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ABSTRACT

A key feature of the order Lepidoptera is the coilable proboscis, present in over 99% of
lepidopteran species. The proboscis is used to obtain liquid nutrition, usually floral
nectar. The proboscis is assembled from two elongate galeae immediately after
emergence of the adult from the pupa. What happens if the galeae become separated? |
studied the process of repair of the proboscis, behaviorally and functionally, at the
organismal level. My research questions were as follows: 1) is the proboscis capable of
repair, 2) is saliva necessary to proboscis repair, and 3) is the repaired proboscis able to
acquire fluids? Test organisms were Danaus plexippus (Linnaeus) (Lepidoptera:
Nymphalidae: Danainae) and Vanessa cardui (Linnaeus) (Lepidoptera: Nymphalidae:
Nymphalinae). To assess repair capability, at 24 hours after eclosion the galeae were
separated totally and compared to control specimens without galeal separation. Both
species were able to accomplish repair of the proboscis, with 10-100% achieving reunion
of the galeae and recovery of the coiled resting state. The role of saliva in repair of the
proboscis was tested for D. plexippus, with the hypothesis that removal of saliva would
impede repair. Three groups were compared: 1) the proboscis was manipulated with a
capillary tube to remove saliva for five minutes, 2) the proboscis was similarly
manipulated for five minutes but no saliva was removed, and 3) the proboscis was not
manipulated and no saliva was removed. Both manipulated groups were similarly
impeded, indicating that manipulation impeded repair, rather than removal of saliva. To
test functionality of the repaired proboscises, at 24-48 hours after separation of the galeae

all butterflies were offered dyed sucrose-water, with the hypothesis that the repaired



proboscis can acquire fluids. After feeding, butterflies were placed in separate cages lined
with filter paper. Successful feeding was confirmed by the presence of dye in the gut
exudate on the filter paper or in the gut by dissection for 64-100% of all groups. Physical
and functional self-repair of the butterfly proboscis could provide a model for artificially

engineered microfluidic devices.
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CHAPTER 1: INTRODUCTION
The class Insecta contains more species than any other class of animals, and within

Insecta, the order Lepidoptera (butterflies and moths) is second only to Coleoptera
(beetles) in number of described species. The order Lepidoptera has 156,793 named
species (Adler and Footit, 2009). Contributing to the success of the order is the
haustellate (sucking) mouthparts, termed the proboscis (from Greek, “that which
probes”). Over 99% of lepidopteran species have a coilable proboscis, and these species
represent the suborder Glossata (Krenn et al., 2005; Pogue, 2009). The adults use the
proboscis primarily to consume nectar from flowers, although various species feature
specializations for additional food sources (Norris, 1936).

The proboscis is constructed of two elongate mouthparts, the galeae, which unite
to form the proboscis, their curved medial surfaces joining to form one central food canal
(Eastham and Eassa, 1955). The union of the galeae occurs immediately after the adult
emerges from the pupa (Krenn, 1997). Assembly of the proboscis after eclosion has been
described behaviorally and structurally for five nymphalid species (Krenn, 1997), but no
further work has been done on assembly of the proboscis. Functional study of assembly is
lacking.

The mechanism of proboscis function is primarily by suction created by the
cibarial pump, like a drinking straw, but this model is limited in application due to the
structural taper of the proboscis and the food canal, which increases the pressure
requirement (Tsai et al., 2014). Function of the proboscis is affected by the cuticular

properties, sensory apparatus and galeal behaviors (Tsai et al., 2014).



What happens if the galeae become separated after initial assembly of the
proboscis? Possible ways in which butterflies in nature might suffer damage to the
proboscis include foraging, mating, and encounters with predators (Lehnert et al., 2014).
Butterflies have been observed probing abrasive substrates such as soil, carrion, exposed
surfaces of live animals, moist campfire ashes, seeds, and exposed timbers (Adler, 1982).
Some butterflies, notably nymphalids, include sound fruit in their nutritional resources
(Norris, 1936). The stress of penetrating resistant resources could cause mechanical
buckling of the proboscis (Kingsolver and Daniel, 1995). The ability to repair the
proboscis after separation of the galeae would increase fitness by enabling continued
acquisition of fluid. The ability of some species to repair a proboscis in which galeae
have been separated up to 50% has been documented (Lehnert et al., 2014), but not well
studied.

What are the mechanisms involved in repair of the proboscis? The physical
properties of the proboscis and the processes of repair could be applied to the
development of microfluidic devices (Lehnert, et al., 2013; Monaenkova et al., 2012;
Tokarev et al., 2013; Tsai et al., 2011; Tsai et al., 2014;).

My general objective was to investigate the repair capability of the proboscis on
an organismal scale, with attention to behavioral strategies and functionality of the
repaired proboscis.

My preliminary work consisted of studying various wild-caught species of
Lepidoptera to identify species suitable for the study of the proboscis. Butterflies of the

family Nymphalidae showed repair capability and sufficient production of saliva for



collection. Many nymphalid species are suitable for rearing, and some have features such
as a translucent food canal where movement of fluids during feeding can be observed.
Nymphalid species show a broad range of feeding behaviors and structural adaptations of
the proboscis, and are represented in a variety of food guilds (Norris, 1936). Nymphalids
have been extensively used as study species (Bauder et al., 2013; Knopp and Krenn,
2003; Krenn, 1990, 1997, 2000, 2010; Molleman et al., 2005), allowing my results to be
compared with these studies. The species | selected for experimental work were the
monarch butterfly, Danaus plexippus (Linnaeus), and the painted lady butterfly, Vanessa
cardui (Linnaeus) (Nymphalidae).

My first research question was whether butterflies can repair a separated
proboscis after the initial assembly following emergence from the pupa (eclosion) and the
tanning process (sclerotization) have taken place. | hypothesized that the proboscis can
repair. To test this hypothesis, | used reared butterflies and | began the experiments
approximately 24 hours after eclosion to ensure that sclerotization was complete. |
separated the two galeae of the proboscis. | monitored and photographed the condition of
the proboscis at set time intervals between 10 and 60 minutes after the separation to
determine if the galeae can reunite and if the proboscis can return to the coiled resting
position. My results supported the hypothesis that the proboscis can repair.

My second research question was whether saliva plays a role in repair, with the
hypothesis that saliva is necessary. The method was the same as for the first question, but
prior to separation of the galeae | used a capillary tube to remove saliva from the

proboscis. The expected result was that repair would be delayed or impeded. However,



my results showed that removal of saliva did not impede repair. Saliva was evident
during the repair process; therefore, my interpretation is that the salivary reservoir or the
capability to produce saliva rapidly could have enabled the butterfly to replace the saliva
that | removed.

My third question was whether the repaired proboscis is able to acquire liquids.
My hypothesis was that the repaired proboscis is functional. I fed each experimental
butterfly on blue-dyed sucrose-water at approximately 24 hours after the separation or
saliva removal experiments. Each butterfly was placed in a separate cage lined with filter
paper for 24 hours. If the butterfly took up the dyed fluid, evidence of the dye should be
present in the gut exudate collected on the filter paper. If the blue dye was not present in
the gut exudate, the butterfly was dissected to look for the dye in the gut. My results from
the different experimental groups showed that 64-100% of butterflies with repaired
proboscises were able to acquire fluids. Photographs during feeding showed the ventral

legulae were linked in the repaired regions of the proboscis.



CHAPTER 2: LITERATURE REVIEW

Phylogenic Context for Study of the Lepidopteran Proboscis
The order Lepidoptera is the second most species-rich order in all life, with 156,793

named species as of 2009 (Adler and Footit, 2009). Unnamed species are awaiting
description in museum collections and more species are yet to be discovered in Nature.

Some estimate the total number of species of Lepidoptera to be 500,000 (Gaston, 1991.)

Evolutionary History of Lepidoptera
The Lepidoptera are a holometabolous order including moths and butterflies. They are

the sister group of Trichoptera, the caddisflies. Based on fossils (extinct family
Necrotauliidae in or near order Trichoptera), the sister lineages are thought to have
diverged by at least the early Triassic Period, approximately 240 million years ago (mya)
(Ivanov and Sukatscheva, 2002; Grimaldi and Engel, 2005). Fossils of free-living
Trichoptera family Rhyacophilidae are known from the early Jurassic Period and
Trichoptera suborder Integripalpia cases have been present in the fossil record since the
mid-Jurassic Period. The earliest Lepidoptera fossil (Archeolepis mane Whalley) is also
from the early Jurassic Period (Kozlov et al., 2002; Grimaldi and Engel, 2005). Preceding
these events, holometaboly evolved in the early Permian Period, approximately 290 mya,
in company with an explosion of new insect families (Grimaldi and Engel, 2005).
Inferring the phylogeny of the Lepidoptera is accomplished with comparative
morphological study and analysis of DNA sequences; dating of the resulting phylogenetic
lineages is aided by paleontological study. Lepidoptera have been generally poor subjects

for fossilization because of their fragility (Kristensen, 1999). The total number of



Lepidopteran fossils is 600-700, with approximately 50 more significant finds (Grimaldi
and Engel, 2005; Kristensen, 1999). Preservation in rock occurs by compression, which
can preserve sclerites or wings, and impression, which yields a mold of the insect. Both
types of fossil generally show an incomplete picture, but some rock fossils are amazingly
detailed (Grimaldi and Engel, 2005). In some cases, replacement of the insect by
minerals (petrifaction) resulted in a replica of an insect body.

Although soft-bodied insects such as larvae don’t usually fossilize, they can leave
ichnofossils, traces of their presence such as leaf mines, galls, frass, or burrows. The
identity of the organism that left the trace often cannot be ascertained, but some groups
can be implicated by patterns of frass deposits or chew marks. One beautiful and
significant type of ichnofossil is the caddisfly case, which can reveal the genus of the
inhabitant by construction design and materials (Grimaldi and Engel, 2005).

The majority of lepidopteran fossils (roughly 500) were trapped in amber
(Kistensen, 1999). Amber fossils reveal fine features of insects trapped in resin from trees
(conifers and rarely some angiosperms). Amber fossils have been found in specific
geographic locations dating from specific time frames, beginning in the Triassic Period of
the Mesozoic Era, approximately 235 mya, which postdates the appearance of insects in
the Devonian Period of the Paleozoic Era, over 400 mya (Grimaldi and Engel, 2005).
Therefore amber fossils shine multiple windows on the insect world after the more
derived clades, including the Holometabola, were on the scene.

Understanding ancestral feeding behaviors and mouthpart adaptations can inform

our understanding of extant morphological and physiological features (Klowden, 2007).



The flowering plants, Angiospermae, evolved during the Cretaceous Period,
approximately 150 mya. A transfer of feeding and pollination activities from conifers to
the angiosperms has been hypothesized to occur (Labandeira, 2010). The angiosperms
diversified during the Cretaceous and Tertiary Periods, followed by the diversification of
the Lepidoptera which relied upon the angiosperms for nutrition in both the larval and
adult stages (Grimaldi and Engel, 2005; Hochuli and Feist-Burkhardt, 2013; Labandeira,
2010). Therefore, the feeding behaviors and mouthpart structures should include
significant characters in understanding the phylogeny of the group. Most studies have
emphasized the host plants of the caterpillars, but the feeding strategies and resources of
the adults should also be informative in understanding the phylogeny of the Lepidoptera.
Therefore, studies of the function and structure of the adult mouthparts and feeding
behavior, with attention to the adaptive value of variations, will shed light on the history

and relationships of members of this large order.

Order Level Phylogenetic Considerations
The holometabolous insects, including the Lepidoptera, are divided into the neuropteroid

orders, Coleoptera and Neuroptera, and their sister group, the panorpoid orders, which
include Hymenoptera, Trichoptera, Lepidoptera, Siphonaptera, Diptera, Mecoptera and
perhaps the Strepsiptera (Triplehorn and Johnson, 2005). Within the panorpid clade, the
Hymenoptera are sister group to all the rest. The mouthparts of adult Lepidoptera do not
appear similar to Hymenopteran adult mouthparts, with the exception that adults of both
orders have a sucking pump in the head to assist feeding. The mouthparts of lepidopteran

caterpillars and other panorpoid larvae show some morphological similarities to



hymenopteran larval mouthparts. All have mandibulate, chewing mouthparts with

salivary glands that produce silk (Snodgrass, 1993).

Synapomorphies of Amphiesmenoptera
The Trichoptera (hair-wing insects) and the Lepidoptera (scale-wing insects) are

considered sisters groups and together are called the Amphiesmenoptera (dressed-wing
insects). The sister relationship of the Trichoptera and the Lepidoptera is based on 21
synapomorphies shared by the two orders of the Amphiesmenoptera, including:
heterogametic females, primitively a pair of glands on abdominal sternite V, hairs or
scales on the wing membranes, and forewing anal veins forming a “double Y.” All the
larvae of both groups have a fused hypopharynx and prelabium, and have silk glands
(Grimaldi and Engel, 2005; Kristensen, 1984). The two orders have significant life
history differences, as virtually all Trichoptera have aquatic larvae and most Lepidoptera
have terrestrial larvae. Both orders are monophyletic. The single most distinguishing
character within the Amphiesmenoptera concerns the wing covering. The Trichoptera
have the synapomorphy of hairs on the wings, whereas in the Lepidoptera the hairs have
been modified into scales which cover the membranes of the wings, the wing veins, and
often other parts of the body (Triplehorn and Johnson, 2005). The name of the
Lepidoptera comes from the Greek words Aemig (“lepis,” genitive singular Aemidog,

“lepidos™) and mtepov (“pterov,” plural mtepa, “ptera”) meaning “scale-wings”.



Synapomorphies of the Order Lepidoptera
Twenty-six synapomorphies have been identified in the Lepidoptera (Kristensen 1984).

The more evident external morphological synapomorphies include: forewing M veins
each have three branches, each foretibia has only one or no apical spurs and has an
articulated epiphysis, the median ocellus is absent, tergum I is desclerotized, and the cerci
are absent. Nielsen and Common (1991) described the Lepidoptera succinctly as:
Proboscis-bearing or rarely mandibulate, endopterygote Neoptera, without median
ocellus, with two pairs of membranous wings clothed on both surfaces with

usually overlapping scales. Larvae eruciform, peripneustic or rarely holopneustic.
Pupae rarely decticous, usually adecticous and obtect.

Phylogeny within Lepidoptera
The phylogeny within the Lepidoptera is challenging because many of the
phylogenetically informative characters are microscopic structures or internal features.
Many rare but significant specimens have been preserved dry, so internal characters are
lost. Some basal families are represented by few specimens of few species. Wing
venation is important in family identifications, but is obscured by the scales which must
be removed before the venation can be seen. Lepidopterans have been slow in yielding
their secrets because many are minute and many are nocturnal, presenting difficulties in
collection and in identification. The large, colorful members of the Lepidoptera have
captured many devotees over the centuries, who have contributed various and confusing
group names and phylogenetic hypotheses. Some names have been determined to be
paraphyletic, and hence are not currently used, but the terms still linger in the literature.
The most comprehensible strategy for understanding the taxonomy of the lepidopterans is

to treat them at the level of the superfamily (Figure 1.1). Beginning with the higher levels



of classification, the Lepidoptera have been divided into four suborders. The three
primitive suborders, the Zeugloptera, Aglossata, and Heterobathmiina, are mandibulate

moths. The members of the fourth and largest suborder, Glossata, all possess a proboscis.
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Figure 1.1: A phylogeny of the 46 superfamilies of Lepidoptera. Dichotomies indicate
well-accepted relationships. Polytomies designate relationships not fully resolved. Circles
indicate the origin of major clades. (modified from Kristensen, 1984; Kristensen et al.,
2007; Regier et al., 2013; Scoble, 1992)
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Basal Suborders of Lepidoptera
The basal phylogeny of Lepidoptera is well understood with evidence from morphology

and molecular work agreeing (Grimaldi and Engel, 2005; Regier, 2013). The basal
groups include three families with mandibulate mouthparts, one of which is
Micropterigidae which is considered by most to be the sister group to all the rest of the
Lepidoptera (Kristensen 1984). Micropterigidae (superfamily Micropterigoidea) is the
sole family in the suborder Zeugloptera (some suggest it represents a separate order)
(Scoble, 1992). There are two other basal suborders, Aglossata (superfamily
Agathiphagoidea) and Heterobathmiina (superfamily Heterobathmioidea). Each group is
represented by only one family. These three basal suborders are represented by less than
1% of the species in Lepidoptera. The rest of the lepidopterans, more than 99% of the
species, are in the suborder Glossata, characterized by the presence of the proboscis
(Pogue, 2009). This imbalance suggests the importance of the proboscis to the success

and diversity of the order Lepidoptera.

