uses its long proboscis to obtain nectar and drink
from damp soil, follows a pattern of repair similar to that of the two species with brushy
proboscises.
My survey of locally collected species representing seven lepidopteran families
scattered throughout the Apoditrysia (sensu Mitter et al. 2017) and its sister group, the
Yponomeutoidea, confirms the trends in the families used in our repair experiments and
shows that the ability to repair is widely shared among the Ditrysia. Although the time
required for repair and the degree of success vary among species, it is unknown yet
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whether these attributes are species specific or phylogenetically informative. The family
Attevidae is nested in Yponomeutoidea, a basal superfamily within the Ditrysia (Mitter et
al. 2017) and Atteva aurea can at least partially repair the proboscis. Two of the three
controls for this species did not maintain full union of the galeae, and the proboscises of
three specimens were partially separated when collected. Similarly, none of the four
controls of Hypsopygia olinalis (Pyralidae) maintained total union of the galeae,
suggesting that some species naturally do not maintain tight linkage of the galeae but
readily separate and reunite them.

Fluid Uptake
I showed that specimens with partially (as little as 27% reunited) and fully
reunited proboscises can acquire fluid. Specimens have been found in my laboratory
colonies and in nature with separated proboscises (Figure 3.6A). Krenn (1997) reported
three of 20 specimens did not assemble the proboscis in the first hours after eclosion, and
that may be a reason for some found in nature with a separated proboscis. Several reared
specimens of H. virescens eclosed with dilated galeal tips which never united fully
(Figure 3.6B.) One laboratory-reared individual of D. plexippus that did not assemble the
proboscis completely due to deformed galeal tips was able to acquire fluid by pressing
the proboscis at the point of separation to the substrate; it lived six weeks (Figure 3.6C)
(Pometto 2014). One tortricid moth was collected with 50% separation of the proboscis.
Saliva along the hydrophilic inner surface of the food canal helps bring together and hold
the galeae in close association during linkage of the ventral legulae (Zhang et al. 2018A).
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The implication is that the hydrophilic cuticle of the food canal can draw up fluid by
capillarity when the galeae are partially separated (Lehnert et al. 2013, 2014; Zhang et al.
2018A). These examples suggest survival of specimens with partially assembled
proboscises in nature is possible.

A
.

B

C

Figure 3.6. Proboscises not fully united. A. Agraulis vanillae specimen found in nature
with galeae separate distal to bend region (Edith Smith, used with permission). B.
Heliothis virescens specimen with dilated galeal tips which did not unite. C. Danaus
plexippus that eclosed with deformed galeal tips and did not unite the proboscis
completely but was able to take up fluid.

Comparison of Repair and Assembly
Krenn (1997) reported that assembly takes place within 30–210 min for five
nymphalid species, with the longer time required when the galeae become entangled
(temperature not reported). Our observations indicate that total repair can occur more
rapidly, that is, within 10 min (at 23–30 oC). The primary behaviors for assembly include
repeated extension of the galeae, crossing or entanglement of the galeae, coiling with or
without the separated galeae forming lateral spirals, lateral movements of the coil,
repetitive tightening and loosening of the coil, anti-parallel motions of the galeae,
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vibrations of the labial palps, coordinated movements of the labial palps and wings, and
discharge of saliva (Krenn 1997). These behaviors are common to repair, with the
exception of entanglement of the galeae and coordinated movements of palps and wings.
Lateral coils were seen during repair only in M. sexta. Thus, I suggest that, like assembly,
repair progresses through the following steps: 1) the galeae are aligned by repeated
extensions 2) saliva draws and holds the galeae together by capillary forces (Zhang et al.
2018A), and 3) the ventral legulae are linked during extension and coiling of the galeae
or while it is coiled.

Mechanisms of Repair
I refuted the hypotheses that the labial palps, coiling, and fluid immersion are
independently necessary for repair. Although repair can be accomplished without the
palps, this study does not rule out their putative role as mechanical guides for alignment
of the galeae (Krenn 1997). The coil is hypothesized to act as a mold for linking the distal
portions of the galeae (Krenn 1997). The results, however, indicate that coiling is not
essential to repair; other mechanisms might compensate when coiling is prevented. Saliva
plays a critical role in proboscis repair. Coiling of the proboscis or the galeae controls the
flow and delivery of saliva to a particular location, and capillary forces guide saliva
toward the legular bands and facilitate repair (Zhang et al. 2018A). Wing movements
assist repair in at least some species; for example, V. cardui repairs the proboscis faster
with unrestrained wings. However, the physical mechanism of this effect is not known
yet.
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The capillary action of saliva during assembly and repair is similar to the wet hair
effect in bringing fibers together (Bico et al. 2004). Menisci formed at the edges of
separated galeae create suction pressure that forces the galeae to adhere to each other
(Zhang et al. 2018A). However, we found that immersing the separated galeae does not
improve the ability to repair the proboscis. We conclude that supplemental fluid beyond
the production of saliva is not necessary for repair, although we recognize that it might
help maintain hydration and pliability of the proboscis. Nonetheless, by drinking water
from a pool, a butterfly or moth creates a pressure differential that would force partially
separated galeae together. However, this action would require energy input and, hence,
would not be as efficient as passive capillary adhesion with saliva menisci (Zhang et al.
2018A).
The mobility of the galeae might account for the ability to repair with or without
the other mechanisms tested. The musculature of the head and galeae enable a broad
range of motions, such as retraction and elevation of the base and coiling of the proboscis
(Eastham and Eassa 1955, Krenn and Mühlberger 2002, Krenn 2010). I observed both
vertical and lateral movements of the coil, as reported by Krenn (1997), and the
individual galeae. Fine movements of the proboscis include, for example, anti-parallel
movements of the galeae and flexing of the distal drinking region in all directions (Krenn
1997, Lehnert et al. 2014, Tsai et al. 2014). The fine and rapid movements of the
proboscis that facilitate efficient foraging from flowers and other food sources are evident
in both assembly and repair (Krenn 1997, 2010).
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Paradox of Repair
The primary function of the lepidopteran proboscis is the acquisition of fluid for
hydration and energy (Eastham and Eassa 1955, Snodgrass 1961, Kingsolver and Daniel
1995, Krenn 2010). In this context, repair could be viewed as ensuring the uptake of
fluid. However, as follows from the science of capillarity and wetting, the insect does not
need to have a closed food channel to acquire fluid; having a hydrophilic, indented
channel of any shape would be sufficient to draw fluid in by capillary forces (Casavant et
al. 2013; Berthier et al. 2015, 2016; Zhang et al. 2018A, 2018B). The earliest fluidfeeding Lepidoptera had weakly linked galeae (Krenn and Kristensen 2000). And among
derived lineages of Lepidoptera, particularly within the Notodontidae, unlinked or weakly
linked proboscises have secondarily evolved with remarkable ability for fluid uptake
(Miller 1991, Smedley and Eisner 1995, Kornev et al. 2017). Thus, repair and assembly,
perhaps paradoxically, are not required for fluid uptake.
A single origin of the lepidopteran proboscis has been hypothesized (Kristensen et
al. 2007, Krenn 2010). Basal glossatan families are present in the fossil record of the
early Cretaceous when the proboscis might first have been used to acquire fluid via
capillarity from gymnosperm pollen droplets, water, and sap (Scoble 1995, Labandeira
2003, Kristensen et al. 2007, Monaenkova et al. 2012). As an adaptation to nectar feeding
from angiosperm flowers, the proboscis became longer, linkage of the galeae became
tighter, and development of intrinsic musculature enhanced fine movements (Krenn and
Kristensen 2000, Krenn 2010). I suggest that feeding from longer and more restricted
corollas was a principal force selecting for assembly and repair. The restricted opening of
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a floral tube requires the proboscis to enter as a single functional unit (Kwauk et al.
2014); splayed galeae would be difficult to thread into the opening of a floral tube.
Accordingly, selection should favor efficiency of repair and the ability to maintain galeal
linkage in dedicated nectar feeders. Thus, the linkage mechanism ensures effective entry
of flowers while allowing micro (e.g., antiparallel) movements of the galeae that enhance
fluid uptake (Tsai et al. 2014).
Members of the Sphingidae uncoil and insert their long proboscises into tubular
flowers while hovering, relying on tightly linked galeae. Of the species in our study, the
sphingid M. sexta had proboscises most resistant to separation. The proboscis of M. sexta
is smooth and long (69.4±2.4 mm, n=9), two to seven times the length of the proboscises
of the other species tested. For M. sexta and some other sphingids, the proximal twothirds of the proboscis develop in a pupal tube separate from the body of the pupa (Eaton
1988), and the galea in this portion are linked before eclosion. The distal third of the
proboscis develops inside the main body of the pupa, and the associated galeal portion is
assembled after eclosion. The unique development and assembly of the proboscis of M.
sexta possibly makes its proboscis less likely to separate and less likely to require repair.
If feeding from floral tubes was a selection force driving assembly and repair,
why do some species of Lepidoptera that do not feed from flowers also assemble the
proboscis? Entire taxonomic groups, such as the charaxine nymphalids, feed from animal
excreta and rotten fruit rather than from flowers (DeVries 1987). I suggest that selection
for a compact proboscis neatly coiled and tucked against the body significantly reduces

