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Chapter 11

Chemical Ecology of Poisonous Butterflies:
Model or Mimic? A Paradox of Sexual
Dimorphisms in Mullerian Mimicry

Ritsuo Nishida

Abstract A number of butterfly species are toxic or unpalatable against predators by
developing mechanisms either to biosynthesize such noxious elements de novo or to
acquire directly from the poisonous host plants for their own defense. Most of these
“poisonous butterflies” exhibit aposematically colored wing patterns that are often
associated either with Batesian or Miillerian mimicry species to form a “mimicry
ring.” This review focuses on unpalatable chemical elements potentially operating in
three typical mimicry rings: (1) the tiger Danaus mimicry ring, (2) the /dea mimicry
ring, and (3) the red-bodied swallowtail mimicry ring, in association with their
mimetic wing patterns. Female-limited polymorphisms are a common feature of
the Batesian mimicry but not in Miillerian mimicry, because such diversification is
unfavorable for the models. I present here some unique cases of sexual dimorphisms
within the putative Miillerian mimicry complexes. A Danaus chrysippus-mimicking
nymphalid, Argyreus hyperbius, is a typical example of the female-limited dimorphic
mimics. However, A. hyperbius were found to be poisonous with toxic cyanogenic
glycosides (linamarin and lotaustralin). Likewise, a pipevine swallowtail,
Atrophaneura alcinous, which sequesters toxic aristolochic acids, exhibits sexually
dimorphic color patterns (male, black; female, smoky brown). A sympatric diurnal
zygaenid moth, Histia flabellicornis, is mimetic to A. alcinous males rather than the
females and stores cyanogenic glycosides. The moth is regarded as a Miillerian ally
that may have stabilized the wing coloration mutually with those of A. alcinous
males. On the contrary, a diurnal “swallowtail moth,” Epicopeia hainesii, mimics the
brighter wing color of A. alcinous females. Possible adaptation mechanisms on these
paradoxical mimicry patterns are discussed.
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11.1 Introduction

The monarch butterfly, Danaus plexippus (Danainae: Nymphalidae), is an exemplar
of the model/mimic relationships in butterflies. The larvae feed on milkweed plants
(Asclepiadoideae of the family Apocynaceae) and selectively accumulate toxic
cardenolides (cardiac glycosides, CGs) from the host plants and pass over to the
adults (Reichstein et al. 1968). CGs are powerful heart poison and induce emesis to
predatory birds (Brower 1984). If a “hungry blue jay” ingested a monarch butterfly,
the sequestered CGs in the butterfly body tissues strongly induced emesis (Brower
1969). After such a noxious experience, the bird would never eat the butterflies with
the same wing pattern again. Predatory birds avoid the butterflies primarily because
they experience an obnoxious “bitter” taste and/or emesis after ingestion. This
results in a visually conditioned aversion toward prey with similar appearance,
allowing for the evolution of Batesian mimicry (Brower 1969). Therefore, the
monarch is considered to be a typical poisonous model butterfly. The viceroy,
Limenitis archippus (Nymphalinae, Nymphalidae), was initially thought to be a
typical example of Batesian mimicry. However, the viceroy was shown to be fairly
unpalatable to some predators (Ritland and Brower 1991; Prudic et al. 2007).
Moreover, monarch can sometimes be palatable (or nontoxic) particularly if the
larvae grew up on the nontoxic or low-CG milkweed plants (Brower 1969). Thus,
the situation between the models and mimics may be interchangeable as in this
case, and if both are unpalatable mimicking to each other, it forms an association of
the Miillerian mimicry type, rather than Batesian (Rothschild 1979; Huheey 1984).

Unpalatability or distastefulness is strongly linked to the toxicity of the seques-
tered defense substances, as in human taste (Brower 1984), and thus, the predator
effectively avoids toxic prey before ingestion. Visually oriented, avian predators
are the most effective selective pressure to contribute to the formation of mimicry
butterflies in conjunction with the distastefulness of the model species. The evolu-
tion of mimicry is highly dependent on both the visual and chemosensory (gusta-
tory/olfactory) physiology of the predatory animals in addition to the intrinsic
toxicity of the model butterfly (Brower 1984; Nishida 2002). However, knowledge
on the chemistry of defensive agents stored in each species within the mimicry rings
is often scarce (Trigo 2000; Nishida 2002). I highlight chemical backgrounds of
acquired defensive elements among some aposematic Asian butterfly species in the
following three typical/putative mimicry rings:

(1) The tiger Danaus mimicry ring
(2) The Idea mimicry ring
(3) The red-bodied swallowtail mimicry ring

The female-limited mimetic dimorphisms are a common feature of the Batesian
mimics as in the Papilio polytes of the red-bodied swallowtail mimicry ring (Turner
1978). By contrast, Miillerian mimics lack strong sexual dimorphism, presumably
due to density-dependent selection, where the divergence of a morph is disadvan-
tageous in the toxic model (Mallet and Joron 1999). However, some exceptional
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cases of sexual dimorphisms can be seen within the putative Miillerian mimicry
complexes in the above mimicry rings (1) and (3). My particular attention is
focused on those sexually dimorphic species where both sexes were confirmed to
harbor noxious chemicals — to evaluate their adaptive characteristics within the
mimicry rings.