The Suborder Glossata
The Glossata were named by Fabricius, from the Greek word yAwcoa (“glossa”) meaning

“tongue,” which refers to the elongate proboscis. Within the Glossata, all have extrinsic
muscles associated with the proboscis. The first superfamily of Glossata is the
Eriocranioidea. The Eriocranioidea, Acanthophagoidea, and Lophocoronoidea have
proboscises with extrinsic muscles only (Scoble, 1992). Those lepidopterans that
additionally have intrinsic musculature in the proboscis are called the Myoglossata

(Scoble, 1992; Kristensen, et al, 2007).
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The most basal division of the Myoglossata results in two clades: the
Neopseutsoidea and the Neolepidoptera, with the Neopseustoidea being sister group to all
the rest of the Myoglossata. The Neopseustoidea have a proboscis constructed from two
elongate galeae; however, they have two food canals, one in each galea, which is a
striking distinction from the rest of the glossatans, which have only one central food
canal created by the concave medial walls of the two galeae (Kristensen et al., 2007;
Scoble, 1992).

The glossatans have been traditionally divided into “Monotrysia” and Ditrysia,
based on whether the female reproductive system has one opening or two. In Ditrysia,
the dorsal opening is for egg-laying, while the second, ventral opening leads to the bursa
copulatrix and is reserved for mating. These terms were introduced by Carl Borner in
1939, and recognition of this differentiating character was fundamental to understanding
lepidopteran classification. Ditryisa is considered to be monophyletic, but monotrysia is
paraphyletic. The non-ditrysian Glossata include the superfamilies Eriocraniiodea,
Acanthopteroctetoidea, Lophocoronoidea, Neopseutidoidea, Mnesarchaeoidea,
Hepalioidea, Palaephatoidea, Tischerioidea, Nepticuloidea and Incurvaroidiea
(Kristensen et al., 2007). The two superfamilies of Mnesarchaeoidea and Hepalioidea are
called the Exporia, because, although the females have two genital openings (probably a
convergence), they are distinctive from the Ditrysia in that the sperm are transferred to
the spermatheca by an external groove. For the Ditrysia, there is an internal duct for
sperm transfer to the spermatheca (Scoble, 1992). The Ditrysia include all other glossatan

superfamilies in Lepidoptera (Triplehorn and Johnson, 2005).
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Kristensen, et al., (2007) described the synapomorphies of the Ditrysia, which,
apart from the character for which they are named, are predominately characters of the
immature stages. The larvae have well-developed prolegs on abdominal segments 3-6
and 10, with crochets (tiny hooks) in diagnostic serial arrangements on the ventral plantae
of the prolegs, to maintain contact with their host plant. The pupae are predominately
obtect and adecticous (with a few exceptions in the Bombycoidea) (Kristensen et al,
2007).

The Lepidopteran superfamilies were traditionally divided roughly by wingspan
into microlepidopterans and macrolepidopterans, but there are many exceptions to this
trend, undermining the phylogenetic significance of the terms. The term microlepidoptera
is used only in lower case reflecting a non-natural grouping. The term Macrolepidoptera
has been reserved for the most highly derived clade nested within the Ditrysia, and
includes the superfamilies Geometroidea, Uranioidea, Drepanoidea, Papilionoidea,
Hesperioidea, Axioidea, Calliluloidea, Hedyloidea, Mimallonoidea, Lasiocampoidea,
Bombycoidea [which includes the beneficial silk moths (in the Bombycidae) and the
largest specimens of the order (in the Saturniidae)], and Noctuoidea (the most species-
rich superfamily in the order) (Kristensen et al., 2007) (Figure 1.1).

A fundamental division among the glossatans consists of those that have similar
venation in the forewing and hind wing, called homoneurous glossatans, as opposed to
the heteroneurous glossatans, which have different venation in the forewing and hind
wing (the radial sector vein is branched in the forewing, but not branched in the hind

wing). It is suitable to use the descriptive term homoneurous in lower case; the
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capitalized term “Homoneura” is no longer used because the homoneurous species are
not monophyletic (Scoble, 1992). The homoneurous moths include the five basal
glossatan superfamilies: Eriocranioidea, Lophocoronoidea, Neopseustoidea,
Mnesarchaeoidea, and Hepialoidea. All other glossatan superfamilies are heteroneurous
(Kristensen, 1984; Scoble 1995). The Exoporia, consisting of superfamilies
Mnesarchaeoidea and Hepialoidea, are considered to be the sister group to all of the
remaining heteroneurous families (Kristensen et al., 2007). Within the Heteroneura there
are two clades, the first of which is the single superfamily Nepticuloidea. The name of
Eulepidoptera is given to the much larger clade of the Heteroneura without Nepticuloidea
(Figure 1.1). The Eulepidoptera are characterized by secondary ventral legulae providing
a more secure linkage of the galeae, sensilla stylonica with 4-6 longitudinal ribs on the
galeal surface (presumably for enhanced sensory perception of the food substrate), and
pilifer bristles (presumably for mechanoreception and centering of the proboscis base
beneath the median labial process) (Krenn and Kristensen, 2000).

The common names of “butterfly” and “moth” reflect another traditional
grouping. Butterflies are sometimes called the Rhopalocera (from Greek "poraiog and
Kkepag , “ropalos”’and “keras”) meaning “club-horn,” referring to the typically clubbed
antennae, with moths being termed “Heterocera” (from Greek "etepog and kepag “eteros”
and “keras”), meaning “other-horn,” referring to the wide variation in shape present in
moth antennae. Rhopalocera represent a monophyletic clade when they consist of the
traditional Papilionoidea and Hesperioidea, plus the Hedyloidea (New World butterfly

moths) (Figure 1.1). However, “Heterocera” is polyphyletic (Scoble, 1992). The
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Rhopalocera have also been called the “Diurni” (day-fliers) or “Frenatae” (wing coupling
by frenulum and retinaculum), with the “Heterocera” referred to as “Nocturni”
(nocturnal) or “Jugatae” (wing coupling by jugum). However, behavioral and
morphological exceptions are found in all of these groups, so these terms are no longer

used (Scoble, 1992).

Molecular Phylogenetic Evidence
Molecular studies of the phylogenetic relationships within the Lepidoptera have

supported the morphological phylogeny for the superfamilies in the basal lineages and in
the lower Ditrysia. The clades within the Ditrysia are divided into the non-apoditrysian
basal groups, for which phylogenies are well supported, and the Apoditrysia (the higher
Ditysia, including the Macrolepidoptera), for which the syanopmorphy is the structure of
sternum Il (shortened apodemes with enlarged apodeme bases) (Kristensen, 1999).
Support for proposed phylogenies within the Apoditryisa is lacking or conflicting
depending on the type of analysis (Regier et al., 2013) (Figure 1.1). The evolutionary
trends among the superfamilies of Lepidoptera have been: (1) increase in body size, (2)
movement from internal feeding (such as leaf-miners) to concealed feeding (such as leaf-
rollers), to external feeding, and (3) acquisition of tympanic organs, either on the thorax

or the abdomen (Regier et al., 2013).
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Feeding Habits of Adult Lepidopterans
Most adult lepidopterans are nectar feeders that visit flowers and are essential for

pollination of the plants they frequent. These species spend much time foraging.
Although the larvae are usually host specific, the adults typically visit whatever flowers
are available and suitable for nutrition. Many other sources of nutrition may be used by
lepidopterans, such as fruit juices, moist soil, dung, biofilms, or a myriad of other liquid
sources, including the blood or fluids of vertebrates which are accessed by piercing and
sucking (Scoble, 1992; Banziger, 1971; Adler, 1982). It is thought that some lepidopteran
adults do not take nutrition, although they presumably require water (Norris, 1936).

Norris (1936) did an extensive review of the literature to compose a list of adult
lepidopteran food sources and feeding habits for various families. However, she noted
that an absence of records is not evidence of absence of the behavior, but may result from
a lack of observations (Norris, 1936). She found that field observations are incomplete,
often anecdotal, and usually focused on the macrolepidopteran families, and her appraisal
may still be true today. In addition, studies have generally lacked attention to the sex of
the insect, which is important since there could be differences in feeding behavior
between the sexes. Norris (1936) listed the lepidopteran feeding guilds as: nectar, juices
of over-ripe and rotting fruit, juices of sound fruit, exuding sap of plants, honeydew,
honey, animal excrement and perspiration, or water only, to which have been added
pollen-feeders (Eberhard et al., 2006; Pellmyr and Krenn, 2002) and blood-feeders
(Bénziger, 1971). In discussing feeding guilds, it must be noted that multiple substrates
are probably used by many lepidopterans, and that various nutrients may be available

from different flowers or different substrates. So the food guilds generally do not have
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strict boundaries (Scoble, 1992), although morphological adaptations for specialized
feeding may restrict access to other food types (Gilbert, 1972; Knopp and Krenn, 2003;
Molleman et al., 2005).

Our most familiar nectar-feeders are butterflies, but many nocturnal and
crepuscular moths also seek nectar, such as the hummingbird moths (Sphingidae) that
visit flowers at dusk. Nocturnal moths are drawn by scent and also sometimes by visual
cues. Insects can respond to color at night, such as sphingids responding to the purple
color on the flowers of the tobacco plant, that our human vision cannot discern in the
dark (Norris, 1936). The odor is essential to the effectiveness of fermented sugar baits
that are used to attract moths at night. Even for day-flying butterflies, the odor is the first,
distant stimulant, with visual cues becoming more effective as the butterfly approaches.
This multimodal signaling is common in insects and is to be expected for behaviors
essential to fitness (Matthews and Matthews, 2010).

Butterflies and moths also use the proboscis to absorb essential nutrients from
water or moist substrates, such as soil. This behavior has been called “puddling,” and is
more frequent among males, who seek sodium, and perhaps other nutrients
simultaneously, to meet their increased nutrient requirements for production of
spermatophores (Adler, 1982; Adler and Pearson, 1982; Smedley and Eisner, 1996). The
spermatophores transport not only the sperm but also nutrients essential for egg
production to the female. The males become depleted in sodium as it is transferred to the

females in the spermatophores, and hence they have a higher sodium requirement. This
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accounts for the observation that the majority of puddling lepidopterans are males (Adler

and Pearson, 1982; Smedley and Eisner, 1996).

Non-Feeding Adults
The British have keenly watched their lepidopteran fauna over past centuries, and,

although absence of evidence is not evidence of absence, they have noted that a large
number of moths, including many noctuid, geometrid, and erebid moths do not appear to
feed (Norris, 1936). Some of the largest lepidopteran moths from families Bombycidae
and Saturniidae are thought not to feed as adults (Norris, 1936). Supporting the field
observations, the proboscises are often morphologically reduced in these species.
However, studies have demonstrated the capability of other moths with reduced
proboscises to acquire fluids, including representatives of families Notodontidae (Adler,

1982) and Geometridae (Grant et al., 2012).

Water Drinking
The proboscis has been hypothesized to have evolved in the adult to meet the need for

water. Dehydration is a serious threat to insects because of their large surface to volume
ratio. The Eriocraniidae, members of the earliest glossatan family, have been observed to
use the proboscis for uptake of water in the laboratory (Scoble, 1992). Day-fliers, such as
the Eriocraniidae, should have a high need for water because they are active during the
warmest time of the day. The so-called “non-feeding” lepidopterans are presumed at least

to need and consume water. However, this should be demonstrated experimentally for
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different species by comparing fecundity and longevity with and without water (Norris,
1936). It was found that two closely related, economically important species, Ephestia
cautella and E. kuhniella, responded differently to lack of water. These fitness
parameters were halved for E. cautella, but only slightly reduced for E. kuhniella (Norris,
1936). Evaluating the uptake of water becomes confused when the water obtained from
moist substrates is infiltrated with other nutrients, such as happens when the substrate is
infused with vertebrate perspiration or excrement. In that case it must be demonstrated
experimentally whether the moths seek water or nutrients or both (Norris, 1936).
Butterflies and moths are commonly found resting on muddy substrates or the
edges of puddles, apparently taking in water (Adler, 1982). This behavior is called
puddling. Norris (1936) reported large numbers of butterflies, especially lycaenids,
pierids, and hesperiids, puddling along paths in the Alps. The populations of puddling
lepidopterans are predominately males which acquire sodium inclusion in
spermatophores and transferred as a nuptial gift to the females during mating (Smedley

and Eisner, 1996).

Nectar Feeding
At the mention of nectaring, most of us think of butterflies casually visiting our garden

flowers, because we are diurnal, as are butterflies and most flowers. What about moths?
Most of us have seen the fast-flying hummingbird moths feeding on flowers. | have
mixed cherry Coke, smashed banana and beer and applied it to tree trunks to attract
moths at night. Many nocturnal moths, especially noctuids, respond to these sugar baits,

and so it may be inferred that they visit nocturnally blooming flowers (Norris, 1936).
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Lepidopterans can find a variety of nutrients in nectar, foremost of which is sugar, but
smaller amounts of amino acids, enzymes, and plant secondary compounds can also be
obtained from nectar. The sugar content of nectar varies from 7 to 70% (Nicolson et al.,
2007), as do energy requirements of different species of Lepidoptera. Which flowers a
species visits is determined by an energy economics that must strike a balance between
sugar concentration and viscosity. Nectars with higher sugar concentrations or additional

chemicals will be more viscous and will have a slower rate of uptake (Scoble, 1992).

Feeding on Sap, Honeydew, and Honey
A number of moths and some butterflies, particularly of the family Nymphalidae, can

feed from plant sap. Many species are the same as those that feed on rotten fruit, such as
the Charaxes (Nymphalidae) butterflies (Norris, 1936; Molleman et al., 2005).

Some moths (notably noctuids) and some lycaenid butterflies consume the
honeydew produced by aphids and other hemipterans (Norris, 1936). Some lycaenids
have been observed to stroke aphids with the proboscis in order to elicit production of
honeydew for consumption (Scoble, 1992).

Some moths steal honey from bee’s nests. The Death’s Head Hawkmoth
(Acherontia atropos) has a proboscis that is specially adapted for this purpose, being

robust, highly sclerotized, and pointed (Norris, 1936).
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Feeding on Over-Ripe or Rotting Fruit
In the Reiman Gardens Butterfly Wing, in Ames, lowa, | first saw live Morpho butterflies

(Nymphalidae) feeding on cut fruit in trays. On the wing they fly liltingly, like the
monarch, flashing their blue color. The blue scales are generally reserved to the upper
surface of the wings, with the lower surface appearing camouflaged in shades of brown,
sometimes with eye spots. They disappear when they come to rest and close their wings.

Some butterflies augment feeding from flowers with consuming the juices of
overripe fruits, especially when the skin of the fruit is ruptured by falling or by being
chewed by animals. A variety of butterflies among the nymphalids, and many moths,
including noctuids, consume the juice of overripe or rotting fruit (Norris, 1936; Knopp
and Krenn, 2003).

Various lepidopterans have at different times independently evolved a specialized
feeding behavior called “sweeping” to assist in taking fluids from open or injured fruit
and other non-floral resources (Molleman et al., 2005). Sweeping involves movement of
the proboscis below the bend region along with changes of orientation of the body to the
substrate (Molleman et al., 2005). Sweepers tend to have a long proboscis with a long tip,
with long sensilla styloconica that look like a brush (Molleman et al., 2005; Knopp and
Krenn, 2003). In Morpho peleides (Butler), the sensilla augment the microscopic
cuticular slits that provide greater surface area for fluid uptake (Knopp and Krenn, 2003).
Morpho peleides demonstrated another behavioral adaptation to soft-fruit feeding which
was to rapidly lift and lower the proboscis against the surface, possibly to clean the slits

by ejecting fluid from the proboscis (Knopp and Krenn, 2003). The physical adaptation
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of the proboscis for soft-fruit feeding interfered with the full use of floral nectaries

(Knopp and Krenn, 2003).