68

the drag that would be associated with flailing galeae during flight. Thus, multiple
selection forces maintain the need for assembly and repair.

Nature-Inspired Applications
Self-assembly and self-repair in nature offer models for nature-inspired
applications to solve problems in medicine and materials science. Engineering modelling
has often used templates to apply self-assembly processes. Structural and functional
properties of the proboscis, such as musculature, cuticular arrangement, and saliva, have
inspired applications in microfluidic devices (Tsai et al. 2011, 2014). In the process,
behavioral mechanisms enhancing fluid uptake have become apparent, such as
antiparallel motion of the galeae and sliding or splaying movements of the galeal tips
during feeding (Krenn 1997, Tsai et al. 2014). The ability of the proboscis to self-repair
would be a prime target for nature-inspired applications in microfluidics. The
mechanisms and processes involved in self-repair of the proboscis are essential to
modeling in artificial proboscises and microfluidic devices.

Conclusions
The ability to repair the proboscis is widespread in the apoditrysian Lepidoptera
and is probably found in all species that assemble the proboscis after emergence from the
pupa. Repair of a proboscis that becomes separated, for example by mechanical stresses
such as probing substrates or predator attacks, is aided by saliva but can be accomplished
without labial palps, coiling, or immersion in fluid, and in some species, without wing
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movements. Yet, these factors are typically observed during repair. I suggest that
proboscis repair is accomplished by multiple mechanisms acting synergistically and as
back-up systems to ensure the structural integrity of the proboscis, supported by the wide
range of movements enabled by the intrinsic musculature of the proboscis. Interactions of
factors that might optimize repair could be a focus of future study. Repair is adaptive for
nectar feeders that insert their proboscises into floral corollas and for all Lepidoptera in
maintaining a compact proboscis during flight to reduce air resistance. In addition to the
adaptive value of repair, the mechanisms of repair provide inspiration for the artificial
design of microfluidic devices.
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CHAPTER FOUR
ANTI-BACTERIAL PROPERTIES OF THE LEPIDOPTERAN PROBOSCIS