Fruit Piercing
Adaptations of the proboscis are necessary to allow piercing of the skin or rind of sound

fruit, including a stronger cuticle, a fine, pointed tip, and sometimes serrated or toothed
edges, combined with unique feeding behaviors. Lepidopterans with the ability to breach
the skin of sound fruit can be a serious threat to orchards. Particularly some noctuids and
nymphalids have this ability. Once they have pierced the fruit, other lepidopterans or
other pests can then further damage the fruit (Norris, 1936). Fruit-piercers tend to have a
stout proboscis, and the tip region tends to have short sensilla and may have erectile barbs
and hooks (Molleman et al., 2005). These strong morphological adaptations of the fruit-
sweeping (for over-ripe fruit) and fruit-piercing (for sound fruit) proboscises prohibit

crossing food guild boundaries (Molleman et al., 2005; Knopp and Krenn, 2003).

Feeding on Animal Fluids
Certain moths of the huge family Noctuidae are able to pierce the skin of fruit or animals,

both of which offer the reward of a greater volume of fluid resources than can be found in
individual flowers (Banziger, 1971). An added advantage is that animals are available
throughout all seasons of the year. This feeding specialization necessitates structural
adaptations to accomplish breaching a tough exterior to reach the nutritious fluids inside

(Norris, 1936; Bénziger, 1971). The skin-piercing moths have a proboscis that is
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strengthened by being more robust, more sclerotized, and less tapered. The apex of the
proboscis bears a highly sclerotized point and the apical region has erectile hairs and
barbs that may be senilla (Scoble, 1992). The galeae of the piercing proboscis can
perform antiparallel movements, which Banziger (1971) attributed to an additional
(fourth) set of cranio-stipital muscles in the head. These additional muscles may provide
greater hemolymph turgidity for the galeae, but they are not essential for anti-parallel
movements. Antiparallel movement of the galeae has since been described in assembly of
the proboscis (Krenn, 1997) and during fluid feeding (Lehnert et al., 2014). Moths with
the piercing proboscis have well developed, arched tentorial arms, whereas the tentorial
arms of other lepidopterans are not arched and are less developed. (Scoble, 1992). The
proboscis is further strengthened by hydrostatic pressure (Banziger, 1971).

Blood-sucking insects have to build sufficient sucking pressure to overcome the
blood pressure of the host, so the cibarial pump plays a critical role in facilitating this
type of feeding (Chapman, 1998). In addition to the structural characters, these moths
exhibit unique behaviors of fast lateral sawing and circular twisting with head oscillation
that effect the laceration necessary to release fluids (Banziger, 1971; Scoble, 1992).
Saliva can contain anti-inflammatory and anti-coagulant chemicals to overcome host
defenses (Chapman, 1998).

Some moths, instead of feeding on blood, feed on tears of vertebrates, usually in
combination with other sources of nutrition. The tears supply water, salts, and protein.
Lachryphagous moths are tropical, nocturnal moths from the families Pyralidae,

Geometridae, Thyrididae, Notodontidae, Noctuidae, and Sphingidae (Scoble, 1992). The
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proboscis of these moths is similar to that of the feeders of overripe or rotten fruit, being
flexible and having a blunt tip (Scoble, 1992). These and other moths may additionally
consume the perspiration of vertebrates or saliva, pus, or blood on the skin (Norris, 1936;
Scoble, 1992). Butterflies and moths have also taken nutrition from animal excrement

such as dung and urine (Norris, 1936; Adler, 1982; Scoble, 1992).

Pollen feeding
Pollen collection is both a basal and a convergently derived trait. The basal

Micropterigoidea include members that feed on pollen from various angiosperms,
including grasses and the Zygogynum trees of the southern hemispheric family
Winteraceae, and additionally some feed on fern spores (Krenn et al., 2005).
Heterobathmioidea feed on the pollen of Nothofagus (beech) trees (Krenn et al., 2005).
These manibulate moths have a full complement of orthopteroid mouthparts, unlike the
glossatan species in which some mouthpart components are reduced or lost and others are
highly modified. These primitive moths use their maxillary palps to scrape anthers to
collect pollen that adheres to their palps which have setae and other structures specialized
for this purpose (Krenn et al., 2005). Pollen is transferred to an infrabuccal pouch
equipped with asymmetrical teeth with opposing grinding surfaces, and then into the
epipharynx which is specialized for grinding pollen.

In addition to the basal families, there are some derived groups that have
secondarily adopted pollen-feeding habits. The yucca moths (genera Tegeticula and

Parategeticula, Prodoxidae, Pyraloidea) engage in an obligate mutualism in which the
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moths are the sole pollinators of the yucca plants (Agavaceae), and receive the benefit of
a sheltered food source for the larvae inside the maturing seed pods of the plant. The
female moths have acquired the spectacular coevolutionary novelty of a new, non-
homologous limb with multipurpose tasking. A tentacle emerges from each maxillary
palp first segment. The tentacles are used to scrape anthers for pollen grains, which
adhere to make a ball that is grasped and further molded by the tentacles. After the moth
oviposits into a pistil, the tentacles are used to spread some pollen on the stigma and pack
pollen into the style, ensuring pollination of the plant and development of the seed and
the larvae (Pellmyr and Krenn, 2002).

Some members of the Heliconiinae (Nymphalidae) use pollen, representing
another return to pollen collection as a secondarily derived condition (Krenn and Penz,
1998; Eberhard et al., 2006; Scoble, 1992; Gilbert, 1972). These butterflies use saliva for
solubilizing amino acids from the pollen grains, and so they will be treated in more detail

in the section on the role of saliva.

Model Species for Study of the Lepidopteran Proboscis

Pieris brassicae (Linnaeus)
The generalized structure of the proboscis has been derived from studies of a few model

species of lepidopterans. These historical perspectives will be presented, with current
modifications of our understanding noted. The descriptions that follow in this section
come from the work of Eastham and Eassa (1955), who described the feeding mechanism

of Pieris brassicae (Linnaeus). The two elongate galeae join to form a central food canal.
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A cross-section of the proboscis shows an oval shape, within which is an approximately
circular food canal placed dorsally within the section. The edges of each galea are
trimmed with legulae, which are cuticular projections appearing as tiny plates dorsally
and tiny hooks ventrally. The galeae unite by overlapping the dorsal legulae and
interlocking the ventral legulae. (Eastham and Eassa, 1995). In some species, particularly
those that pierce the skin of sound fruit or animals, the galeae have been noted to slide
relative to each other, enabling alternating thrusts (Banziger, 1971). The linkage of the
legulae had been thought to be persistent and fixed in most lepidopterans, but recently
anti-parallel motion has been reported during fluid-feeding for Papilio polyxenes asterius
(Stoll) (Lehnert et al., 2014). Between the legulae, the proboscis appears finely annulated
due to exocuticlar thickened ribs embedded in the more flexible exocuticle. This apparent
annulation was attributed to imparting flexibility to the proboscis for coiling and
uncoiling (Eastham and Eassa, 1955).

The food canal is lined with cuticle, and the dorsal and ventral legulae that seal
the food canal are projections from cuticular bars running the length of each galea (Davis,
1986). The dorsal legulae are lanceolate plates that overlap broadly but loosely. Their
breadth provides for the ability to seal the food canal even as the proboscis is moving.
The ventral legulae are bars ending in hooks, providing a more secure link than the dorsal
legulae. The dorsal and ventral legulae close the food canal and in combination with the
cuticular lattice of the inner galeal wall (the food canal), restrict horizontal movement of
the proboscis (Eastham and Eassa, 1955; Kwauk et al., 2014). The lumen of each galea

contains septa that increase the effectiveness of the hemolymph pressure in uncoiling the
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proboscis. These septa provide protection and channels for the tracheae and nerves
(Eastham and Eassa, 1955).

The hemolymph of the head can communicate into the galeae through the tube-
shaped stipes, with a stipital apodeme forming a valve. The tentorial arms reach above
the stipes, then curve laterally to the stipes, and are the origins for two sets of muscles on
each side, with a third set of stipital muscles with its origin on the genae or clypeus
(Table 2.1) (Eastham and Eassa, 1955).

The galeal muscles consist of a series of muscle groups starting in the head (Table
2.2). The stipital muscles are attached to the tentorium or the cranium and act to dilate the
stipes for hemolymph entry into the galeal lumen. The galeal retractor muscles originate
on the tentorium, and insert in the galeal base. The galeal base elevator muscles consist of
a dorsal, ventral, and proximal series of muscles in the base of each galea and lift the
galeae to prepare for uncoiling. Throughout the rest of the proboscis, each galea has two
series of muscles, the primary and secondary oblique muscles. The primary oblique
muscles (called lateral intrinsic muscles) taper from their broad origin on the lateral wall
of the galea to a point where they insert on the ventral wall of the galea (Bauder et al.,
2013). The insertion is distal to the origin. The secondary oblique muscles (also called
medial intrinsic muscles) are only found in the “knee bend” region in Pieris brassica, but
other arrangements have been found in other species (Krenn, 2000; Bauder et al., 2013).
The secondary oblique muscles originate on the ventral wall of the galea near the ventral
legulae. They remain ventral and insert near the ventral longitudinal septum of the galea

(Eastham and Eassa, 1955).
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Table 2.1: Summary of the muscles of the head and galeae that act in movements of the
butterfly proboscis.

Location Muscle Origin Insertion Action
Head Cranial stipial adductor® | Genae/Clypeus? Stipital apodeme? Pulling action on the stipital
Anterior tentorial Anterior part of Posterior part of apodeme causes the opening
adductor? tentorium arm? stipital apodeme? between the stipital and head
Posterior tentorial Inner face of Anterior half of the | cavities to close?
muscle? posterior part of stipital apodeme?
tentorial arm?
Galeal Retractor muscles? Anterior tentorial | Galea cuticle at Draw base of proboscis
Base armad junction with backwards to increase contact
stipes? of food canal with cibarium?
Proximal Elevator Galeal base Dorsal apodeme? Raise the base of proboscis
muscles: ventral fibers cuticle? for uncoiling or vertical
run parallel, dorsal fibers motion when extended?
bend to the side?
Distal Elevator muscles® | Dorsal apodeme Flexible galeal Raise the distal apodeme?
and dorsal base wall proximal
proboscis wall? to origin?
Galea Primary oblique muscles® | Proximal and Tapers to insertion | Relaxed when coiled;
(or lateral intrinsic ventral to point distal and Contract for extension;
muscles®) insertions (these | ventral to origin; in | Primaries are longer and
run higher to lateral ventral originate more dorsally and
lower). The wide | chamber of galea? longitudinally than
origins span secondaries; Primaries
approximately 6 become more lateral, shorter
cuticular and stouter distally, almost
annulations? transverse at the tip?
Galea— Secondary oblique Ventral galeal Ventral wall of Only at knee bend?; or to tip®;
knee bend | muscles?, (or median wall, lateral to galea near lower in median ventral sector of
region intrinsic muscles®) ventral legulae,? septum? galea opposite to primary

they travel lateral
and distal to

insertion?

oblique muscles; resist full
extention of the proboscis in

the bend region?.

@ Eastham and Eassa, 1955.
b Krenn and Miihlberger. 2002.
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Table 2.2: Summary of the muscles of the cibarial pump and salivary ducts in the head of

butterflies.
Grouping | Muscle Origin Insertion Action
Salivary Salivary duct Hypopharyngeal Membranous roof of Contraction opens the
muscles dilators®; latero-medial salivary duc® salivary duct®
hypopharygeo- ridges®
salivarialis muscles
Muscles of Labral compressor Outer wall of Inner wall of labrum? Open the mouth (between
the apertures | muscles? labrum? the food canal and the
of cibarium cibarium)?
Transverse anterior On cibarial wall 2 Closes mouth (connection
sphincter of between food canal and
cibarium? cibarium)?
Pharyngeal dilator Hypopharyngeal Over the cibarial pump | Contraction closes the
(posterior sphincter)? | ridge of one side? | inserting onto opposite | esophagus? (posterior to
(encircling muscles)? hypopharyngeal ridge 2 | frontal ganglion)
Compressors | 1. longitudinal from Anterior Posterior sphincter? The compressors contract
of cibarial anterior to posterior sphincter? (while dilators relax) to
pump sphincters? reduce the lumen of the
2. dorsal to #1; two Anterior Posterior sphincter? cibarial pump, causing fluid
Lo a ) .
;?ng:tl::?;g?r;m%des g}?{lz(s::fer Cross dorsally to in lumen to enter
compressors: two Hypopharyngeal nterior transverse ridge esophagus*
muscle bands? ridges? of pump floor?
Transverse muscle Hypopharyngeal At the other side of the | Act with the posterior
just anterior to frontal | region at one Hypopharyngeal pharyngeal sphincter to
ganglion? side? region? close the esophagus?
Dilators of Anterior cibarial Inner wall of Dorsal wall of pump Three dilators contract
the cibarial dilator (not paired)?; clypeus? between cruciform sequentially front to back to
pump frontoclypeal- compressors? raise the roof of the pump,
cibarialis anteriord enlarging its lumen to
Lateral cibarial Lateral parts of | Roof of cibarial pump? | create suction for intake of
dilators (paired)? the clypeus? fluid?; Posterior to frontal
frontoclypeal- ganglion?.
cibarialis posteriord
Posterior pharyngeal | Middle of Postero-dorsal surface
dilator (not paired)? clypeus? of pump?

¢ Eberhard and Krenn, 2003.
d Eberhard and Krenn,2005.

@ Eastham and Eassa, 1955.
b Krenn and Mtihlberger,2002.
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Unknown to Eastham and Eassa (1955), trichoid sensilla are present inside the
food canal’s inner galeal wall with a chemosensory function in testing the quality of the
food source (Krenn, 1998; Krenn et al., 2005).

Unicellular glands were found with ducts leading into the food canal wall near the
dorsal legulae. They run in approximately 150 roughly opposing pairs. Their secretion
was hypothesized to lubricate or seal the dorsal legulae during proboscis extension, since
slight pressure, as might be caused by proboscis extension, should cause them to release
their contents past the dorsal legulae (Eastham and Eassa, 1955). There has been no
further study of these glands and their hypothesized role is called into question by the
demonstration of the capability of the dorsal legulae to admit fluids into the food canal
(Monaenkova et al., 2012).

The sucking pump is essential to feeding with the proboscis because it creates the
negative pressure needed to intake fluids. The structure of the pump consists of a highly
sclerotized hypopharyngeal floor that is fused to the genae anteriorly and therefore is
stationary, and a flexible membranous roof upon which many muscles act to increase (by
dilation) or decrease (by compression) the lumen. The changes in lumen volume
determine the sucking pressure generated. Sphincter muscles define a functional mouth
at the anterior end of the cibarial pump where it joins the food canal. At the posterior end
of the cibarial pump, sphincter muscles control the opening to the esophagus. When the
lumen of the cibarial pump is dilated and the anterior sphincter is open, the posterior
sphincter must be closed in order that fluid can be sucked up the proboscis and taken into

the cibarial pump. Alternately, when the lumen of the cibarial pump is compressed and
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the anterior sphincter is closed, the posterior sphincter opens and the liquid in the lumen
of the pump is forced into the esophagus (Eastham and Eassa, 1955).

These authors performed several manipulations to demonstrate the mechanisms
underlying proboscis movements. They demonstrated that proboscis extension depends
on both a closed hemocoel (maintained by the stipital valve) and muscular activity, and
rejected previous views that either muscles or hemolymph solely result in extension
(Eastham and Eassa, 1955). The closed hemocoel maintains turgor when the oblique
muscles contract and draw the walls of the each galea closer together, causing
conformational change of the cross-sectional shape of the proboscis, and spreading the
effect throughout each galea. The condition in the coiled proboscis is reported as being
dorsally flat, and the extended proboscis as dorsally convex (Eastham and Eassa, 1955).
Meanwhile the food canal remains circular in both states. These authors attribute
proboscis coiling solely to the elasticity imparted by the dorsal longitudinal cuticular bar,
and needing no energy input (Eastham and Eassa, 1955). The cuticular features are
critical in providing rigid fulcra (the septa and exocuticular ribs), flexible regions
(endocuticle), and the dorsal cuticular bar. The knee bend is explained by the presence of
secondary oblique muscles that oppose and resist the forces imposed by the contraction
of the primary oblique muscles, impeding full extension (Eastham and Eassa, 1955).