Introduction
The vast majority of adults of the order Lepidoptera (butterflies and moths)
possess a coilable proboscis for acquiring water and fluid nutrition. Butterflies and moths
use their proboscises for feeding from liquid sources such as floral nectar, but some can
take fluid nutrition from sap or overripe fruit and some can pierce sound fruit (Norris
1936). Many lepidopterans probe damp soil for sodium and other nutrients, a behavior
called puddling. Predominately the males puddle to obtain the sodium which they transfer
with the spermatophore to the female to support egg production (Adler 1982, Adler and
Pearson 1982, Boggs 1997). Some moths and butterflies probe sources such as dung and
urine for nutrients or use their proboscises to acquire other liquids such as the tears of
vertebrates or even vertebrate blood (Bänziger 1971). As moths and butterflies probe and
forage with the proboscis on a range of natural substrates they are susceptible to infection
by a variety of bacteria that are ubiquitous in soil, on plant surfaces, and in or on other
substrates. How do they keep the proboscis clean? Possible strategies could be
mechanical (cuticular surface structure, grooming), physical (capillarity, wettability), or
chemical (antimicrobial activity of secretions or surface chemicals).
An interesting example of insects secreting antibacterial chemicals is presented by
the leaf-cutting ants of the genus Atta, which consume the fungi they cultivate on the
gardens they prepare from their leaf cuttings. The secretions of their mandibular and
metapleural glands have a variety of functions including maintaining the fungal gardens.
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Eleven major constituent compounds found in these glandular secretions were tested on
paper discs placed on poured plates inoculated with different bacteria, and nine
compounds demonstrated both antibacterial and antifungal activity as evidenced by zones
of inhibition (de Lima Mendonça et al. 2009).
Insect saliva serves the proboscis by dissolving nutrients such as plant defensive
chemicals or amino acids from pollen (Ribeiro 1998, Nishida 2002, Hikl and Krenn 2011,
Jiggins 2017, Honda et al. 2018). The cohesive properties of saliva have been shown in
adult Lepidoptera to hold the galeae together for assembly of the proboscis (Zhang et al.
2018A). In addition, saliva can contain enzymes that detoxify phytochemicals, overcome
vertebrate host defenses, and initiate breakdown of carbohydrates (Felton and Eichenseer
1999).
Among the Lepidoptera, the saliva of the larvae has been studied, particularly
those of economic importance: agricultural pests and producers of products such as silk
and honey. Bombyx mori silkworm larvae produce silk from labial glands as well as
enzymes, the role of which is unclear (Felton and Eichenseer 1999). In addition to saliva,
caterpillars often regurgitate material from the food canal to deter predators. This
regurgitant contains saliva mixed with the consumed plant tissue which may contain
secondary plant metabolites.
Lepidoptera usually show plant host specificity regarding oviposition.
Caterpillars feeding on plant tissue can induce the plants to produce secondary defensive
chemicals which can be used by the caterpillars for their own defense and can be
sequestered for defense of the adult. An example is the monarch butterfly, Danaus
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plexippus, the caterpillars of which feed on milkweed, Asclepias spp., which contain
cardiac glycosides, a toxin harmful to vertebrate predators (Scoble 1995). Caterpillars are
vulnerable to attack by various invertebrate predators such as hemipterans, ants, spiders,
Polistes and Vespula wasps, and other parasitoid wasps (Montllor and Bernays 1993).
Caterpillars can spit regurgitant to deter predators, as do other insects such as
grasshoppers. The repellent character of the regurgitant may be physical or may be due to
chemicals in the insect saliva or due to the secondary metabolites present in the
macerated plant tissue in the regurgitant (Desumont et al. 2017). Natural interactions
were observed between the parasitoid wasp Cotesia glomerata (Braconidae) and Pieris
brassica caterpillars fed on different plants. Regurgitant on the wasps prompted
grooming behavior with the most time being spent on the wings (Desumont et al. 2017).
Application onto the parasitoids of regurgitant from P. brassica caterpillars that had fed
on three plant species with different levels of glucosinolate showed no significant
differences among the different plant dietary sources in protecting from predator attack,
but there was a significant difference between regurgitants and the control which was
application of water. Application of regurgitant resulted in a higher level of attack
interruption and grooming time, with a reduction in the proportion of second predator
attacks within 15 minutes (Desumont et al. 2017). Since the level of predator deterrence
was not affected by the level of glucosinolate in the plant species fed upon, other
chemicals or properties of the regurgitant, such as its biosurfactant qualities, may be
responsible (Desumont et al. 2017).
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The saliva of Helicoverpa zea larvae contains glucose oxidase (GOX), which
oxidizes glucose to produce gluconic acid and hydrogen peroxide (Felton and Eichenseer
1999). Glucose oxidase could act as an antibacterial agent on the surface of the host plant
due to the antiseptic qualities of hydrogen peroxide and the oxygen-scavenging ability of
GOX. The highest levels of GOX were found in the labial gland and the saliva, with over
ten times less found in the regurgitant, probably because the saliva is diluted by the
ingested plant tissue (Felton and Eichenseer 1999).
The antimicrobial nature of caterpillar saliva was demonstrated when salivary
extracts from H. zea, combined with glucose, were added to wells in inoculated pour
plates, and inhibited the growth of Serratia marcescens and Pseudomonas aeruginosa
(Musser et al. 2005). A direct experiment was performed using caterpillars with the labial
salivary glands ablated to block the passage of saliva. Other caterpillars were wounded
without ablation so that they were still able to produce saliva (“mock” treatment). The
caterpillars were fed on artificial diet with or without bacteria added (S. marcescens or P.
aeruginosa). The “mock” treatment caterpillars that were capable of producing saliva had
a significantly higher survival than ablated caterpillars (incapable of producing saliva),
when bacteria were added to the diet for each species of bacteria tested (Musser et al.
2005).
I applied the methods similar to these caterpillar experiments to test the following
research question: Does the proboscis of the adult butterfly demonstrate antibacterial
activity? My working hypothesis was that the proboscis has antibacterial properties. As a
modification of the disk diffusion method used for antibiotic susceptibility testing, I
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tested the whole, coiled proboscis from live butterflies for inhibition of bacteria applied
in a soft agar inoculum (Koch 1994). If inhibition is found, the cause of the inhibition
would not be known. Future experimentation would be designed to show whether the
antimicrobial activity is due to cuticular structure, epicuticle chemicals, saliva,
hemolymph, or other factors.
Insects have an open circulatory system and the hemolymph that fills internal
cavities of the body possesses cellular and humoral components that function in
immunity (Chapman 2013). If the cuticle is breached, wound healing begins with the
hemolymph filling the gap and clotting (Chapman 2013). Since this procedure involves
cutting the proboscis from a live butterfly, hemolymph is expected to quickly appear at
the mouth and at the base of the proboscis, since hemolymph is present in each galea.
Therefore, I sampled the hemolymph from each of the test insects and tested the
hemolymph for inhibition.
Four species of bacteria were selected which might be encountered during
foraging and probing various natural substrates. Pseudomonas aeruginosa is a Gramnegative aerobic rod-shaped bacterium found in soil. It is motile due to a single, polar
flagellum and it produces a bluish, water-soluble pigment, pyocyanin, and may also
produce other pigments such as pyoverdine, a fluorescent pigment known from
Pseudomonas fluorescens (Davis et al. 1980, Palleroni 2009, Kohlerschmidt et al. 2009).
Pseudomonas aeruginosa is a frequent cause of nosocomial infections and is notorious
for infecting the lung mucous of cystic fibrosis patients (Davis et al. 1980). A second
Gram-negative, motile bacterium used was Serratia marcescens, some strains of which
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produce prodigiosin, a pigment responsible for the characteristic red color of the colonies
(Davis et al. 1980, Kohlerschmidt et al. 2009). The Gram-positive species used included
Enterococcus faecalis, which, in addition to being commonly found in the vertebrate gut
and thereby in animal dung, is a common environmental bacterium found in soil, in water
and on plants (Fischetti and Ryan 2009, Byappanahalli et al. 2012). Bacillus subtilis was
also used, a Gram-positive, aerobic rod that forms spores and produces enterotoxins
(Davis et al. 1980). The whole genome of B. subtilis has been sequenced, which has
proven to be the key to many advances in bacterial taxonomy and for industrial
applications (Zeigler and Perkins 2009).

Methods
For my preliminary experiment, butterflies were collected at the Clemson
Insectary on Sept. 24-25, 2018 and refrigerated at 4oC until use on Sept. 27. Species
collected were Agraulis vanillae (L.), Junonia coenia Hübner, and Limenitis arthemis
astayanax (Drury) (Nymphalidae); Papilio troilus L. (Papilionidae); Phoebis sennae (L.)
and Eurema nicippe (Cramer) (Pieridae); and Urbanus proteus (L.) (Hesperiidae). The
proboscises of live specimens were dissected and used immediately. Some of the
butterflies were dispatched at -74oC for 5 minutes, after which the coiled proboscises
were dissected and placed in separate screw-top test tubes and autoclaved (121oC for 15
min). Three to four proboscises from mixed species of live specimens or sterilized
proboscises were placed on each tryptic soy agar (TSA) (BD Biosciences, San Jose, CA)
plate and the inoculum was added to 5 ml molten TSA tempered to 55℃ and poured over
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the plate. Bacterial species used were Pseudomonas aeruginosa (ATCC 27853), Serratia
marcescens (ATCC 8100), both Gram-negative, and Gram-positive Enterococcus
faecalis (ATCC 29212) and Bacillus subtilis (ATCC 31578) (American Type Culture,
Manassas, VA) (Table 4.1). One plate with four proboscises was not inoculated in order
to observe whether bacterial colonies grew from the proboscises.
The experimental butterflies were Vanessa cardui reared from larvae obtained
from Carolina Biological, Burlington, NC, and reared on food provided by Carolina
Biological. The specimens of A. vanillae were reared from larvae and pupae collected
locally from Passiflora plants and reared on leaves from local Passiflora plants (Clemson
or Seneca, Pickens County, South Carolina, USA). The larvae were maintained in the
laboratory and the pupae were placed in a rearing chamber at 12:12 photoperiod,
temperature 23-30oC and relative humidity of 58-89%. The butterflies were not handled
until the day after eclosion, at which time they were stored in the refrigerator (4oC) with
moist cotton balls until used. The cohort of V. cardui specimens were all assayed at 3
days past eclosion. The eclosions of A. vanillae were sporadic and, due to practical
constraints, they were assayed from 2 to 5 days past eclosion. The specimens of each
species were randomly assigned to treatment groups (bacterial species, and whether the
hemolymph was taken before or after the proboscis was dissected). For each species of
bacteria used, six plates were poured with inoculum and used as controls without
proboscises or hemolymph added.
The bacterial cultures were prepared the previous day by adding one percent
volume inoculum from stock cultures to tryptic soy broth (TSB) (BD Biosciences) and
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incubated overnight in TSB at 37oC. The bacteria used included P. aeruginosa and S.
marcescens (Gram-negative), and B. subtilis and E. faecalis (Gram-positive). The
absorbance of each culture at 600 nm was determined and cell density was standardized
to an optical density reading between 500 and 600 by dilution (Table 4.1). The volume of
inoculum used was 100ul of inoculum, except for B. subtilis for which the cell density
was consistently below the other bacterial species, so the volume of inoculum was
increased to 175ul or 200ul. The inoculum was added to 7 ml of sterile, molten TSA
tempered to 55oC.

Table 4.1. The absorbance at 600 nm for each bacterial inoculum to determine the
relative cell density. Inocula were prepared by adding 100 µL of each bacterial culture (or
175-200 µL for Bacillus subtilis) to 7 ml of warm, sterile tryptic soy agar liquid media.
Pseudomonas
Bacillus
Serratia
Enterococcus
aeruginosa
subtilis
marcescens
faecalis
Preliminary Run 1
0.615
0.159*
0.548
0.525
Preliminary Run 2
0.512
Run 3
0.532
0.267*
Run 4
0.564
0.267*
Run 5
0.252*
Run 6
0.550
0.316**
*200 uL of inoculum was used
**175 uL of inoculum was used (theoretical 0.553)

The proboscises of live butterflies were dissected using scissors and forceps with
tips dipped in ethanol then passed through a flame before each use. I collected
hemolymph from each specimen by inserting a sterile syringe into the thorax through the
membranous region surrounding the hind coxa. The hemolymph was alternately collected
before or after the removal of the proboscis to ensure that the removal of hemolymph did
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not affect the condition of the proboscis. Each proboscis was placed onto one sterile TSA
plate and then the inoculum was poured on the plate, taking care that the proboscis was
well covered. After the inoculum was poured, the hemolymph from the same specimen
was injected into the poured layer at a different location on the same plate, previously
marked with a circle on the bottom of the plate.
All plates were incubated inverted at 37oC and each proboscis was viewed
through the bottom of the plate (the top was obscured by condensate) and photographed
each day for three days, with a slide micrometer on top of each plate to provide a scale.
Photographs were taken using a Canon EOS Rebel T3i camera mounted on MEIJI
Techno RZ dissecting microscope (Canon USA, Melville, NY; MEIJI Techno Co., Ltd.,
San Jose, CA). I recorded the presence or absence of zones of inhibition and for those
showing inhibition, I measured the areas of clearing and areas of the proboscises using
Image J (National Institutes of Health, Bethesda, MD). The procedure was as follows
(Figure 4.1):
1. The scale was set using the micrometer measurements (Analyze→Set
Scale) (Figure 4.1A).
2. If the scale from one image will be applied to another image of the same
proboscis, I measured and recorded a diameter of the coil which could be
used to create the scale on the second image.
3. The image was converted to 8-bit (using commands: Image→Type→8 bit)
(Figure 4.1B).
4. The image was duplicated (Image→Duplicate).
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5. Threshold was applied to visually match the area of inhibition
(Image→Adjust→Threshold) (Figure 4.1C).
6. The wand tool was used to select areas and then measure those areas
(Analyze→Measure).
7. The image was inverted (Edit→Invert) (Fig 4.1D).
8. Steps 5 and 6 were repeated to measure the area of the proboscis.
9. All measured images were saved.

A

B

C

D

Figure 4.1. Pictures of the one proboscis from Agraulis vanillae showing steps involved
in measuring the area of the zone of inhibition (A-C) and the area of the proboscis (D). A.
The original photo; B. Image converted to 8-bit; C. Threshold applied and areas for
measurement selected; D. Image inverted and threshold applied.

When viewing the images with high magnification, I differentiated a clear zone as
bactericidal and a zone of lighter growth as bacteriostatic. (Davis et al. 1980). However,
since confirmation of these mechanisms would require viability counts, statements
regarding the mode of action represent hypotheses only (Davis et al. 1980).
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Results
Preliminary Study with Wild Specimens
Inhibition against P. aeruginosa was demonstrated by A. vanillae and J. coenia ,
and A. vanillae showed inhibition against B. subtilis and S. marcescens. Junonia coenia
showed inhibition against E. faecalis.
The fresh proboscises of different species placed on sterile plates developed
growth of bacterial or fungal contaminants. The proboscis of L. arthemis astyanax on a
sterile plate showed growth of contaminating bacteria initially but also showed inhibition
of the contaminate by day three. The sterilized proboscises showed no zones of
inhibition except for J. coenia on P. aeruginosa on days two and three.

Experiment with Reared Specimens
The results of the experimental study showed inhibition in all combinations
(Figure 4.2). All the reared specimens of V. cardui showed inhibition of P. aeruginosa
(n=8) (runs 3 and 4) and seven of 11 specimens (64%) showed inhibition against B.
subtilis (runs 3, 4, 5). Four of 11 specimens (36%) of A. vanillae showed inhibition
against B. subtilis (runs 3-6). Only two specimens of A. vanillae were tested with P.
aeruginosa (run 6), of which one showed no inhibition, and the proboscis of the other
specimen was accidentally cut and thereafter the galeae separated when placed on the
plate; therefore that specimen was excluded from comparisons (Figure 4.5B). Agraulis
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vanillae showed only bacteriostatic activity, while V. cardui appeared to show some
bactericidal activity against both species of bacteria.

Figure 4.2. Comparison of the percentage of proboscises from Vanessa cardui and
Agraulis vanillae that demonstrated antimicrobial activity through inhibition of growth of
bacteria on poured plates inoculated with Pseudomonas aeruginosa (Gram-negative) or
Bacillus subtilis (Gram-positive). Controls were inoculated plates without proboscises.

The controls consisted of uninoculated plates which demonstrated the normal
growth patterns for the respective bacterial species (Figure 4.3). The growth of B. subtilis
was uniform, with some denser colonies appearing pink-tinged by day 3 (Figure 4.3A).
The growth of P. aeruginosa appeared with areas of lighter growth swirled into areas of
heavier growth, and the colonies took on the characteristic blue-green color by 2-3 days,
with an accompanying odor (Figure 4.3B). Therefore, for measuring inhibition on the P.
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aeruginosa plates, I selected the areas close to the proboscis which appeared to have less
growth than those lighter swirled areas that were characteristic of normal growth for that
organism.