One point of the explanation of these authors needs revision. They assume that the
galeae cannot move relative to each other due to the strong ventral linkage (Eastham and
Eassa, 1995). Yet antiparallel movements of the galeae have been reported during fluid-

feeding, and are not restricted to the piercing mouthparts that are characteristic of certain
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specialized food guilds (Molleman et al, 2005; Lehnert et al., 2014). Another point left
unexplained in terms of structure and musculature was the ability of the tip to flex in all

directions.

Manduca sexta (Linnaeus)
Eaton studied another model species in 1988, Manduca sexta, the tobacco hornworm

moth. Manduca sexta has been a model species for a variety of studies, due in part to its
large size (males average 48 mm long and females average 52 mm long) (Eaton, 1988).
The bases of the two galeae that form the 80 mm long proboscis are surrounded laterally
by pilifers arising from the fused stipes and cardo, followed by the rudimentary
mandibles which lie up against the compound eyes and between which is the small
labrum (Eaton 1988). Posterior to the proboscis is the origin of the three-segmented
labial palps. Four pairs of campaniform sensilla are at the base of the proboscis, and 13
pairs of basiconic sensilla along the proboscis (Eaton, 1988). The galeae are united to
form the food canal. Assisting acquisition of liquid is the cibarial pump in the head. The
musculature which controls this pump consists of two sets of extrinsic muscles (cibarial
dilators and pharyngeal dilators), as well as intrinsic circular and longitudinal muscles.
Eaton (1988) attributed the movement of the proboscis to extrinsic maxillary extensor
and retractor muscles attached to the stipes. Eaton (1988) identified within each galea a
series of retractor muscles that run along the ventral wall of each galea to coil the

proboscis, and a series of extensor muscles on the anterior surface to uncoil the proboscis.
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The explanation for movement of the proboscis has been modified since Eaton made his
observations

Other systems in the head are involved in the action of the proboscis. In the
respiratory system of the adult M. sexta, the head receives tracheae from three branches
arising from each prothoracic spiracle (Eaton, 1988). One branch runs ventrally to enter
the proboscis. Tracheae are intrinsic to each galea (Eaton, 1988). The frontal ganglion of
the nervous system resides anterior to the cibarial pump and sends the frontal procurrent
nerve and its branches to the pump and to the proboscis. Circulation to the head is
accomplished by the aorta which is positioned along the dorsal surface of the alimentary
canal (Eaton, 1988). Lepidoptera are unique in that the aorta empties into a closed frontal
sac that directs the hemolymph into two sets of vessels serving the antennae and the optic
lobes (Eaton, 1988; Chapman, 1998). The optic vessels become dilated to wash the optic
lobes and then hemolymph moves ventrally to return to the thorax. The closed hemocoel
of the head provides hemolymph pressure which supplements muscle action to extend the
proboscis (Eastham and Eassa, 1955). The alimentary canal begins with the mouth, at the
juncture of the food canal with the anterior end of the cibarial pump, which in the M.
sexta adult has become a part of the cibarial pump. The proboscis conducts fluids through
the food canal proximally, through the mouth, and into the cibarial pump. The posterior
end of the pump joins the esophagus which conducts food through the thorax into the
abdominal crop (Eaton, 1988). The foregut is lined with cuticle, including the food canal

within the proboscis and the crop (Chapman, 1998).
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The salivary system in adult M. sexta consists of a long, paired, tubular organ in
the thorax. These salivary glands send ducts through the neck and into the head where
they fuse to become the common salivary duct, which widens to form the salivarium
ventral to the cibarial pump (Eaton, 1988). Eaton (1988) attributed control of the flow of
saliva into the proboscis to dilator muscles that attach at the point where the common

salivary duct becomes the salivarium.

Structure of Adult Mouthparts of the Lepidoptera:

The Larval Mouthparts
The larvae of all lepidopterans have manibulate chewing mouthparts and most are

phytophagous with specificity to a narrow range of host plants. The mouthparts of most
lepidopterans change drastically during metamorphosis from the mandibles in the larvae

to the sucking mouthparts of the adult.

Adults of Primitive Suborders
Of the lepidopteran adults, only the basal superfamilies Micropterigoidea and

Heterobathmioidea have adults with functional mandibulate mouthparts in larva, pupa,
and adult (the third primitive superfamily Aglossata has only vestigial mouthparts in the
adult). These manibulate adults have been observed to feed on pollen grains (Scoble,
1992). The mandibles are assisted in grinding action by a brush of spines on the
epipharynx complemented by a depression on the hypopharynx, creating a basket for

grinding pollen and other food material (Snodgrass, 1993). The mandibulate moths,
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although basal, have specific adaptive feeding morphologies including the arrangements
of the mandibles with regard to incisor and molar surfaces and a double articulation of
the mandibles. The mandibulate condition with epipharyngeal armature can be
considered the groundplan of adult lepidopteran mouthparts, with loss of those characters

occurring early in lepidopteran evolution (Scoble, 1992).

Adults of the Suborder Glossata: General Structure of the Proboscis
All lepidopteran superfamilies in the suborder Glossata have haustellate (sucking)

mouthparts in the form of a proboscis, a tube-like structure formed from the two elongate
galeae which come together shortly after emergence from the pupa. The medial surface
of each galea has a concave groove, which when it joins the other galea, creates the food
canal. The literal meaning of proboscis is “that which examines,” from the Greek
npofookic (“proboskis”), which reflect the role of the proboscis to probe potential food
substrates. The proboscis is a flexible structure that can be coiled, uncoiled, and moved
vertically, with a distal tip region can flex in all directions (Zhou and Zhang, 2013). In
most superfamilies, each galea is equipped with intrinsic nerves, muscles, and tracheae
(Molleman et al., 2005). No evidence of sexual dimorphism in proboscis morphology
has been found (Molleman et al., 2005), with the exception of blood-sucking
specializations which are present only in males (Scoble, 1992).

The earliest family expressing the sucking mouthparts is the Eriocraniidae
(superfamily Eriocranioidea). This family retains large functional mandibles in the pupa

for escaping from the cocoon and for struggling through the soil to arise from the
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underground pupal refuge. The adult has small mandibles and each maxilla has a six-
segmented maxillary palp. The maxillae exhibit the first appearance of elongated galeae
with grooved inner surfaces that form the food canal when united (Snodgrass, 1993).
These moths have a proboscis that is short and sclerotized proximally and dorsally. The
galeae are weakly joined and can separate when consuming fluids. Chemoreceptors are
present inside the food canal and distally on the galeae (Scoble, 1992). For the
Eriocraniidae, as well as the families Acanthopteroctetidae and Lophocoronidae, there are
extrinsic muscles on the stipes but no intrinsic muscles in the galea (Scoble, 1992).
Coiling in this situation is thought to be accomplished by the elasticity of the proboscis
(Béanziger, 1971; Scoble, 1992).

All higher superfamilies of the Glossata are termed the Myoglossata because of
intrinsic muscles present in the proboscis. The Myoglossata are divided basally into two
clades: the Neopseutoidea and the Neolepidoptera. Included in the Neopseustoidea are
the basal families which have a food canal in each galea, rather than a single food canal
formed by the union of the two galeae which is characteristic of the rest of the
Myoglossata families, the Neolepidoptera (Scoble, 1992). The dorsal connections of the
galeae of the Neopseustoidea are not homologous with the dorsal legulae of the
Neolepidoptera. For the neopseustids, each galea has one dorsal row of serrated scales
(called zip-scales) that interlock with those of the other galea (Scoble, 1992).

Basal families of the Myoglossata have a few longitudinal muscles running the
length of the proboscis. The higher Myoglossata families have primary and secondary

oblique muscles (Table 2.1), and show some structural variation, especially in the
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legulae, and some morphological novelties associated with specialized nutritional sources
(Scoble, 1992; Kristensen et al., 2007).

The adults of some species in various families show reduced mouthparts and
absence or reduction of the sucking pump indicating that the adults do not take nutrition
(Snodgrass, 1993). For these insects, the reserves from the larval stage sustain the adult
long enough to reproduce. In this regard, they are similar to members of their sister
group, the Trichoptera, where the adults of many species are thought not to feed as adults.
However, in the Lepidoptera, loss of feeding structures would be a derived trait.

For fluid-feeding adults, the mandibles are absent or reduced to small, fixed lobes.
The labrum is a frontal band beneath the clypeus on the head. The labrum sometimes
bears small lateral lobes, the pilifers. The maxillae each have a small basal cardo and a
larger stipes, with lacinia absent (or reduced) and galea elongated. The two galeae join to
form the proboscis. These two galeae are held together by the legulae, cuticular
projections from the dorsal edges of the galeae (Snodgrass, 1993). The dorsal legulae are
plates that overlap to produce a joint that can seal the food canal or admit liquids directly
into the food canal (Lehnert, et al. 2013). The ventral legulae are hooks that interlock to
form a tight linkage. The proboscis can be coiled and held close to the head, or extended.
The proboscis of most families contains intrinsic nerves, muscles and trachea (Snodgrass,
1993). The external walls of the proboscis consist of fine, exocuticular ridges embedded
in more flexible endocuticle (Eastham and Eassa, 1955). The labium is reduced in all
families of Lepidoptera, represented by a small flap or membranous area, but it bears a

pair of 3-segmented, scale-covered labial palps that extend upward over the face on either
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side of the proboscis which lies coiled between them when at rest. In addition to the
mouthpart external structures, the proboscis is assisted in fluid uptake by a powerful
sucking pump that lies within the head. The pump is in the buccopharyngeal region with
the frontal ganglion on its dorsal wall, around which the muscles are inserted (Snodgrass,
1939).

For most of the lepidopterans, the proboscis can be divided into proximal and
distal regions by a “knee” where the proboscis bends approximately one-third of the
distance from the base, referred to as the “bend region” (Eastham and Eassa, 1955). The
proboscis can be divided by the bend region into proximal and distal regions. The distal
region includes the tip region, which is sometimes morphologically distinct. The term
“apex” is reserved for the distal-most end of the tip region. The intrinsic muscles at the
bend region include an additional set of oblique muscles (the secondary oblique muscles),
that resist full extention of the proboscis (Eastham and Eassa, 1955; Scoble, 1992; Krenn,
2000). The length of the proboscis can be divided functionally by cuticular properties into
hydrophobic (proximal), transitional, and hydrophilic (distal) regions (Lehnert et al.,
2013).

The Papilionoidea have been studied more than some other groups, and have
shown some consistencies in the structure of the proboscis, which could be considered
the groundplan state for butterflies (Krenn and Muhlberger, 2002). The proboscis is not
articulated, but it has a basal galeal joint where the proboscis meets the maxillae and the
food canal joins the preoral cavity (Eastham & Eassa 1955; Krenn and Muhlberger,

2002). The bend region occurs at approximately 1/3 of the length of the proboscis. The
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tip region encompasses the distal 1/8™ of the length of the proboscis, and is characterized

by drinking slits and a variable complement of sensilla (Krenn and Muhlberger, 2002).

Proboscis Specializations
There are wide ranges of variations in proboscis morphology that can usually be

interpreted in terms of the feeding method and preferred dietary substrate. Nymphalids
of the fruit-feeding guilds that use sweeping show thinner proboscises with longer tip
regions with more sensilla, whereas nymphalids of the fruit-piercing guild tend to have
stout proboscises with fewer sensilla on a short, robust tip region (Molleman et al., 2005).
These butterflies have never been observed to switch from piercing to sweeping or vice
versa, probably because the strong morphological differences create a necessity of
specialization for only one of the feeding strategies (Molleman et al., 2005).

Certain metalmark butterflies (Riodinidae) have demonstrated allometry
involving the proboscis, where selection pressures have resulted in either short or long-
proboscises among the Neotropical rhiodinids (Bauder et al., 2013). The long proboscis
provides access to flowers that the short proboscises cannot reach, although at a cost.
Optimal foraging theory predicts a balance between nectar acquisition and physiological
costs that will maximize nutritional benefits (Matthews and Matthews, 2010). In this
case, selection pressures favored either short or long proboscises, with no in-between.
The species with the long proboscises have the physiological cost of reinforced stipial
and cibarial pump musculature and thickened cuticular proboscis walls (Bauder et al.,

2013).
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Proboscis musculature
The musculature varies through the length of the proboscis (Table 2.1). Extension is

thought to occur through the action of the primary obligue muscles combined with
hemolymph pressure generated by the stipes, although the mechanism of extension is
disputed (Eastham and Eassa, 1955; Scoble, 1992). While recoiling was previously
thought to occur passively through the elasticity of the proboscis cuticle, recoiling is now
attributed to the intrinsic muscles (Eastham and Eassa, 1955; Krenn and Muhlberger,
2002). When relaxed in the coiled resting position, the transverse section of the proboscis
shows a flat dorsal surface and a deep ventral groove, a shape that facilitates the snug fit
of the coiled proboscis at rest (Scoble, 1992). When extended, the dorsal surface of the
proboscis takes on a convexity, pushing the coils apart, and simultaneously the ventral
groove becomes wider (Eastham and Eassa, 1955).

The proboscis meets the head at the basal galeal joint, formed in part by a ventral
cuticular fold. The basal galeal joint has been studied by longitudinal semi-thin sections,
and was found to be similar in all specimens examined (from families Papilionidae,
Nymphalidae, Hesperiidae, and Hedylidae) (Krenn and Muhlberger, 2002). The basal
galeal joint covers 2-3% of the proboscis length, and includes basal galeal muscles, either
one unit or proximal and distal units of one muscle, or two separate muscles (Table 2.1).
These originate at the proximal end of the galea and travel distally to insert on the dorsal
galeal wall (if two sets are present, the distal set is ventral to the proximal set).
Contraction of the basal galeal muscles will lift the proboscis, as in uncoiling or for
probing. The pleisiomorphic condition for butterflies was identified as one muscle with

distal and proximal units (Krenn and Muhlberger, 2002).
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Beyond the basal joint, the length of the proboscis contains intrinsic muscles
except for the apex of the tip (up to the distal 5% of the proboscis). The lateral intrinsic
muscles (also called primary oblique muscles) overlap along the lateral wall of each galea
(Eastham and Eassa, 1955; Krenn and Muhlberger, 2002). The origin of these sets of
muscles is lateral or dorsal, with the insertions in the ventral wall. The medial intrinsic
muscles (also called secondary oblique muscles) of each galea have their origin in the
ventral wall below the food canal and insert in the medial ventral wall. Some species lack
the secondary (medial) oblique muscles beyond the bend region, as in the case with
Pieris brassicae (Eastham and Eassa, 1955). Other species have a full complement of
medial intrinsic muscles, as is the case with Vanessa cardui (Linnaeus, 1758) (Krenn,
2000). Certain species have a ventral internal cuticular ridge that provides a site of
insertion for both sets of muscles. The origin of the primary (lateral) oblique muscles can
change in different regions of the proboscis, originating most dorsally at the bend region,
and more laterally in the tip region. Despite consistency in structural components among
the butterflies and moths that have been studied, great variation is found in muscle
arrangement and persistence through the proboscis length among the different species
and within families (Krenn and Muhlberger, 2002). The pleisiomorphic condition for
butterflies was determined to be the presence of both lateral and median intrinsic muscles
through the entire proboscis. Apomorphic conditions include presence of median intrinsic
muscles in the proximal region to the bend only, or in the proximal region and the tip, or

lacking throughout the proboscis. These conditions are thought to have appeared
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convergently in different butterfly families and within the Nymphalidae (Krenn and

Miuhlberger, 2002).

Food Canal, Cuticle, Trachea and Nerves of the Proboscis
The food canal is created by the union of the two galeae along their medial, concave

surfaces that form a roughly circular food canal that runs the length of the proboscis.
However, the cross-sectional shape of the proboscis can vary from circular to elliptical
among different species (Krenn and Muhlberger, 2002). The proboscis tapers distally so
the cross-sectional diameter decreases, becoming increasingly elliptical. The food canal
starts dorsally and becomes positioned more centrally as the galeae are reduced in
diameter and the ventral groove becomes less pronounced (Krenn and Mihlberger,
2002).