B

A

B

Figure 4.3: Controls consisted of inoculated agar plates without proboscises. Plates were
photographed after three days of growth at 37oC. A. Bacillus subtilis plates showed even
growth with some larger pinkish colonies. B. Pseudomonas aeruginosa displayed some
areas of lighter growth swirled into areas of even, dense growth.

To take into account the variation in the degree of coiling of the proboscises
placed on the agar plates (Figure 4.4), I calculated the proportion of the area of inhibition
divided by the area of the proboscis, and compared the proportions for the specimens of
each species that showed inhibition (Table 4.2). The highest inhibition relative to the
proboscis area was achieved by V. cardui when tested with P. aeruginosa, and this
combination showed the most consistent inhibition with all specimens showing inhibition
by the proboscis. Some plates experienced contamination with scales which appeared to
show some inhibition (Figures 4.4B and 4.5A).

83

B

C

A

Figure 4.4. Proboscises of Vanessa cardui on plates inoculated with Pseudomonas
aeruginosa with different degrees of coiling: A. Tightly coiled, B. Loosely coiled, C.
Extended.

Table 4.2. The proportions of inhibition area to proboscis area were compared for each
species of butterfly and bacteria assayed.
Proportion:
V. cardui with
V. cardui with
A. vanillae with
Area of inhibition/
P. aeruginosa
B. subtilis
B. subtilis
Area of proboscis
Range (sample size)
0.9 - 9.8 (n=9)
0.09 – 0.91 (n=7)
0.12-0.91 (n=4)
Mean
5.8
0.42
0.54
Standard Error
±1.59
±0.11
±0.11

Table 4.3. Comparison of the areas of inhibition associated with hemolymph samples
taken before or after dissection of the proboscis from live specimens of Vanessa cardui
and tested with Pseudomonas aeruginosa. If there was no inhibition, the area was
reported as 0 mm2.
Hemolymph
Hemolymph
Mann-Whitney
taken before
taken after
p-value
2
2
Range (sample size) 0 – 33.6 mm (n=5) 0 – 32.0 mm (n=4)
Mean
7.1 mm2
17.2 mm2
0.262
Standard Error
±6.6
±8.3
Hemolymph samples showed no inhibition for any of the test combinations except
for V. cardui with P. aeruginosa (Table 4.3). When hemolymph was taken before the
proboscis was removed (n=5), three were negative and the other two had zones of
inhibition measuring 1.9 and 33.6 mm2. When hemolymph was taken after the proboscis
was removed (n=4), one was negative and the zones of inhibition of the other three
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ranged from 6.2-32.1 mm2. The Mann-Whitney U-test showed no significant difference
(p=0.262).

B

A

Figure 4.5. A. Scales from a Vanessa cardui specimen were on a plate inoculated with
Pseudomonas aeruginosa within the blue target zone for hemolymph (which may be
represented by the brown smudge on the right). The scales show some inhibition by day
2. B. Separated galeal pieces from the proboscis of a specimen of Agraulis vanillae
showing some inhibition after three days growth with P. aeruginosa.

Discussion
Preliminary Experiment with Wild Specimens
The preliminary experiment with local wild specimens provided some
information used to design the experimental procedure and inspired questions for future
research. The bacterial and fungal growth from proboscises on the sterile plates suggested
that the proboscises from the wild specimens had bacteria and fungi on them. Inhibition
by the sterilized proboscis of J. coenia on P.aeruginosa suggests structural inhibition.
The development of inhibition was sometimes gradual. For example, the fresh proboscis
of J. coenia inoculated with E. faecalis showed no inhibition on day one but showed
inhibition on days two and three. Because of examples of change in the appearance of
inhibition over time, future experiments were run for three days. The heavy growth of the
inocula and the contaminating cultures rendered study for further days uninformative.
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Agraulis vanillae appeared to be a good test organism since it was the only species in the
preliminary experiment that showed inhibition against both Gram-positive and Gramnegative bacteria. The results of the preliminary study determined the choice of bacteria,
P. aeruginosa and B. subtilis, used for the experimental study.

Experiment with Reared Specimens
Bacterial inhibition occurred with every combination of the reared specimens
tested. Vanessa cardui demonstrated a higher level of inhibition than A. vanillae against
B. subtilis. The highest level of inhibition occurred with V. cardui against the Gramnegative bacillus P. aeruginosa, as demonstrated both by the proportion of inhibition area
to proboscis area, and the consistency of the result, since all the proboscises of the
specimens of that combination showed inhibition.
One proboscis of A. vanillae was accidentally cut during dissection and the galeae
separated on the plate, and the separate pieces showed inhibition, but that may be due to
other reasons such as release of saliva or characteristics of the internal surface of the food
canal (Figure 4.5B).
The inhibition by scales that was noted (Figure 4.5A) might be expected due to
the roughness of these cuticular structures and their hydrophobicity which would be
adaptive in resisting bacterial contamination of the wings (Zhang et al. 2015).
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Conclusions
Both butterfly species tested demonstrated bacterial inhibition which suggests that
the proboscis has antibacterial properties. Testing additional species of lepidopterans
from different food guilds would be of interest. The mechanisms of action are important
questions for future studies since the mechanisms can be modeled in engineered
antimicrobial surfaces.
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CHAPTER FIVE
CONCLUSIONS AND FUTURE STUDY

Conclusions
Self-Repair
I demonstrated that butterflies and moths from a variety of families and with
different proboscis morphologies are able to completely repair a totally separated
proboscis to a functional state. This capability is shared broadly throughout the
Apoditrysia.
The behaviors of repair are similar to assembly, with repair usually taking place
faster than assembly. The range of motion of the proboscis is astounding. The proboscis
could repair equally well when labial palps were removed, coiling was prevented, or the
butterfly was in a dehydrated condition. The experiments on the mechanisms of repair
suggest that the muscles probably compensate for other impairments. The involvement of
wing movements enhanced the speed of repair for Vanessa cardui, perhaps implicating
hemolymph pressure in enhancing proboscis movements for some species.
The ability of the proboscis to coil has important consequences. The coil
prevents desiccation of the proboscis and functions as a mold during assembly and repair.
This is advantageous since the coil also streamlines the butterfly to optimize flight
dynamics. The coil is linked to the integrity of the proboscis, since sometimes the
separated proboscis cannot fully coil. However, the separated proboscis can often coil.
This research points out two counter-intuitive situations: the separated proboscis can still
take up fluid, and the separated proboscis can still coil.
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The morphology of the proboscis reflects the feeding guild of the insect, with
nectar-feeders tending to have proboscises with smooth, tapering tips and sap-feeders
having a brush of sensilla along the drinking region. The type of substrate has
implications regarding the drivers of evolution of the proboscis. Nectar feeders must
insert the proboscis into narrow flower corollas to obtain the nectar, which would be
greatly impeded if the galeae were separated.
My research corrects the misconception that sclerotization of the galeae prevents
repair by demonstrating that repair can occur after sclerotization. This follows other
research that dispelled misconceptions, such as the proboscis acting exclusively as a
straw (Monaenkova et al. 2012). The proboscis is much more than a sucking tube, since it
acts also as a sponge, and both inner and outer surfaces can channel and conduct fluids by
capillary action (Monaenkova et al. 2012, Zhang et al. 2018A).
My research provides insights to engineers who seek to model the proboscis in
microfluidic devices. It also answers questions of interest to biologists regarding the
synergistic integration of structure and behavior to provide functions with multiple
adaptive advantages. Overlapping systems ensure preservation of the functions of
acquiring nutrition and streamlining the body for flight, even if the integrity of the
structure of the proboscis is compromised.

Self-Cleaning
I demonstrated probable antimicrobial activity by the proboscis, which inhibits
bacterial attachment and growth. Between the two bacterial species used, Vanessa cardui
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showed stronger inhibition to the Gram-negative bacteria (Pseudomonas aeruginosa)
than to the Gram-positive bacteria (Bacillus subtilis). Butterflies and moths encounter
bacteria wherever they forage, from flowers to soil and dung, and prevention of infection
would have the adaptive advantage of maintaining health and prolonging life, both of
which would be expected to increase fitness.

Future Study
Self-Repair
The species tested for repair capability, including the reared and the fieldcollected specimens, were members of the Ditrysia. Predominantly members of the
macrolepidopteran clades of Macroheterocera and Papilionoidea were used, but other
species as small as 16 mm in wingspan were tested (Table A.1), Also, the sample sizes
for field-collected species were small. Therefore, stronger conclusions regarding the
ecological, environmental, and systematic aspects of repair could be answered with larger
sample sizes and broader phylogenetic coverage, including sampling of species of the
microlepidoptera in basal families of the Glossata. New methodologies could be devised
for handling very small specimens. Other methods for evaluating the mechanisms
involved in repair could be developed, and more species could be tested from different
food guilds and families.
The ultimate level questions regarding the adaptive values of repair could be
tested. The efficiency of fluid uptake with intact or separated proboscises could be
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measured in combination with a measure of fitness. The differences in aerodynamic flight
properties could be measured using preserved butterflies or model butterflies and the
results with the proboscis coiled or uncoiled could be compared. Likewise, the role of the
coil in protecting the proboscis from dehydration could be assessed.
Self-Cleaning
Different methods could be used to evaluate inhibition. Spread plates creating a
lawn of bacteria could be tried with the proboscis added after the inoculum is spread.
Microarrays require smaller volumes of liquid agar in order to produce a result. The
antibacterial character of the hemolymph could be tested by applying known volumes to
paper disks on plates spread with inoculum. The occasional situation of inhibition
outside but not inside the coiled proboscis, and the general lack of inhibition around the
base of the proboscises, indicate that it would be of interest to look for variation in
antibacterial properties along the different regions of the proboscis by extending the
proboscis or cutting the proboscis and placing the different sections of the proboscis in
different positions on the plate.
Since the sterilized proboscis of J. coenia demonstrated bacterial inhibition, that
species would be of interest for study of whether the cuticular surface provides a
mechanical means of killing bacteria. The use of different means of sterilization of the
proboscis, such as irradiation, could be used to test for structural inhibition.
In the preliminary study on sterile agar, the proboscis of the sap-feeder, L.
arthemis astyanax, developed bacterial growth and also showed inhibition of the growth
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of the contaminating bacteria by day three. Both A. vanillae and V. cardui are nectarfeeders. Additional species of butterflies could be tested from different food guilds. A sap
or fruit-feeding butterfly would have contact with different bacterial species than nectarfeeders would encounter in different nutritional substrates. Therefore, frugivorous and
sap-feeding butterflies would provide an interesting comparison to nectivorous butterflies
in antimicrobial capabilities to different species of bacteria.
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Appendix A
Survey of Repair Capability in Lepidopteran Families
Introduction
This appendix includes supporting observations related to the section, “Repair by
Wild-Caught Lepidoptera” in Chapter 3, “Self-Repair of the Lepidopteran Proboscis.” A
succinct summary of some of this material is presented in Chapter 3 and included in the
submitted paper derived from Chapter 3. The narrative is this appendix includes
additional information regarding the natural histories of the specimens collected, as well
as anecdotal and preliminary observations regarding the field-collected species.
My research on the repair of the proboscis by lepidopterans began with the
butterflies that I could obtain for rearing, Danaus plexippus and Vanessa cardui,
(Nymphalidae), and Papilio cresphontes (Papilionidae). I later obtained the moths
Manduca sexta (Sphingidae) and Heliothis virescens (Noctuidae). I captured 12
specimens of Phoebis sennae (Pieridae) on one October afternoon, which, although not
reared, offered a sufficient sample size to include an additional butterfly family in the
paper submitted for publication. These specimens represented derived families of the
Obtectomera (Mitter et al. 2017) and were large in size, relative to most lepidopteran
species. I wanted to go beyond the reared specimens in order to sample specimens from
additional families of Lepidoptera.
Methods
The collection of moth specimens was made with a light trap consisting of two 61
cm 350 nm UV black light bulbs (General Electric, Boston, MA), mounted vertically on
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a plexiglass frame with a white sheet mounted behind the trap (Figure A.1). The light trap
was placed at the edge of a wooded area at the Clemson University Insectary, Clemson,
SC (34.6532N, 82.8340W). The light trap was left on all night and moths at the trap were
collected in the morning (8:00-10:00AM EDT) during May through October 2016-2018.
The moths selected for study were large enough to handle, identifiable by the wing
patterns, and represented a breadth of different families. The specimens were stored in a
refrigerator (4-8oC) with moist cotton balls in cylindrical containers (5 or 11 cm
diameter) until use, 0-4 days after collection. Air could enter the containers through the
tops.

Figure A.1. The light trap at the Clemson University Insectary consisted of two UV black
lights mounted vertically against a plexiglass frame with a white sheet hung behind the
light trap.
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A few specimens were reared from larvae and pupae collected locally in Clemson,
SC, at the Clemson University Insectary or the South Carolina Botanical Gardens
(SCBG) (Flower Display Garden, 34.6762N, 82.8216W, or Heritage Trail, 34.6742N,
82.8218W). Specimens of Agraulis vanillae were collected as larvae, which I reared on
Passiflora leaves, or as pupae. Some of the Atteva aurea specimens were reared from
larvae on Ailanthus. Some species were easily identifiable in the immature stages,
including one pink-blotched larva of Heterocampa oblique (Wagner 2005). One pupa of
Eutoieta claudia was found and identified from the distinctive reflective surfaces on the
pupa. One torticid pupa was found in a rolled leaf and reared. I reared the eggs laid by
two females of species of tiger moth that are similar in wing patterns (Arctiinae,
Erebidae) that I had identified as Hyphantria cunea and Spilosoma congrua. The
characteristics of the larvae agreed with the expected behavior and host plant of each
species. The larvae of H. cunea created a tent on a cherry tree. The larvae of S. congrua
preferred milkweed when it was offered with cherry and black walnut leaves. I have not
found milkweed listed as a host plant for this species, but many members of Arctiinae use
secondary metabolites of their host plants for chemical defense and are capable of reflex
bleeding.
Identifications of adults were made by the wing patterns with reference to field
guides and books, the Clemson University Arthropod Museum, and local experts (Covell
1984, Opler and Malikul 1992, Wagner 2005, Leckie and Beadle 2018). Voucher
specimens were deposited with the Clemson University Arthropod Museum.
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The methods for repair described in Chapter 2 were used for the moth specimens
with a few modifications. Moths were photographed to record the wing patterns and other
characteristics before use, since many scales were rubbed off incidentally with handling.
Small moths could not be restrained with a clothespin, so after the glassine sleeves were
wrapped around the wings, one insect pin was run through all thicknesses of the sleeves
above the wings and back through the sleeves below the wings, parallel to the body
(Figure A.2). That provided a generally secure arrangement that did not injure the insect.
For some species, such as Halysidota tessellaris, the scales rubbed off so easily that these
specimens could slide out of the glassine sleeve, and therefore I started keeping the
restrained specimens pinned onto individual squares of Styrafoam which I placed inside a
container, in case the specimen escaped the restraint. For separation of the galeae, a
capillary tube was too large and so I used a minuten mounted on a wooden probe. The
degree of manipulation involved in checking the proboscis every 10-15 minutes was
causing some damage (separation of the galeae, sometimes breakage of a galea, or
controls did not remain fully united). Therefore, instead of taking photographs at 0-1020-30-45-60 minutes I reduced the observations to 30 and 60 minutes. Because there was
no intention to perform statistical analysis on these specimens due to small sample sizes
and inconsistency in the unknown histories of the specimens, the percent union of galeae
at each time interval was reported by visual estimates rounded to the nearest 10%.
Photographs were taken so that measurements could be made if desired.
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A