The cuticle of the proboscis generally consists of an outer layer and a thicker
inner layer. Different species show different peculiarities in thickness of the cuticular
wall and the two layers, but generally the ventral wall is thicker than the dorsal wall, and
especially so in the bend region and distal to the bend. The external surface of the
proboscis appears to be finely annulated as a result of light and dark cuticular rings. This
striated appearance can usually be noted on the inner surfaces of the food canal (Krenn
and Mihlberger, 2002).

The proboscis generally has one branching trachea in each galea, and one or more
nerves. These are supported by one or more longitudinal septa running through each

galea, or the nerve can be attached to the trachea (Krenn and Mihlberger, 2002).
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Sensilla
Another integral feature of the proboscis is the sensilla. Sensilla basiconica, which have a

broad base with a distal peg, occur along the length of the proboscis. Sensilla styloconica,
which have a fluted base with a slender sensory cone, occur on the distal third of the
proboscis (Scoble, 1992). These are thought to be contact chemoreceptors that respond to
chemicals in the liquid food material or on dry surfaces (Chapman, 1998). Behaviorally,
Lepidoptera appear to test food sources with their tarsi which are also equipped with
chemoreceptors. These chemoreceptors on the tarsi and proboscis may be responsive to
the concentration of sugars, amino acids, and pheromones present on the surface of the
plant or in the liquid being probed (Chapman, 1998). Optimal foraging theory predicts
that insects will balance nutrient rewards with energy expenditure in their foraging
behaviors. In order to do this, they need sensitive and effective chemoreception, which
explains the presence of sensilla on the proboscis (Matthews and Matthews, 2010). The
number and type of sensilla can change along the length of the proboscis, and between
different feeding guilds of lepidopterans, so that the pattern of sensilla is part of the
structural specialization of the proboscis for different feeding guilds and strategies.

(Molleman et al., 2005).

Mechanism of Adult Feeding in the Lepidoptera
The cibarial pump provides the negative pressure to pull fluids up the food canal of the

proboscis. Acquisition of fluids requires that the proboscis be functionally and
structurally linked with the alimentary canal. The functional mouth is the oral valve at the

junction of the food canal of the proboscis with the cibarial pump (Eberhard and Krenn,
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2005). The action of the cibarial pump is coordinated with the salivary pump. The oral
valve projects from the epipharynx into the lumen of the cibarial pump. When the cibarial
pump is expanded by the dilator muscles, the oral valve is lifted, allowing fluid to enter.
When the cibarial pump is compressed, the oral valve closes (Table 2.2). The posterior
sphincter is opened to allow the fluids in the cibarial lumen to enter the alimentary canal
(swallowing), while the the roof of the salivarium is falling against the floor of the
salivary pump to eject saliva into the food canal (spitting) (Eberhard and Krenn, 2003). In
the suction phase, the cibarial pump is dilated, the oral valve is open, the posterior
sphincter is closed, and food can move from the food canal through the oral valve into the
cibarium. Food is swallowed when it enters the esophagous, which happens at the same
time that saliva can be discharged into the food canal.

The dorsal legulae contribute to acquisition of nutrition, since they are permeable
to fluid transport into and out of the food canal. Liquids can enter the food canal directly
through the dorsal legulae contributing to the model of the proboscis as a sponge as well

as a drinking straw (Monaenkova et al., 2012).

Role of Saliva in Proboscis Function

Salivary Glands and Salivary Pump
Insect saliva is important to lubricate the mouthparts, to liquefy foods for intake, and to

supply enzymes to begin digestion (Chapman, 1998). Enzymes that may be present in
insect saliva include invertase for cleaving sucrose into glucose and fructose, amylases,

proteinases, lipases, and sometimes other enzymes for specialized diets (Chapman, 1998).
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Proteases have been found in the saliva of heliconians that use pollen as a source of
amino acids (Eberhard et al., 2006). The salivary glands of adult lepidopterans are
bilateral tubular labial glands with differentiation of regions for the production of the
biochemical components of saliva, and for the creation of osmotic differentials for
absorption of water or reabsorption of ions (Chapman, 1998). As reported for Manduca
sexta previously, the adult lepidopteran salivary glands extend through the body to a
bulbous end in the abdomen (Eaton, 1988). The salivary glands of nymphalids have five
distinct regions: 1) bulbous end in the abdomen, 2) tubular secretory region that runs into
the thorax in overlapping loops, 3) salivary duct which is also looped and in the thorax, 4)
salivary reservoir in the thorax and into the head, and 5) common outlet tube which is
formed by the joining of the bilateral gland tubules before entering the salivary pump
(Eberhard and Krenn, 2003).

The salivary pump (the lumen of which is referred to as the salivarium) resides
beneath the cibarial pump and has a flexible roof with a rigid, arched floor (Chapman,
1998). The salivary pump has paired dilator muscles that originate in the hypopharyngeal
ridges and insert on the salivary pump roof (Eberhard and Krenn, 2003). When the dilator
muscles contract, they expand the salivarium, and saliva enters (Table 2.2). When the
dilator muscles relax, the elasticity of the roof causes it to fall and push the saliva out into
the food canal of the proboscis (Eberhard and Krenn, 2003). This is coordinated with the
actions of the cibarial pump, in that when the cibarial pump is compressed causing food
to move into the esophagus (swallowing), the salivary pump is relaxed allowing

discharge of saliva into the food canal of the proboscis (Eberhard and Krenn, 2005). The
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salivary pump has a valve at the junction with the food canal, which is controlled by the
action of the cibarial pump, such that when the cibarial pump is expanded to take in fluid
the salivary valve is closed, and when the cibarial pump is compressed, the salivary valve

IS open.

Role of Saliva in Feeding
Saliva has been noted in lepidopterans feeding on unusual substrates, for example,

Poulton’s description of a hesperiid mixing saliva with dried ink, presumably to
solubilize the nutrients in the ink for intake (Norris, 1936). Other anecdotes have reported
the use of saliva on dried nectar, animal dung, owl pellets, campfire ashes, dilapidated
cement structures and exposed timbers (Adler, 1982; Eberhard et al., 2006; Knopp and
Krenn, 2003; Norris, 1936).

The basal suborders Zeugloptera and Heterobathmiina are pollen feeders, and the
pollen is mixed with saliva during grinding by the mandibles, and continues as the slurry
enters the buccopharyngeal chamber for further grinding action of the epipharyngeal
brushes against the rigid, depressed hypopharyngeal floor (the pollen basket) (Snodgrass,
1993).

Some highly derived lepidopterans have returned to the basal food source, the
pollen. This time, instead of millers grinding the pollen to release the amino acids, they
are chemists mixing the pollen with a solvent, the saliva, in order to hydrolyze and
extract the amino acids. One such species is Heliconius melpomene (Linnaeus, 1758)

(Nymphalidae). The butterfly uses the extended proboscis to actively collect pollen grains
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that adhere to microstructures on the proboscis (Krenn et al., 2005). Then the proboscis
forms the pollen into a wet lump, applying saliva to the pollen (Gilbert, 1972; Eberhard et
al, 2006). The saliva has been shown to have protease activity which initiates extra-oral
digestion of proteins (Eberhard, et al, 2006). In this way, the butterflies obtain a
significant amount of amino acids that are essential for reproduction.

Nectar-feeding butterflies can obtain amino acids from nectar, but rely
predominately on proteins reserved by the larvae (Boggs, 1997; Eberhard et al, 2006;
Gilbert, 1972; Nicolson, 2007). The adaptive value of this behavior is that the larval stage
is shortened, minimizing the vulnerability to predators and parasites (Gilbert, 1972;
Eberhard et al, 2006). Likewise, obtaining amino acids from pollen lengthens the adult
lifespan, enabling more egg production per day over a longer period of time and greater
spreading of eggs spatially and temporally, increasing chances of survival and reducing
competition among larvae (Scoble, 1992; Gilbert, 1972).

There is no mention of the use of saliva by yucca moths (Prodoxidae) in the
formation of the pollen lump that is carried by the female (Pellmyr and Krenn, 2002).
Apart from these unusual strategies, the role of saliva in fluid feeding has not been
thoroughly studied. Studies of the proboscis have generally been morphologically
focused, or when function is examined, the functions are related to morphological

structures and diet.
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Role of Saliva in Assembly of the Proboscis
Saliva has a critical role in the assembly of the proboscis after eclosion of the adult. The

process of assembly was described for five nymphalids, Agraulis vanillae (Linnaeus),
Vanessa cardui, Heliconius erato (Linnaeus), H. charithonia (Linnaeus), and Dryas iulia
(Fabricius) (Krenn, 1997). After eclosion, the galeae are completely separate. The
butterfly repeatedly coils and uncoils them to align the galeae starting at the base. The
adhesive action of a discharged fluid holds the galeae together while the ventral linkages
are made through the coiling and extensions with slight sideways and antiparallel
motions. The linking of the ventral legulae progresses from the base toward the tip
(Krenn, 1997). There is no reference specifically to saliva in this paper, but the

discharged fluid is probably saliva.

Role of Saliva in Repair of the Proboscis
The only paper published to date to treat the repair of the proboscis has demonstrated that

Papilio polyxens asterius (Papilionidae) and Pieris rapae (Linnaeus) (Pieridae) are
capable of reassembling a proboscis with up to 50% distal separation of the galeae
(Lehnert et al., 2014). Butterflies could acquire liquids after the galeae had been
separated, whether or not they succeeded in reassembling the proboscis. Therefore,
capillary action and wettability features of the proboscis play key roles in fluid uptake,
which was previously credited solely to the negative pressure produced by the cibarial

pump (Monaenkova et al., 2012).
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Nature-Inspired Applications of Proboscis Structure and Function
Knowledge at the organismal level about the structure of the proboscis will assist in

modeling at the nano-level to design and build instruments that can deliver minute
volumes of liquids in micro- and nano-fluidic systems (Tsali, et al., 2011; Tsai, et al.,

2014).
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CHAPTER 3: REPAIR OF THE BUTTERFLY PROBOSCIS

Introduction
The order Lepidoptera is the second most species-rich order, with 156,793 named species

(Adler and Footit, 2009). The diversification of Lepidoptera followed the radiation of the
angiosperms, their food source as larvae and adults (Hochuli and Feist-Burkhardt, 2013;
Grimaldi and Engel, 2005). The adults of the suborder Glossata possess a coilable
proboscis, a key innovation facilitating the success of the order (Krenn et al., 2005;
Kristensen, 1984; Pogue, 2009; Snodgrass, 1993). Understanding the design and
functional principles of the proboscis inform lepidopteran systematics and natural history
and inspire practical applications, such as the development of microfluidic devices (Tsali
etal., 2011).

The proboscis is constructed of two elongated galeae that unite, bringing their
concave medial surfaces together to form the single central food canal. A cibarial pump
provides negative pressure to draw liquids. Plate-like dorsal legulae close the food canal
while allowing liquid uptake between the plates (Monaenkova et al., 2012). The hook-
like ventral legulae form a secure linkage. The two galeae, while remaining united, can
move antiparallel to each other during blood-feeding (Bénziger, 1970), fruit-piercing
(Krenn, 2010), assembly of the proboscis after eclosion (Krenn, 1997), and feeding
(Grant et al., 2012; Lehnert et al., 2014). The proboscis is a tapered structure consisting
of a basal region, a bend region at approximately one-third the distance from the base,

and a specialized drinking region proximally (Eastham and Eassa, 1955).
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Proboscis assembly takes place after emergence of the adult from the pupa,
concurrent with wing expansion and prior to the tanning process. Krenn (1997) described
assembly for five species of Nymphalidae, and termed assembly of the proboscis a “once
in a lifetime sequence of events.” Krenn asked whether this assembly process is a once in
a lifetime sequence for other butterflies. Repair capability has been demonstrated for
Papilio polyxenes asterius (Stoll) (Papilionidae) and Pieris rapae (Linnaeus) (Pieridae),
which have the ability to repair proboscises that have been split distally up to 50%, with
recovery of the ability to acquire fluid (Lehnert et al., 2014).

To assemble the proboscis after eclosion, butterflies use saliva and coordinated
movements of the labial palps and wings (Krenn, 1997). The process of repair could
repeat the assembly process or employ different mechanisms. | tested the repair
capability of Danaus plexippus (Linnaeus) (Nymphalidae) and Vanessa cardui
(Linnaeus) (Nymphalidae). | examined the role of saliva in repair for D. plexippus. All
experimental specimens were tested for ability to acquire liquids after repair. My
hypotheses were as follows: 1) the butterfly can repair the proboscis, 2) removal of saliva

will impede repair, and 3) the repaired proboscis is functional.

Materials and Methods
A preliminary study of the proboscises of local, wild-caught species was performed to

select model species and define procedures. A summary of rearing and experiment
conditions and timing of the experiments relative to eclosion for each cohort are listed in

Table 3.1. A summary of the procedural variations for each cohort are given in Table 3.2
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for the separation, saliva removal and functionality experiments. The number of the
cohort refers to whether those butterflies were used to test question 1 or 2. The letter

refers to the order in which they are compared within each research question.
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Rearing Danaus plexippus (Linnaeus)
Chrysalises of the monarch butterfly, Danaus plexippus (Linnaeus) (Nymphalidae), were

purchased from Shady Oak Butterfly Farm, Brooker, FL, and received in separate groups
on October 25, 2013 (cohort 2A), February 28, 2014 (cohort 2B), and April 16, 2014
(cohort 1C). Cohort 2A of D. plexippus chrysalises (n=17) were maintained indoors with
approximately 10:14 photoperiod (artificial light) at 16-28°C and relative humidity of
30-81% (Table 3.1). The chrysalises of cohort 2B (h=11) were maintained indoors with
approximately 10:14 photoperiod (artificial light) at 20-26°C and relative humidity of
16-54%. The chrysalises of cohort 1C (n=22) were maintained in a rearing chamber with

12:12 photoperiod (artificial light) at 23-28°C and 54-61% relative humidity.

Rearing Vanessa cardui (Linnaeus)
Larvae of the painted lady butterfly, Vanessa cardui (Linnaeus) (Nymphalidae), were

purchased from Carolina Biological Supply Company, Burlington, NC. The larvae were
maintained on artificial media. For cohort 1A (n=12), the larvae and chrysalises were
reared indoors with approximately 11.5:12.5 photoperiod (natural light) initially in a
campus building where temperature and relative humidity were not recorded. Completion
of rearing of pupae was done at the Clemson Insectary with temperature of 22-30°C and
23-49% relative humidity and with a photoperiod of approximately 10:14 (artificial light)
(Table 3.1). Cohort 1B (n=22) were reared as larvae and pupae in a rearing chamber with
12:12 photoperiod (artificial light), a temperature range of 23-31°C, and relative

humidity range of 46—-65%.
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Maintenance
After emergence, butterflies were maintained in indoor cages. The separation

experiments were run within 20.5-46.0 hours after emergence (20.5-38.0 hours if no
night eclosions occurred). The butterflies were not offered food or water after eclosion
until they were fed for the functionality experiments, which were conducted 18-48 hours
after the separation experiment, providing a uniform feeding history for all specimens.
After the experiments, butterflies were maintained in rearing cages or refrigerated (4°C)
with damp cotton. They were fed 12—-15% honey-water or sucrose-water at least every
two days if kept at room temperature and at least every four days if refrigerated.
Specimens were excluded from the experiments if they exhibited physical deformities.
Identification tags and markings were not applied until the separation experiments began
to ensure the wings were fully expanded and hardened. Butterflies were randomly
assigned to experimental groups at that time. Individuals of D. plexippus were identified
with tags (Monarch Watch, Lawrence, KS). Those of V. cardui were identified by placing
them in separate, labeled cages and marking the wings with fine point Sharpie®
permanent markers (tags would not remain in place).

Butterflies were handled by inserting the wings into sleeves cut from glassine
envelopes, and then clasped with a clothes pin roughly parallel to the body, to protect the
wings from damage.

Voucher specimens from each cohort of butterflies were deposited in the Clemson

University Arthropod Collection.
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Separation of the Galeae
This experiment used reared butterflies that had successfully assembled the proboscis at

eclosion. Specimens showing deformities were excluded. Treatment specimens were
secured as explained above. | positioned the secured butterfly laterally on a glass slide
wrapped with Parafilm®. | extended the proboscis with an insect pin and allowed the
proboscis to recoil loosely around the pin, which | inserted into the Parafilm® at an acute
angle to the slide, positioned roughly at the bend region. The distal region was extended
from the bend region at about a 90% angle to the proximal region by a second pin, which
was inserted into the Parafilm® just proximal to the drinking region, securing the whole
proboscis except for the drinking region. Gentle palpation with the tip of a 10-uL
capillary tube just distal to the bend region was used to create a localized medial
separation of the galeae. Partial separation of the galeae was accomplished by inserting a
dulled insect pin between the galeae through the medial separation, and pulling the pin
distally through the tip. For total separation of the galeae, after partial separation was
performed, the pin just distal to the bend was moved farther distally, to allow a portion of
the separated region to extend above the pin. The capillary tube was reinserted into this
separation and moved toward the head while preventing the butterfly from backing away.

Repair of the proboscis was assessed using two characters measured from the
photographs taken at each observation time: 1) the longest dimension of the most
compact resting position and 2) the percentage of the proboscis length where the galeae
were united. Observations recorded for zero minutes represented: 1) the diameter of the
coil before separation or 2) the percentage of union of the galeae immediately after

separation of the galeae. The initial coil dimensions before saliva removal and separation
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were compared to the final condition after 60 minutes. The final percentages of union at

60 minutes and the time to achive 100% union were compared among groups.

Removal of Saliva
Specimens were secured and positioned as above. | extended the proboscis with an insect

pin, and allowed the proboscis to recoil loosely around the pin, which I inserted into the
Parafilm® at an acute angle to the slide. I stroked and applied gentle pressure on the
proboscis with a 10-uL capillary tube. When a saliva droplet appeared along the
proboscis, | touched the opening of the capillary tube to the droplet to collect the saliva,
sometimes pressing the proboscis against the Parafilm®. | collected saliva for 5 minutes.

Saliva sample volumes were measured and stored in an ultra-cold freezer (-75°C).

Proboscis Imaging
Repair of the proboscis was monitored at 10, 20, 30, 45, and 60 minutes after separation

of the galeae, and prior to the feeding test, using a dissecting microscope (75x—750x
magnification), by capturing photographic images at each time (Canon EOS Rebel T3i
camera mounted on MEIJI Techno RZ microscope). A ruler was taped to the microscope
stage to make measurements of coil dimension from these photographs, which was
accomplished using ImageJ software (National Institutes of Health, Bethesda, MD). Two
characters were measured at each observation time: 1) the longest dimension of the coil
or resting state, and 2) the percentage of union of the galeae. Often several images were

taken to find the most compact coil or resting position that could be attained.
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Photographic Measurements
The measurements of the proboscis, using ImageJ, followed procedures described in

Figure 3.1. The method used for determining the longest dimension of the resting
position of the proboscis depended on whether the proboscis was extended or coiled and
the configuration of the coil. When the coil was partially concealed within the head, the
full shape of the coil was estimated by using the oval tool following the exposed
curvature of the coil, and the longest dimension of the oval shape was measured. In other
configurations, the longest linear dimension across the area enclosed by the proboscis
was measured. If the tip extended outside the coil, the longest measurement was taken
through the coil to the most distant part of the extended region, which might or might not
be the tip of the proboscis. If the proboscis coil was almost entirely visible, or if the
proboscis was extended in a single loop, the measurement was made from the base of the
proboscis to the most distant part of the proboscis. If the proboscis was extended, the
straight linear distance from the base to the tip was measured. The procedure for the
measuring the percentage of union of the galeae is described in Figure 3.1. Two insect
pins were used to extend the proboscis. | applied gentle pressure to the pins to reveal
whether the two galeae were linked or merely held closely together, and a photograph
was taken. If the galeae were separated partially, the freehand tool was used to measure
the united length of one galea and then the separated portion of one galea, for calculation

of the percentage of the total proboscis length that was united.
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Coil Description  Measurement Procedu Coil Description M Proced

The curvature of the visible part of

the coil is used to construct acircle There isnoneed to draw an ova. Find
Tight coil; or oval shape to estimate the full the longest distancefrom the base to
partially wil. Thenthe longest dimenson One loop, the outermost part of the loop. You may
conceded; (chord) that can be taken of this tip(s) outside needto take several measurements to
tipinside coil.  shape ismeasured. loop. determine the longest.

You may preferto draw an oval to help

The cqurvaure of the visible part of determine the longest dimension. Find
Loose coil, the coil is used to construct acircle the longest distance from the base to
partially or oval shape to egimate the size of| the outermost part of the loop. Youmay
conceded; the fullcoil. The longest dimension Open loop, tip  needto take several measurements to
tip inside coil [chord) of this shape is measured. touching body  determine the longest.

The aurvaure of the visible part of You may preferto draw an oval to help
Tight coil, the coil is used to construct acircle determine the longest dimension. Find
partially or oval shape to egimate the size of| the longest distancefrom thebase to
conceded; the fullcoil. The longest distance Open loop, tip  the outermost part of the loop. Youmay
tip extended from the tip to the opposite side of not toudhing needto take s2veral measurements to
outside thecoil the coil is measured. body determine the longest.

The curvature of the visible part of
Loose coil, the coil is used to construct acircle
partially or oval shape to estimate the size of|
conceded; the fullcoil. The longest distance Measure from the base to the proboscis
tip extended from the tip to the opposite side of Patialy tip (or farthest galeatip if separate) ina
outside thecoil  the coil is measured. extended straight line.

If the coil isentirely or mostly

Loose coil, il  visible, there is no need to draw an

entirely or ova. The longest distance from the

mostly visible;  mouth to the outer edge of the coil Measure from the base tothe tipina
tip inside coil ismeasured. Fully extended straight line.

Loose coil, coil
entirely or

mostly visible;
tip outside coil

If the coil is entirely or mostly
visible, there is no need to draw an
ovd. Findthe longest distance from
the mouth tothe outermost part of
the proboscis, which may or may
not be the tip. You may need to take
several messurementsto
determine the longest.

One loop;
tip inside loop.

There is no need to draw an oval.
Find the longest distance from the
basetothe outermost part ofthe
loop. You may needtotake several
messurementsto determine the
longest.

A picure istaken of the proboscis
extended using two insect pins. The
freehand tool is used to trace one galea
and then the separated part of one gal

Measurement of (or theunited part or both.) These

percentage

measurements are used to calculatethe

union of galeae: percent union of the galeae.

Figure 3.1: Procedures for measuring (Image J) the longest dimension of the resting
position and the percent union of the galeae of the proboscis of butterflies.
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Feeding Test
At 18-48 hours after each separation experiment, each specimen was evaluated for

proboscis condition by photographing the proboscis according to the proboscis imaging
procedure. Proboscis functionality was evaluated by filming each butterfly under the
dissecting microscope while feeding for 5 minutes on 12—-30% sucrose-water, as
measured by a pocket refractometer (Bellingham and Stanley Pocket Refractometer,
Epic, Inc., New York, NY), which had been dyed with blue food coloring (6 drops per
100 ml, Southern Home Assorted Food Coloring Set, Mauldin, SC).

When offering the sucrose-water on a paper towel, | gave the butterfly up to 30
seconds to initiate feeding by extending the proboscis onto the paper towel. If the
butterfly did not volunteer, | extended the proboscis with a dulled insect pin to initiate
contact with the substrate. | repeated this action if the butterfly did not persist in feeding.
During observations and filming, I recorded signs of probable feeding such as vibrations
around the proboscis at the point of contact with the substrate and movement of liquid
bridges in the food canal.

After feeding, each specimen’s ventral body surface was dipped in tap water to
remove any residual dye from the underside of the body, the proboscis, and the legs. Each
specimen was placed in a separate cage lined with filter paper (either Fisher Qualitative
Medium, 12.5cm, 9-801D, equivalent to Whatman Qualitative 2, 12.5 cm, 1002-125, or
Whatman Qualitative 1, 110mm, 1001-110) to collect gut exudate, and left for 24 hours
at room temperature. Successful feeding was confirmed by the butterfly passing the blue
dye through its gut onto the filter paper. The positive exudates were blue or blue-green in

color (Figure 3.2.A). The change from blue to blue-green probably occurred due to the
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Figure 3.2: A. The gut exudate of Danaus plexippus (Linnaeus) butterflies collected on
filter paper 24 hours after feeding on sucrose-water. A. Blue-green gut exudate indicated
successful acquisition of the blue-dyed food. B. Individuals of D. plexippus fed on
undyed sucrose-water produced brown gut exudate.

alkalinity of the adult lepidopteran midgut (Terra, 1990). 1 tested the blue sucrose
solution, which turned blue-green with increasing pH.

Two specimens of each species were used as controls to evaluate the presence of
dye in the gut exudate or gut for experimental specimens. These controls were fed on
clear sucrose-water of the same concentration and placed in individual cages lined with
filter paper for 24 hours, to determine the typical color of the gut exudate, which was
yellow, pink, or brown, sometimes with a faint greenish or yellowish halo (Figure 3.2.B).
After 24 hours, these specimens were dissected to determine the typical color of the crop,
midgut, and hind gut. Both species presented a clear crop, milky white midgut and hind
gut or pale creamy-yellowish hind gut. Some specimens of V. cardui had a red or pink
tinged midgut or hind gut, probably due to retained meconium. None of the D. plexippus
specimens showed meconium in the gut at the time they were dissected. Likewise, two
specimens of each species that were fed on blue sucrose-water and showed positive gut

exudate were dissected to confirm dye was also present in the crop, midgut, or hind gut.
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Dissections
| dispatched each specimen by removing the head and placing it into 80% ethanol. Then |

removed the legs and wings, and pinned the body on a dissecting tray in a dorsal position.
Using micro-scissors, | cut medially through the abdominal dorsal cuticle, from the
posterior to the thorax, pinning the cuticle aside. This exposed the reproductive organs. |
verified and recorded the sex. At this point | washed the dissection with tap water to
protect and float the internal organs. The females of V. cardui have numerous teal-
colored eggs, which are similar in hue to the dye but easy to distinguish because of their
distinctive shape. The males of V. cardui have a single, spherical, red testes sac, and
some of the male reproductive ducts may also appear red-tinged. In D. plexippus, the
eggs are yellowish-cream and the testes sac is brown. | removed the reproductive organs
to reveal the crop, midgut and hind gut, and | photographed these organs. After the color
of the gut was determined and photographed, | placed the entire body into the vial of 80%

ethanol with the head.

Separation Experiments
A preliminary experiment was conducted with 12 V. cardui specimens (cohort 1A),

which indicated that some specimens were able to repair proboscises that were either
partially or totally separated.

After this initial experiment, D. plexippus and V. cardui specimens were tested
separately using the procedures for separation of the galeae, with minor variations (Table
3.2). For cohorts 1B of V. cardui and 1C of D. plexippus, | randomly assigned specimens

to a treatment group, for which each specimen underwent total separation of the galeae,
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or a control group, for which the galeae were not separated. All specimens were

monitored for 60 minutes, according to the procedure for proboscis imaging above.

Saliva Removal Experiments
For the saliva removal experiment with partial separation of the galeae, | randomly

assigned 17 specimens to three groups, which consisted of treatment A and two controls,
B and C. For the saliva removal experiment with total separation of the galeae, |
randomly assigned 11 specimens to three corresponding groups: treatment D, and
controls E and F. For treatments A and D, | manipulated the proboscis and collected
saliva into 10-uL capillary tubes for 5 minutes, according to the procedure above. Saliva
volumes were measured, labeled, and stored in an ultra-cold freezer (-75°C). For
manipulated controls B and E, | performed similar manipulation of the proboscis for 5
minutes without collecting saliva by using a wax-plugged capillary tube. Unmanipulated
controls C and F had no manipulation of the proboscis and no removal of saliva. Then
partial (groups A, B, and C) or total (groups D, E, and F) separation of the proboscis was
performed. From this point, the experimental procedures were the same for all groups,
with photographs taken at 10, 20, 30, 45, and 60 minutes, according to the procedure for
proboscis imaging.

At the end of the partial separation experiment, | assessed the ability of the
specimens to produce saliva to answer the question of whether taking saliva initially
impaired the ability to produce saliva 60 minutes later. | collected saliva for 5 minutes

from each specimen in treatment A and control B. | measured the volumes of the saliva

64



samples in their 10-uL capillary tubes using a graduated 5-pL capillary tube as a ruler.
Sample tubes were labeled, open ends were covered with Parafilm®, and samples were

stored at -75°C. At the end of the experiment, butterflies were refrigerated at 4°C.

Functionality Experiments
At 18-48 hours after each experiment, all specimens were tested for functionality. This

was the first feeding after eclosion for all specimens. V. cardui specimens of cohort 1A
and D. plexippus specimens of cohort 2B that did not produce dye-tinted gut exudate
after 24 hours were given a second feeding and returned to freshly lined, individual
cages. If they did not produce a positive exudate within 24 hours after the second feeding,
they were dissected. All other cohorts of V. cardui and D. plexippus were fed only once

before dissection (Table 3.2).

Statistical Methods
The nonparametric Mann-WhitneyU test was used for paired median comparisons. The

Kruskal-Wallis test was used for multiple median comparisons, followed by means
separation using the Wilcoxon rank-sum test if the Kruskal-Wallis test indicated a
significant difference (p<0.05). Statistical analysis was performed using Minitab (Mann-

Whitney U test) and SAS (Kruskal-Wallis and Wilcoxon rank-sum tests).

65



Results
During preliminary examination of local, wild-caught specimens, some individuals

exhibited partially separated galeae or were missing one or both labial palps. Those with
partially separated galeae were: Junonia coenia Hiibner (Nymphalidae) (1 of 9),
Limenitis arthemis astyanax (Drury) (Nymphalidae) (1 of 17), Eurema nicippe (Cramer)
(Pieridae) (1 of 2), Phoebis sennae (L.) (Pieridae) (1 of 4), and Epargyreus clarus
(Cramer) (Hesperiidae) (1 of 5).Those missing one labial palp were: Junonia coenia
Hubner (Nymphalidae) (1 of 9) and Phoebis sennae (L.) (Pieridae) (1 of 4). Those

missing both labial palps were Libytheana carinenta (Cramer) (Nymphalidae) (2 of 2).

Separation Experiments
Cohort 1A of V. cardui: Total compared to partial separation of the galeae

Preliminary work with cohort 1A of V. cardui indicated that this species was capable of
repair of the proboscis when separated partially (distal to the bend) or totally (from the
base through the apex), with 100% reunion of the galeae occurring by 20 minutes after
separation for 67% of the specimens in the case of partial separation of the galeae (n= 6),
and for 50% of the specimens after total separation of the galeae (n=6) (Figure 3.3). At 60
minutes past separation, one (17%) specimen with partial separation and two (33%)
specimens with total separation of the galeae had returned to the the inital resting coil
dimensions (range of 0.9 to 1.8 mm for all V. cardui specimens, n=33), as measured
before separation, excluding one specimen that was not coiled initially). The lack of the
ability to coil could have been due to the manipulation of the proboscis during

observation for V. cardui. Four (67%) specimens reunited the galeae completely by 60
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minutes after partial separation, and 3 (50%) specimens did so after total. These
preliminary results demonstrated the ability of V. cardui to repair the proboscis, and the
saliva removal experiments demonstrated the ability of D. plexippus to do so. Therefore,
both species were tested in a simple procedure to determine the repair capability of the

proboscis (cohorts 1B and 1C).
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Figure 3.3: The ability of the butterfly Vanessa cardui (Linnaeus) (cohort 1A) to repair
the proboscis over a period of 60 minutes after partial (A and C) or total (B and D)
separation of the galeae. A, B: Union of the galeae after separation, with zero minutes
representing the state immediately after separation. C, D: The longest dimension of the
resting position, with zero minutes representing the diameter of the coil of the proboscis

before separation of the galeae.

Cohort 1B of V. cardui: Total compared to no separation of galeae

Specimens of cohort 1B of Vanessa cardui were tested for ability to repair the proboscis

after total separation of the galeae compared with a control group with no separation

(Figure 3.4). Only one (10%) of 10 treatment specimens achieved total reunion of the

galeae, and none regained the inital resting coil dimensions (0.9-1.8mm, n=33) by 60

minutes. Four (36%) of 11 control specimens were within the initial resting coil range at

68



60 minutes. Ten (91%) of 11 had totally united galeae at 60 minutes.

maintained full union of the galeae throughout the experiment.