B

Figure A.2. Specimen handling: Wings were wrapped with a sleeve cut from a glassine
envelope. A. Large specimens were restrained with a clothes pin. B. Small specimens
were restrained with an insect pin passed through all thicknesses of the glassine sleeve
above and below the wings, parallel to the body.

For the experiments reported in Chapter 2, I performed the functionality test to
see if the repaired proboscises could take up fluid on the day after the repair experiment.
However, with the collected specimens I found that some died overnight. Therefore,
since the age and physiological conditions of the specimens were unknown, I started
feeding the moths within 4 hours after each experiment was finished. The specimens
were then left overnight in containers lined with filter paper to collect the gut exudate. If
no exudate was present the next day, the specimens were dissected or fed a second time
and left another day before dissection. The determination of functionality was
qualitative. A positive determination was represented by gut exudate bearing the dye
collected on the filter paper or the dye visible in the gut after dissection. If the dye was
not visible on the filter paper or in the gut, the specimen was determined to be negative
for uptake of fluid. I noted that the female specimens of some species produced bluegreen eggs and for those species I used red food coloring in the sugar-water instead of
blue to make the dye in the gut more distinctive. Many males had red-tinted testes and
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accessory glands, but the gut could easily be distinguished from those organs so red or
blue food coloring worked equally well for males.

Results
In addition to all families tested in the repair experiment, at least one specimen
from the following families completely reunited the totally separated proboscis within 24
hours after separation: Hesperiidae, Lycaenidae, Erebidae and Geometridae (Figure A.3,
Table A.1). Partial reunion of the galeae was attained within 24 hours for Attevidae,
Pyralidae and Notodontidae (Figure A.3, Table A.1).
One reared tortricid was partially repaired four days after total separation of the
galeae and was able to take up fluid. Controls remained totally united except for two
individuals of H. cunea, two of A. aurea, and two of H. olinalis.

Figure A.3. Phylogeny of specimens used by family (phylogeny sensu Mitter et al. 2017,
Espeland et al. 2018, Regier et al. 2017).
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Table A.1 Species of lepidopterans tested for ability to repair the proboscis. Specimens were collected at the Clemson University
Insectary or South Carolina Botanical Gardens.
Treatment
Treatment
Treatment
*Treatment *, **Treatment
Wingspan
Treatment
Control *Did Control
Family
Species
specimens
specimens:
specimens:
specimens:
specimens:
specimens:
(n)
(n)
Superfamily
stay at
Full Repair
Partial Repair
No repair at
Full Repair
Uptake of fluid
100%?

at 60 min

at 60 min

60 min

at 24 h

positive
Nymphalidae
Agraulis
3
4
yes
2
1
0
-Papilionoidea
vanillae
-Nymphalidae
Eutoieta
1
0
-1
0
0
-Papilionoidea
claudia
-Lycaenidae
Cupido
1
0
-1
0
0
-Papilionoidea
comyntas
-Hesperiidae
Urbanus
2
2
yes
1
1
0
-Papilionoidea
proteus
-Geometridae
Protoboarmia
1
1
yes
1
0
0
1
a
Geometroidea
porcelaria
negative
Geometridae
Prochoerodes
3
1
yes
1
2
0
2
a
Geometroidea
lineola
negative
Geometridae
Epimecis
4
1
yes
0
3
1
3
a
Geometroidea
hortaria
positive
Geometridae
Nemoria
4
3
yes
1
3
0
1
a
Geometroidea
lixaria
negative
Erebidae
Halysidota
5
4
yes
2
3
0
3
a
Noctuoidea
tessellaris
positive
Erebidae
Hypoprepia
6
8
yes
0
4
1
4
a
Noctuoidea
fucosa
*Dash means that this parameter was not done or not observed.
**Positive means that at least one treatment specimen took up fluid. Negative means no treatment specimens took up fluid.
a
(Covell 1984)
b
(Leckie and Beadle 2018)
c
(Opler and Malikul 1992)
d
(Wagner 2005)

100

66-96
mmc
44-80
mmc
20-29
mmc
47-59
mmc
25-35
mma
35-50
mma
43-55
mma
20-30
mma
40-45
mma
25-35
mma

Table A.1 (Continued). Species of lepidopterans tested for ability to repair the proboscis. Specimens were collected at the Clemson
University Insectary or South Carolina Botanical Gardens.
Treatment
Treatment
Treatment
*Treatment
*,**Treatment
Wingspan
Treatmen Control *Did Control
Family
Species
specimens
specimens:
specimens:
specimens:
specimens:
specimens:
t (n)
(n)
Superfamily
stay at
Full Repair
Partial Repair at
No repair
Full Repair at
Uptake of fluid
Erebidae,Noctuoidea

Catocala spp.
Apantesis
spp.a,b
Hyphantria
cuneaa
Spilosoma
congruaa
Heterocampa
obliquaa,d
Heterocampa
umbrataa,d
Heterocampa
guttivittaa,d
Nadata
gibbosaa
Hypsopygia
olinalisa
Choristoneura
rosaceanaa
Atteva aureaa

2
1

1
1

100%?

at 60 min

60 min

at 60 min

24 h

yes
yes

1
0

1
1

0
0

0
0

positive
negative

Erebidae
Noctuoidea
Erebidae
4
4
yes
0
2
2
1
positive
Noctuoidea
Erebidae
3
2
yes
0
3
0
1
positive
Noctuoidea
-Notodontidae
1
0
-0
1
0
0
Noctuoidea
-Notodontidae
1
0
-0
1
0
-Noctuoidea
negative
Notodontidae
1
1
Yes
0
1
0
-Noctuoidea
negative
Notodontidae
1
0
-0
0
1
0
Noctuoidea
-Pyralidae
2
4
No
0
1
1
-Pyraloidea
positive
Tortricidae
1
0
-0
1
0
0
Tortricoidea
positive
Attevidae
7
3
No
0
7
0
0
Yponomeutoidea
*Dash means that this parameter was not done or not observed.
**Positive means that at least one treatment specimen took up fluid. Negative means no treatment specimens took up fluid.
a
(Covell 1984)
b
(Leckie and Beadle 2018)
c
(Opler and Malikul 1992)
d
(Wagner 2005)
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30-42
mma
25-39
mma
27-47
mma
37-53
mma
42-62
mma
32-45
mma
38-59
mma
16-24
mma
8-14
mm2
18-30
mma