Nine (82%) of 11
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Figure 3.4: The ability of the butterfly Vanessa cardui (Linnaeus) (cohort 1B) to repair
the proboscis over a period of 60 minutes after total separation of the galeae (B and D)
compared to a control with no separation of the galeae (A and C). A, B: Union of the
galeae after separation. C, D: The longest dimension of the resting position, with zero
minutes representing the diameter of the coil before separation of the galeae.

Vanessa cardui of cohort 1B (Figure 3.4) showed a reduced ability to repair in

both characters measured compared to my preliminary trial with cohort 1A (Figure 3.3).

The only difference in procedure between cohorts 1A and 1B was that the first cohort had

wings unrestrained between observations, whereas the second cohort had the wings




restrained throughout the experiment to match the procedures used with D. plexippus
cohorts 1C, 2A, and 2B (Table 3.2). The reduced success of cohort 1B of V. cardui raised
the question of whether wing movements assist in proboscis repair. Only 1 (10%) of 10
specimens with wings restrained returned to 100% union of the galeae by 60 minutes.
However, prior to the feeding test, after 24 hours of freedom of movement, 10 (90%) of

these same 10 specimens presented a proboscis that was 100% reunited.

Cohort 1C of D. plexippus: Total compared to no separation of the galeae

Treatment specimens of D. plexippus (cohort 1C) underwent total separation of the
galeae compared to control specimens with no separation of the galeae (Figure 3.5). Of
the group experiencing total separation, 10 (91%) of 11 specimens achieved 100%
reunion of the galeae by 60 minutes, with 9 (82%) doing so by 10 minutes. By 60
minutes, all 11 specimens returned to the initial resting coil dimensions (range 1.8-3.0
mm, n=50).

All control specimens maintained 100% union of the galeae through 60 minutes
except for one specimen, which showed a medial separation at the 30 minute observation.
All control specimens were able to form a tight coil at 60 minutes, within the initial range
(Figure 3.5). The results of this experiment support the hypothesis that, for D. plexippus,

the proboscis is capable of repair after being separated totally.
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Figure 3.5: The ability of the butterfly Danaus plexippus (Linnaeus) (cohort 1C) to repair
the proboscis when separated totally ( B and D) compared with a control with no
separation of the galeae (A and C), observed for 60 minutes. A, B: The union of the
galeae after separation at zero minutes. C, D: The longest dimension of the resting
position, with zero minutes representing the diameter of the coil before separation of the
galeae.

Species comparisons

In comparing the responses of the two species, control specimens of V. cardui (cohort
1B, Figure 3.4.C) showed reduced ability to coil and greater variation through the
experiment than the control specimens of D. plexippus (cohort 1C, Figure 3.5.C).
Ultimately only four (36%) of 11 control specimens of V. cardui returned to the initial

resting coil dimensions by 60 minutes, whereas all control specimens of D. plexippus did
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so. A similar comparison is found for the treatment specimens, with V. cardui showing
more variation in resting position dimensions than D. plexippus (Figures 3.4.D, 3.5.D).
One pattern revealed by this experiment was that for both species, the first 10
minutes after separation generally predicted success in achieving 100% reunion of the
galeae (Figure 3.6). If reunion did not occur within 10 minutes, the butterfly was

unlikely to be able to reunite the galeae by 60 minutes.
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Figure 3.6: The ability of two different species of butterflies to reunite the galeae of the
proboscis over 60 minutes after separation of the galeae: A. Vanessa cardui (Linnaeus)
after partial separation of the galeae (cohort 1A). B. V. cardui after total separation
(cohort 1A). C. Danaus plexippus (Linnaeus) after total separation (cohort 1C).

Saliva Removal
D. plexippus: partial (cohort 2A) or total (cohort 2B) separation of galeae

For cohort 2A specimens of D. plexippus, the galeae were separated partially, distal to the
bend region. For treatment A, which was manipulated with saliva removal, manipulated
control B, which was similarly manipulated without removal of saliva, and
unmanipulated control C specimens, differences between the initial and final coil

dimensions were compared. The Kruskal-Wallis test indicated a significant difference in
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medians (p=.007, df=2). The Wilcoxon rank-sum test indicated that groups A and B
were not significantly different, but both of those groups were significantly different from
the unmanipulated control group C. The Mann-Whitney U test showed the initial and
final coil measurements did not differ significantly (p=0.0947, df=8) for control group C.
The control specimens with partial separation of the galeae without removal of saliva or
manipulation regained the initial resting coil position, whereas groups A and B did not.

The partially split proboscis was repaired in the unmanipulated control group C,
as indicated by total reunion of the galeae, for 4 (80%) of 5 specimens, and by all 5
(100%) regaining the ability to fully recoil by 60 minutes. Only 3 (50%) of 6 specimens
of the treatment group A and 2 (33%) of 6 specimens of the manipulated control group B
returned to the initial coil range. Therefore, the manipulation of the proboscis impeded
the ability to recoil whether or not saliva was removed. For all groups A, B, and C, 100%
reunion of the galeae occurred in all specimens within 30 minutes.

For cohort 2B, the comparison between treatment D, manipulated control E, and
unmanipulated control F specimens showed no significant difference between medians of
the differences between initial and final coil dimensions (Kruskal-Wallis test, p=0.235,
df=2), possibly due to smaller sample sizes. Of all cohort 2B specimens of D. plexippus
that had the proboscis split totally, five (45%) of 11 specimens achieved 100% reunion of
the galeae by 20 minutes. The others made progress during the 60 minutes of observation,
attaining 68-94% reunion of the galeae. All were able to acquire fluids.

I observed saliva frequently during the repair process, as droplets on the proboscis

surface or menisci between coils (Figure 3.7). The droplets tended to appear proximally
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and dorsally, disappear, and reappear distally (Figure 3.8F), suggesting that they were
expelled and then sucked back into the food canal, moved distally, and expelled again.
During the repair process, extension and movements of the proboscis, sometimes
concurrent with head bobbing, appeared to assist movement of the droplets internally
from the base towards the tip. In one instance, a droplet on the dorsum of the base was
picked up by the tip (Figure 3.8A-E). The rhythmic action of the cibarial pump was noted
during movements of saliva droplets, in pulses of saliva up a capillary tube, or when
saliva in a capillary tube was sucked back out when touched to the proboscis. The
droplets generally appear dorsally in the basal region but can appear on the dorsal (Fig.

3.8F) or ventral (Fig. 3.7B) surface distal to the bend.

A. B. C. D.

Figure 3.7: Sequential images of the proboscis of one butterfly of Danaus plexippus
(Linnaeus). Arrows indicate position of saliva. A. Saliva droplet on the ventral surface
near the tip region. B. The loop tightens and the proboscis extends, positioning the
droplet to contact the proboscis at a more proximal location. C. The saliva droplet volume
increases, supported by overlapping sections of the proboscis. D. The proboscis extends
slightly, spreading the saliva.
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Fig. 3.8.A—E: Sequential movements of the proboscis of Danaus plexippus (Linnaeus),
with arrows indicating the position of saliva droplets. A. Proboscis without saliva droplet.
B. Saliva droplet appears on the dorsum of the base of the proboscis. C. The loop loosens,
placing the tip region adjacent to the droplet. D. The tip region is pushed beyond the
base, carrying the droplet. E. The loop loosens and the tip region carrying the droplet is
pulled back toward the head. F. The droplet of saliva can appear dorsally, as in this
picture, or ventrally, as in Figure 3.8E, Figure 3.7A-D.

Saliva Collected
For the experiment with partial separation of the galeae (cohort 2A), the volume of saliva

collected over 5 minutes at the beginning of the test did not differ significantly from the
volume collected over 5 minutes after the end of the experiment at 60 minutes for
treatment A (Mann-Whitney U test, p=0.0541, df =9). The final volume of saliva
collected from treatment A specimens did not differ significantly from the volume

collected after 60 minutes from the manipulated control B (Mann-Whitney U test,
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p=0.4620, df=8). These results were sufficient to demonstrate that the removal of saliva
before the test did not impair the ability to produce saliva after the test. Therefore, this
comparison was not examined for the specimens with total separation of the proboscis

(cohort 2B).

Functionality Experiment Results
The functionality experiments demonstrated that butterflies that had repaired the

proboscis could successfully feed. All control specimens from all experiments showed
100% functionality, whereas treatment group success ranged from 64 to 100% (Figure
3.9). Pooling all cohorts by species, D. plexippus showed a higher level of functionality

than V. cardui after separation of the galeae either partially or totally (Figure 3.9).

Cohort 1A of V. cardui: Total compared to partial separation of the galeae

Ten (83%) of 12 specimens of V. cardui (cohort 1A) took up the blue sucrose-water.
Both negative specimens came from the group with partial separation of the galeae,

whereas all specimens with total separation were successful in acquiring fluids.

Cohort 1B of V. cardui: Total compared to no separation of the galeae

Sixteen (80%) of 20 specimens of V. cardui from cohort 1B successfully took up fluids.
The 4 negative specimens came from the treatment group with total separation of the

galeae, where 64% of specimens were successful in acquiring fluids.
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Cohort 1C of D. plexippus: Total compared to no separation of the galeae

For the total separation experiment for cohort 1C, all 20 specimens of D. plexippus

specimens successfully took the blue sucrose-water up the proboscis.

Cohort 2A of D. plexippus: Partial separation of galeae

Among all specimens of D. plexippus in cohort 2A (groups A, B, C, all of whose
proboscises had been partially separated), 16 of 17 individuals were able to take up the
blue-dyed sucrose water. Twelve produced blue-green gut exudate within 24 hours after
feeding. Four of the five butterflies that did not do so showed the dye in the midgut or

hind gut upon dissection.

Cohort 2B of D. plexippus: Total separation of galeae

All 10 specimens of D. plexippus of cohort 2B (groups D, E, F) after total separation of
the galeae were able to acquire liquids when fed on blue-dyed sucrose water. Seven
butterflies produced green-blue gut exudate within 48 hours after feeding once or twice,

with the other three specimens showing evidence of the dye in the gut upon dissection.

77



100 -

60 -
B No

Separation

of fluid

40 - _
M Partial

Separation

Percent of specimens
positive for acquisition

I Total
Separation

D. plexippus V. cardui

Figure 3.9: The ability of butterflies, Danaus plexippus (Linnaeus) and Vanessa cardui
(Linnaeus), to acquire fluids was compared. Controls had no separation of the galeae of
the proboscis. Treatment specimens were separated either partially (distal to the bend) or
totally. Approximately 24 hours after separation, the butterflies were fed on dyed
sucrose-water. Successful fluid acquisition (positive result) was determined by evidence
of the dye in the gut or gut exudate.

Observations during functionality experiments

The repair of the proboscis was verified by microscopic observation during feeding,
which showed that for regions where the galeae had been split and reunited, the ventral
legulae were linked (Figure 3.10). During feeding, antiparallel movement of the galeae
was observed in the repaired regions. The reunited proboscis, whether repaired from a
partial or total separation, demonstrated the ability to acquire fluids. Danaus plexippus
used in cohorts 1C and 2A were maintained in the laboratory up to and beyond six weeks
and two pairs from each of these cohorts successfully mated, verified by dissection
revealing one or two spermatophores in the bursa copulatrix, or the oviposition of fertile

eggs from which larvae hatched.
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Fig. 3.10: Ventral view of tip region of the proboscis of a live, feeding Danaus plexippus
(Linnaeus) butterfly, which repaired after separation of the galeae.

My observations of the experimental butterflies indicated that butterflies that
could not keep the proboscis in a coiled resting position, the proboscis over time could
become dry, stiff, or warped. If the proboscis retained a distal split of the proboscis, the
separated galeae could become curled and inflexible. These butterflies were able to feed
by pressing the dorsal surface of the united region of the proboscis, proximal to the split
region, by placing an intact area of the proboscis onto the substrate. | observed placement
of the dorsal surface of the united portion of the proboscis forward of the head followed
by dragging of the proboscis along the substrate toward the body until the contact area
was between the legs, a scooping movement that was then repeated. | occasionally

observed these scooping movements in butterflies with intact proboscises. Those
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specimens positive for fluid acquisition included butterflies that had retained partial
separations of the galeae or were unable to coil fully (Figure 3.9).

Two of the butterflies with split and curled tip regions reunited the split region
while feeding. Both of these butterflies applied the dorsal surface of the proboscis
proximal to the split tip to the substrate, holding the tip region above the substrate. Then
the butterfly produced a large droplet of fluid around the tips, possibly including some of
the liquid from the substrate. Gradually these butterflies brought the split tips together
within the droplet. Afterwards, both specimens fed in a normal fashion using the reunited
tip regions. Other butterflies with curled, split proboscis tips, effected a relaxation of the
curl and a partial reunion of the split tips while feeding on the liquid substrate, although
not a complete reunion or recovery of coiling.

One D. plexippus specimen was excluded from the experiments because it eclosed
with galeae that were crossed proximally and deformed distally. At eclosion this butterfly
was able to unite the galeae for approximately 50% of the length of the proboscis, the
deformed distal half remaining permanently split. The resting position of the proboscis
was with the united basal part of the proboscis coiled and the two separated distal galeae
extending outside the coil in a curl on either side of the head, reminiscent of the position
taken during assembly. This butterfly was able to acquire fluids in this condition,
producing blue-green gut-exudate within 24 hours after feeding on blue-dyed sucrose-
water. It survived equally well with its cohort maintained on the same feeding regimen

for over six weeks.
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Discussion
The assembly of the proboscis occurs immediately after eclosion when the galeae are

united, as described by Krenn (1997). He stated that after the sclerotization process, the
galeae would no longer be flexible enough to reunite, making assembly a “once in a
lifetime sequence of events” (Krenn, 1997; Krenn et al., 2005). | observed three reared
butterflies that had suffered damage as pupae and eclosed with the galeae crossed. These
specimens were not able to completely unite the galeae after eclosion and were never able
to finish uniting the galeae later. This was the same situation for three of 20 nymphalids
in Krenn’s study (Krenn, 1997). Therefore, for these species, assembly of the proboscis
after eclosion appears to be a “now or never” event. However, my results demonstrate
that D. plexippus and V. cardui are capable of reuniting the galeae if the proboscis
should become split up to 100% of its length, with varying success rates under different
conditions. Therefore, assembly of the butterfly proboscis is not just a “once in a lifetime
sequence of events” (Krenn, 1997).

My results agree with those of Lehnert et al. (2014), which showed a capability
for repair of a separation up to 50% for two species, Papilio polyxenes asterius
(Papilionidae) and Pieris rapae (Pieridae). My results demonstrate the repair capability
for proboscises that are split up to 100% for D. plexippus and V. cardui (Nymphalidae).

Both my work and that of Lehnert et al. (2014) demonstrated that the repaired
proboscis is functional. My microscopic images (Figure 3.10) and the scanning electron
microscope images made by Lehnert et al. (2014), verify that the ventral legulae are
linked in the repaired regions of the proboscis. Of the two different methodologies, mine

was more natural, allowing the butterfly freedom of movement of legs and proboscis
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(with wings restrained) and a natural feeding posture. Future research should include
feeding from flowers.

The process of assembly after eclosion was described by Krenn (1997) for the
gulf fritillary butterfly, Agraulis vanillae (Linnaeus) (Nymphalidae), and Vanessa cardui.
During rearing of my experimental butterflies, | was able to observe eclosions and
proboscis assembly of V. cardui and D. plexippus. | compare my observations of
assembly and repair to Krenn’s (1997) observations of assembly in Table 3.3.

After eclosion or after total separation of the galeae, the galeae are extended.
Repeated extensions and coiling of the galeae align the galeae in both processes. Krenn
reported that the extended galeae tend to become tangled in assembly, but not typically in
repair. For both processes, the union of the galeae moves from the base distally toward
the tip. However, | encountered examples of repaired or repairing proboscises which had
medial separations, gaps that were united proximally and distally to the separated area, a
condition which has not been seen in assembly.

During assembly, Krenn (1997) noted that when the proboscis is coiled, the
separated galeae form lateral spirals outside the coil, but in both assembly and repair.
This occurs in assembly for V. cardui, but for D. plexippus the proboscis is usually held
in loose loops, sometimes encircling the head. My observations are that, in either repair
or assembly, the ability to coil and the ability to unite the galeae are independent of each
other. The proboscis can be tightly coiled, but the galeae may or may not be completely
united. Likewise, a completely united proboscis may or may not be able to fully coil.

Therefore a tight coil does not necessarily indicate an intact proboscis (and vice versa).
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In repair, one or more of the galeae may be propped against the venter of the
thorax, which may assist movements. This behavior has not been reported in assembly.

Krenn (1997) reported “discharged fluid” that held the galeae together in
assembly. In repair, much saliva was produced that appeared as menisci between the coils
or droplets on the proboscis surface, generally on the dorsum of the base, but dorsally or
ventrally distal to the bend (Figures 3.7 and 3.8).

Coordinated movements of the labial palps and wings during assembly were
recorded by Krenn (1997), and which | also observed during assembly with V. cardui.
Krenn interpreted these movements as the labial palps pressing the coils together, and the
coil acting as a mold (Krenn, 1997). My observations of assembly indicated that the
labial palps vibrate but do not touch the proboscis.

Antiparallel movement of the galeae and sideways motions of the proboscis were
noted by Krenn (1997,) and credited with linking the ventral legulae for the last step of
assembly. | observed only occasional, slight antiparallel or sideways movements during
repair, but often during feeding.

Krenn (1997) recorded the time for assembly of the proboscis at 30 to 210
minutes, which agrees with my observations of assembly. However, | found that
successful repair of the proboscis usually takes place within 10 minutes. This finding
means that notions of the ventral legulae as a permanent or irreversible linkages are no
longer valid (Krenn, 1997; Krenn et al., 2005).

My observed species and Krenn’s (1997) were all from the family Nymphalidae.

As Krenn (1997) recommended, more comparative studies among the higher Lepidoptera
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are needed to increase our understanding of the functional capabilities and structural
variations of the proboscis.

Krenn (1997; Krenn et al., 2005) assumed that a butterfly with separated galeae
could not feed. However, the results of my feeding experiments and those of Lehnert et
al. (2014) demonstrated that butterflies with proboscises with partially separated galeae
can feed. In addition to experimental examples, key observations indicating this
capability came from specimens that were unsuccessful in uniting the galeae after
eclosion. Two of the three butterflies that were unable to fully unite the galeae after
eclosion retained irreparable partial separation of the galeae, and yet were able to acquire
liquids. One specimen of D. plexippus lived for more than 6 weeks, feeding successfully
with a proboscis united about 50%. This butterfly offers anecdotal support for the ability
of butterflies to acquire fluids with a partially split proboscis. This observation is in
agreement with the results of the feeding trials of the experimental butterflies that
retained partial separations of the galeae.

These results underscore the importance of feeding behaviors, capillary action,
and adhesion in the successful functioning of the proboscis. The functionality of
proboscises with partially separated galeae points to an important role for capillarity in
strongly enhancing fluid acquisition, which agrees with research conducted by
Monaenkova et al. (2012) showing that capillary action can supplement the suction
produced by the cibarial pump.

Other feeding behaviors also can assist fluid acquisition, as reported by Tsai et al.

(2014). Behaviors, such as galeal splaying, sliding, pulsing, and pressing, may have
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microscopic effects and interactions that can enhance fluid acquisition (Tsai et al., 2014).
The novel behaviors that | have observed in butterflies feeding with separated
proboscises, such as unique placement of the proboscis, enclosing separated tips in a
droplet of liquid, and using the fluid properties of the substrate to assist repair, optimize
the butterfly’s chance of survival in such a condition.

The role of saliva in repair of the proboscis was suggested by the production and
movement of saliva droplets and menisci. The proximal hydrophobic cuticular surface of
the proboscis might contribute to forming the exuded saliva into a droplet (Lehnert et al.,
2013). The cuticular surface of the hydrophilic tip region might channel the saliva
between dorsal and ventral sides (Lehnert et al., 2013). The finding that removal of saliva
did not impede repair does not necessarily mean that the saliva is not important to repair.
The observations of saliva during repair even after saliva had been removed suggest that
the butterfly has a copious reservoir of saliva or the ability to produce saliva quickly. This
interpretation is compatible with our understanding that the salivary glands in adult
lepidopterans traverse the whole length of the body and include a salivary reservoir in the
prothorax (Eaton, 1988; Eberhard and Krenn, 2003).

The ability to fully coil the partially separated proboscises indicates that repair,
defined as the complete reunion of the galeae, cannot be inferred by the ability to coil.
Likewise, the ability of butterflies with partially separated galeae to take up fluid does not
infer reunion of the galeae. However, the ability to coil is a valid measure for evaluation
of the state of the proboscis because the coil appears to be essential for maintaining long-

term functionality. Some proboscises that could not coil in time appeared dry, warped, or
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gnarled. Krenn (1997) proposed that during assembly the coil can act as a mold to shape
the proboscis and unite the galeae. The coil might be active in repair and maintenance of
the proboscis in the same manner as proposed for assembly after eclosion (Krenn, 1997).
Future study should employ long-term monitoring of the condition of the proboscis for
possible correlation with the ability to fully coil the proboscis. The coil could serve to
maintain the flexibility of the proboscis, perhaps by preserving the lubrication and
moisture contributed by the saliva.

The separation experiments revealed differences in response between V. cardui
and D. plexippus. Danaus plexippus was more successful in reuniting the proboscis.
Among the control specimens for which the proboscis was never separated, V. cardui was
less successful in returning to the initial coil dimension than D. plexippus. For V. cardui,
the manipulation of the proboscis during the observations impaired the ability to recoil
fully. This might be due to the smaller size of the V. cardui in body and in proboscis
dimensions. The same amount of pressure applied to the proboscis of V. cardui would
cause a greater stress than on the more robust proboscis of D. plexippus. Another
explanation could be a possible necessity in V. cardui for wing movements to assist
proboscis movements. This small, fast flier could use wing actions and accompanying
compressions by thoracic muscles to assist proboscis movements by movement of
hemolymph. The involvement of wing movements is suggested by the greater success in
repair achieved by the V. cardui specimens in the preliminary study (cohort 1A) in which
the specimens had wings free between observation times. Further experimental study is

needed to examine the role of wing movements in proboscis repair.

88



Lehnert (2014) suggested that the galeae might become separated through natural
events such as foraging, mating, and attacks by predators. Adler (1982) discovered
lepidopterans probing a myriad of unusual substrates, such as soil, dung, carrion, moist
campfire ashes, the surfaces of crumbling cement structures and the tears, pus or
perspiration of animals. These abrasive or resistant substrates could cause mechanical
stress on the proboscis resulting in buckling and separation (Kingsolver and Daniel,
1995). Some of the local specimens that I collected for preliminary work exhibited
partially separated galeae or were missing one or both labial palps when collected,
suggesting that damage to the mouthparts can occur through natural events, as speculated
by Lehnert (2014), although separation of the galeae could also occur through failure to
unite the galeae after eclosion (Krenn, 1997).

The results of my research demonstrate the ability to repair the proboscis after
total separation of the galeae, the functionality of repaired proboscises, and the continued
functionality of proboscises even with separated galeae. My observations suggest the
ability to use the food substrate or to recruit the feeding process to assist repair. These

abilities should increase fitness by enabling continued acquisition of fluids and nutrition.
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CHAPTER 4: CONCLUSIONS
Norris (1936) advised entomologists to pursue “critical assessments with simple

experiments” to augment field observations. Since her time, much work has
experimentally demonstrated many principles of behavior and function, but plentiful
questions remain about feeding habits of the Lepidoptera. Scoble (1995) gave a sample of
questions that have yet to be answered:
Precisely what substances do these insects seek when they feed, what are the
substances that stimulate feeding, and what effect does adult feeding have on such
characteristics as longevity, fecundity, and flight activity?
These questions focus on both the “what” and the “why” of adult lepidopteran feeding.
Proboscis adaptive characters, including feeding behaviors, can predict food
habits and diets, and can be useful in inferring phylogeny. Highly derived groups have
revealed morphological and behavioral adaptations of the proboscis and their associations
with feeding guilds, including blood feeding (Banziger, 1971), specialized flower feeding
(Bauder et al., 2013), and pollen feeding (Gilbert, 1972; Pellmyr and Krenn, 2002).
However, these studies open questions regarding the functional potentials or limitations
that these structural differences suggest. Therefore, comparative studies of the functional
properties of the proboscis in other families of Lepidoptera could reveal functional
innovations of the proboscis. Recent functional studies have demonstrated unsuspected
capabilities, such as the ability of the winter moth Phigalia strigataria (Minot)
(Geometridae) to acquire fluids with a reduced proboscis (Grant et al., 2012).

Selection of model species is essential for establishing procedures for the study of

proboscis function. Model species from different feeding guilds should be selected based
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on their suitability for rearing and ability to produce saliva. | studied wild specimens of
native species of the Upstate of South Carolina representing six lepidopteran families (the
five butterfly families of the United States plus Sphingidae). The nymphalids provided
excellent model species for the study of the proboscis and the saliva. They are easily
reared, produce plentiful saliva, and demonstrate an ability to repair. Other researchers
have done work with nymphalids, perhaps for these reasons and for their wide repertoire
of food guilds and associated morphological adaptations (Knopp and Krenn, 2003;
Krenn, 1997; Krenn 2000; Molleman et al., 2005). Their work has laid a morphological
foundation for the study of proboscis function and presented new and challenging
questions. Comparative morphological studies are needed over a wider taxonomic range.

The use of pollen among the higher lepidopterans raises the question of the role of
saliva in exploiting this plant product. No studies have explored the role of saliva in the
basal mandibulate moths, although saliva probably plays a role in extracting amino acids,
as it does for the heliconiians (Eberhard et al., 2006). Saliva probably plays a similar role
in the yucca moths (Prodoxidae, Pyraloidea) although this question has not yet been
pursued (Pellmyr and Krenn, 2002). Another question is whether these proboscis-bearing
pollen feeders also use nectar, or whether their special structural adaptations restrict them
to pollen feeding.

The functional question of the role of saliva in assembly was suggested by Krenn
(1997), although he referred to saliva only as “discharged fluid”. | made video
recordings of Agrualis vanillae (Linnaeus) immediately after eclosion from the pupae,

one of the same species studied by Krenn (1997), and they followed the behavioral
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pattern he described. Alternate extension and coiling movements of the separate galeae
were accompanied by saliva droplets exuded at the base of the galeae or from the portion
of the proboscis that had been united. A chemical profile of butterfly saliva would be
useful to confirm that the fluid exuded in assembly and repair is saliva.

The ventral linkages of all studied higher lepidopterans are hook-shaped and
provide a secure linkage of the galeae (whereas the dorsal legulae, as overlapping plates,
are less secure) (Eastham and Eassa, 1955, Monaenkova, 2012). Initial thoughts were
that the ventral linkages were immoveable once cuticular hardening had taken place
(Krenn, 1997; Krenn et al., 2005). However, my work with Danaus plexippus (Linnaeus)
has revealed that butterflies can repair separated galeae in fewer than 30 minutes (most
within 10 minutes). Therefore our understanding of proboscis movement and the ventral
linkage needs revision to explain repair and antiparallel motion of the galeae. More
comparative studies are needed of the processes of assembly and repair, as recommended
by Krenn (1997). My study of the repair process of Vanessa cardui (Linnaeus) and
assembly of A. vanillae present the additional question of the use of vibrations for
assembly and repair. The labial palps of A. vanillae vibrate rapidly at times during
assembly but do not touch the proboscis. During repair, individuals of V. cardui extend
the proboscis and shake it rapidly, and the unrestrained specimens of V. cardui vibrate the
wings rapidly. Do these vibrations aid in linking the ventral legulae?

The only previous paper on the repair of the proboscis demonstrated that 67% of
the specimens of Papilio polyxenes asterius (Stoll) (Papilionidae) and Pieris rapae

(Linnaeus) (Pieridae) were able to repair proboscises that were split up to 50% within 24
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hours after separation with restored functionality (Lehnert et al., 2014). The structural
capillarity and wettability of the proboscis were implicated in both the ability to repair the
proboscis and to maintain the ability to acquire fluids. As was also the case in my study,
even butterflies that were not able to repair the proboscis were able to acquire fluids
(Lehnert et al., 2014). Evaluation of functionality was done by inserting the proboscis of
the live butterfly into a capillary tube containing the food substrate (Lehnert et al., 2014).
My procedure used a more natural feeding posture, and showed a higher level of
functionality. I positioned the butterfly vertically with legs free, so the butterfly could
control feeding. | assisted with placement of the proboscis onto the substrate only when
the butterfly did not volunteer or did not persist in feeding. In this way even the
butterflies with dry, curled tips could be tested. Butterflies feed with the dorsal surface of
the drinking region pressed against the substrate, so the ventral legulae could be viewed
and photographed during feeding to verify linkage. My results agree with those of
Lehnert et al. (2014), in supporting the hypothesis for the ability to repair, by finding that
all experimental Danaus plexippus butterflies with a partial (roughly 65%) distal
separation of the galeae were capable of repair of the proboscis within 30 minutes (most
within 10 minutes), with most also regaining the capacity to form a tight coil. All but one
of these butterflies were able to acquire fluid after the experimental partial separation of
the galeae. My experiment went beyond that of Lenhert et al. (2014) by demonstrating
the ability to repair a totally separated proboscis with restored functionality.

Antiparallel movements, where the galeae slide in opposite directions relative to

each other, had been reported during assembly (Krenn, 1997), blood-feeding (Béanziger,
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1970), and fruit-piercing (Krenn, 2010). Antiparallel movement during feeding has been
noted in one Papilio polyxenes asterius during feeding from a capillary tube (Lehnert et
al., 2014), and by Phigalia strigataria (Grant et al., 2012). | made video recordings of
experimental butterflies that confirm the use of antiparallel movement during feeding by
D. plexippus and V. cardui. | have observed antiparallel motion during feeding by other
species as well.

In future studies, investigations of the assembly process should be carried out in a
variety of Lepidoptera, including other butterfly and moth families. The butterfly families
present a variety of proboscis adaptations, such as the long pierid proboscis. The
members of the family Sphingidae have a pupa in which the pupal case bears a separate
channel for the galeae. The sphingid imagoes emerge from an underground refuge, so
their proboscis assembly may be different from that of the investigated nymphalids.

The labial palps appear to assist lateral motions of the proboscis during assembly,
which may be involved in linking the cuticular structures to form the proboscis during
assembly after the adult emerges from the pupa (Krenn, 1997). The role of the labial
palps could be explored by removing or disabling them to see the effect of their absence
on assembly or repair of the proboscis.

The proboscis operates with dual mechanisms. The cibarial pump provides
negative pressure to operate like a drinking straw, while the drinking slits and dorsal
legulae act as a sponge (Monaenkova et al., 2012). What are the comparative
contributions of capillary action and suction to the function of the proboscis? Is the

balance different for different species? When the Eriocraniidae are drinking, the short

97



proboscis often splits (Scoble, 1992). Does this reveal the capillary mechanism at work,
even in the most basal proboscis? The surface of the proboscis has hydrophilic structures
and the food canal walls are lined with grooves that should facilitate capillary action and
adhesion (Lehnert et al., 2013).

Significant contributions of my work include: 1) confirmation of the capability of
butterflies to repair the proboscis, with first documentation from the family Nymphalidae,
2) first documentation of repair of total separation of the galeae, 3) confirmation of the
ability of the proboscis repaired from a partial separation of the galeae to acquire fluids,
with first documentation of the ability of the proboscis repaired from a total separation of
the galeae to acquire fluids, 4) confirmation of the capability of the partially separated
proboscis to acquire fluids, providing supportive evidence of the role of capillarity, 5)
quantification of the time required for repair of the proboscis for the tested species, and 6)
description of the behavioral process of repair of the proboscis.

With the huge number of species of Lepidoptera and their vast diversity,
represented by 112 families in 46 superfamilies (Pogue, 2009), a wealth of questions
await our attention regarding the structural, functional and behavioral feeding adaptations

in the order Lepidoptera.
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