Discussion
Taxonomic Representation
The phylogeny of Lepidoptera based primarily on morphology (Kristensen et al.
2007) has recently been revised with inclusion of molecular evidence using increased
numbers of gene sequences and species tested (Mitter et al. 2017). This revision has
produced major changes in the basal groups which were thought to be stable, indicating
that some morphological characters are convergent. In the higher clade Ditrysia, the
molecular phylogeny produced some rearrangements of groups and retained two large
polytomies in the earliest superfamilies of Apoditrysia and Obtectomera. I observed some
specimens of the family Tortricidae in the superfamily Tortricoidea, which is in the
polyphyletic clade that includes all the non-obtectomeran Apoditrysia except for the
Cossoidea/Sesioidea group (Mitter et al. 2017). According to the molecular phylogeny,
the new position of the butterflies, superfamily Papilionoidea, is within a basal clade of
the Obtectomera. This removes the butterflies from a previous position forming a
monophyletic clade with the superfamily Calliduloidea (Nakano et al. 2013), commonly
called Old World butterfly moths because these diurnal moths rest with wings held over
the body like butterflies, characters that would then be convergent (Commons 1970,
Scoble 1995). Another new placement is the Pyraloidea, which are now are considered
sister to the Macroheterocera, based on sharing the character of ears (Mitter et al. 2017).
All specimens I have used come from the Apoditrysia with the exception of Atteva aurea
(Attevidae), a member of the superfamily Yponomeutoidea which is sister to all the
Apoditrysia in the molecular phylogeny (Mitter et al. 2017).
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Pyralidae, Pyraloidea
The pyralids possess particularly beautiful proboscises that bear scales covering
the outer loop of the coil (Figure A.4). Scales are cuticular processes that have been
shown to have hydrophobic properties due to their hierarchical structural roughness, and
they may protect the coiled proboscis from desiccation (Zhang et al. 2015). The species
found frequently at the light trap was Hypsopygia olinalis, the yellow-fringed
hypsopygia. This species is similar in appearance to the slightly smaller and paler
Hypsopygia costalis, the clover hayworm moth. Both have yellow fringe but H. olinalis
has a purple wing margin and often takes a distinctive pose with the abdomen pointed
upward when resting, as observed at the light trap (Leckie and Beadle 2018). These small
specimens did not keep well in the refrigerator. Some died before use or after feeding. Of
11 specimens collected, two specimens were found in nature with separated proboscises
(50-80% united), and only six specimens were tested. One surviving control was positive
for uptake of fluid. None of the control specimens maintained full union of the galeae,
suggesting that the manipulation was too harsh, or perhaps that they do not routinely
maintain full union of the galeae in nature.
B

A

Figure A.4. The family Pyralidae is characterized by scales covering the dorsum of the
base of the proboscis, as seen on Hypsopygia olinalis. A. Coiled proboscis, B. Extended
proboscis that was partially repaired.
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Torticidae, Tortricoidea
I collected a pupa standing erect on a leaf along the SCBG Heritage Trail which I
reared and putatively identified as Choristoneura rosaceana (Harris), the oblique-banded
leaf-roller (Leckie and Beadle 2018). The large size of the adult suggested it was a
female. This specimen did not repair at all by 60 minutes, but when viewed four days
later the proboscis was 80% united. No controls have been run with tortricids. The family
Tortricidae is of interest because of its early placement within Apodytrysia, (Mitter et al.
2017), which therefore suggests that repair capability extends throughout the Apoditrysia.
Attevidae, Yponomeutoidea
The taxonomic position of superfamily Yponomeutoidea makes it an interesting
case. Three out of eight specimens of A. aurea were collected with partially separated
proboscises (70-90% union of galeae). Only one of three controls maintained full union
of the galeae during the first 60 minutes and was positive for feeding. The five treatment
specimens repaired the proboscis partially in 60 minutes (20-60% union of galeae). By
the next day, the four surviving specimens had 0-50% union of the galeae. Three of those
four were able to take up fluid, including two for which the proboscis was totally
separated. One of those specimens appeared to completely repair the proboscis while
feeding. This specimen gives anecdotal evidence for the act of feeding from a liquid
substrate facilitating repair of the proboscis, an observation that I noted in my Master’s
thesis (Pometto, 2014). Regarding the second of those specimens that were 0% union
before feeding, the galeae were aligned but gnarled and unable to coil. The moth placed
the distal half of the proboscis on the substrate and I observed vibrations in the fluid

104

along that long contact area (an indication of probable fluid uptake). When that specimen
was dissected the day after feeding, the proboscis was gnarled and 30% united, and one
galeal tip broke off when handled. The midgut and hind gut were blue, confirming
feeding with a proboscis only 0-30% united.

Functionality
The results from the functionality tests were mixed, which might be expected due
the unknown feeding history. Specimens that recently fed in nature may not feed in the
lab. Additionally, because of their nocturnal nature, many moth specimens may not feed
during the day when food was offered. Some of the specimens were dead the next day, so
even if I fed them on the same day as the experiment, the question of uptake of fluid
could not be answered for those specimens. Due to those factors, I considered a species
successful in taking up fluid with a repaired proboscis if one specimen demonstrated that
capability, regardless of whether other specimens of that species did not take up fluid.

Conclusions
The superfamilies represented are all members of the Ditrysia, including the
Yponomeutoidea, considered the sister group to the Apoditrysia. This study has
demonstrated partial or total repair capabilities in all families tested, so I conclude that
the capability to repair is widespread throughout the Ditrysia.
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Appendix B
Permissions
Edith Smith, Shady Oak Butterfly Farm
Permission for use of photograph, Figure 2.6A
From: Edith <edith@buyabutterfly.com>
Date: Fri, Jun 10, 2016 at 10:44 AM
Subject: Split proboscis image use
To: spomett@g.clemson.edu
We are delighted that you find our photos helpful for education.
We give full permission for you to use the photos of a Gulf Fritillary with a split proboscis. I will
send the original images in a separate email. They are old images from an old camera and not of
the best quality. I will see if I have photos that are more recent and of better quality.
We only ask that photo credits be given to Edith Smith – Shady Oak Butterfly Farm.
Thank you, Edith
From: Office Team [mailto:officeteam@buyabutterfly.com]
Sent: Thursday, June 9, 2016 4:30 PM
To: Edith Smith <edith@buyabutterfly.com>
Subject: picture use
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Allison Stoiser
Permission for use of two drawings, Figure 1.1A, B.
June 14, 2019
I give permission for Suellen Pometto to use my two drawings (Passionvine and
Ithomiines on Cordia nodosa) in her dissertation.
Allison Stoiser
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