11.1.1 Tiger Danaus Mimicry Ring

Although the monarch butterfly, Danaus plexippus, and other milkweed butterflies
sequester CGs from the Asclepias hosts in the body tissues and become unpalatable
to bird predators, some of the butterfly populations often lack CGs as mentioned
above. Similar to the American Danaus spp., the Old World milkweed butterfly,
Danaus chrysippus (so-called plain tiger, widely distributed from Africa to tropical
Asia) is assumed to be “poisonous” with its conspicuous appearance with a black
apex and white subapical spots on the forewing in blight tawny-orange background
coloration, likely as a typical model for various mimicry species (Smith 1973)
(Figs. 11.1 and 11.2). D. chrysippus feeds exclusively on the Asclepiadoideae and
presumed to sequester toxic cardenolides from its host milkweed plants during the

y
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Female Female
Danaus chrysippus Argyreus
[Danainae] hyperbius
[Heliconiinae]

Female Male Female
Hypolimnas misippus Cethosia cyane Elymnias hypermnestra
[Nymphalinae] [Heliconiinae] [Satyrinae]

Fig. 11.1 The tiger Danaus mimicry ring. Note that some species in this figure may not occur in
the same habitat
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Fig. 11.2 (a) Danaus chrysippus female, (b) Argyreus hyperbius female, (c) A. hyperbius male
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Fig. 11.3 Typical defensive substances in aposematic butterflies

larval stage. However, they are known to be poor and inconsistent sequesterers of
CGs (Schneider et al. 1975; Rothschild et al. 1975; Mebs et al. 2005).

In order to confirm the toxicity of a local population of D. chrysippus in
Okinawa, we examined CG contents in their body tissue. A relatively polar CG,
frugoside (Fig. 11.3), was characterized as the major sequestrate in D. chrysippus
adults raised on Asclepias curassavica (Wada et al. unpublished). While calotropin
and calactin are CGs known as typical sequestrates in D. plexippus raised on
A. curassavica (A), these less polar CGs were not found as prominent components
in D. chrysippus, suggesting a selective or differential accumulation of CG species
as in the case between D. plexippus and D. gilippus (Cohen 1985; Mebs et al. 2012).
In addition, males of D. chrysippus frequently visit plants containing poisonous
pyrrolizidine alkaloids (PAs) and pharmacophagously sequester the alkaloids in the
body tissues both as a defense substance and pheromone precursors (Edgar et al.,
1979; Boppré, 1986) (see also Sect. 11.2). Since D. chrysippus males in Okinawa
frequently visit PA-containing plants such as FEupatorium (Asteraceae) and
Heliotropium (Boraginaceae), they are assumed to be protected dually both by
CGs and PAs. Nevertheless, a more detailed spatiotemporal dimensional survey of
sequestered defensive elements is needed further to clarify the “palatability spec-
trum,” because the distribution of D. chrysippus is widespread throughout the
African-Asian tropical and subtropical regions up to Okinawa in association with
their local mimics as discussed below.
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There are a variety of butterfly species that closely resemble wing color patterns
of D. chrysippus, particularly within Nymphalidae to form a “tiger Danaus mimicry
ring” in Asian regions (Fig. 11.1):

Danaus genutia (striped tiger) (Danainae: Nymphalidae): This butterfly resembles
D. chrysippus but with conspicuous black stripes on both fore- and hindwings.
These two coinhabiting Danaus species, widely distributed throughout India,
South Asia, and Japan, are regarded as Miillerian mimics, as both species feed on
the milkweed subfamily Asclepiadoideae, although the ability of sequestration
of CGs from their host Cynanchum liukiuense in Okinawa is unknown. Males of
these two species show strong affinity to PA-containing plants and are consid-
ered to obtain alkaloids both as defensive measure as well as sex pheromone
precursors.

Hypolimnas misippus (danaid eggfly) (Nymphalinae: Nymphalidae): Females are
known polymorphic and the plain tiger mimic occurs sympatrically with
D. chrysippus in Asia (Gordon and Smith, 1998). Since the larvae feed on the
“presumably innocuous plant” Portulaca oleracea (Portulacaceae), this butterfly
is thought to be a palatable mimic.

Elymnias hypermnestra (common palmfly) (Satyrinae: Nymphalidae): Some
populations are sexually dimorphic. While the males mimic Euploea species,
the females mimic Danaus spp. (Yata and Morishita 1985). The larvae feed on
the palm family Arecaceae (Ackery and Vane-Wright 1984).

Cethosia cyane (leopard lacewing) (Heliconiinae: Nymphalidae): There are several
lacewing species mimicking the wing patterns of D. chrysippus. Their larvae
feed on Passifloraceae, the subfamily of which is known to biosynthesize toxic
cyanogenic glycosides (CNs) (Nahrstedt and Davis 1985).

Argyreus hyperbius (Indian fritillary) (Heliconiinae: Nymphalidae): This species is
sexually dimorphic and the females have similar patterns to D. chrysippus but
with additional black spots scattered on the dorsal wings (Fig. 11.2). The female
has been considered to be a Batesian mimic (Su et al. 2015). The larvae feed on
Violaceae plants similar to many other related species in the tribe Argynnini in
Japan. Since the toxicity of this butterfly is unknown, we examined the possible
defensive substance in the body as described below.

Among the species listed above, only females are mimetic to D. chrysippus in
H. misippus, A. hyperbius, and E. hypermnestra, whereas males are considered to be
pre-existing morphs at least in the case of the former two, as typical examples of
sexual dimorphism. Female-limited wing pattern dimorphism in the butterfly mim-
icry rings seems restricted to Batesian mimicry, whereas Miillerian mimics lack
strong sexual dimorphism (Mallet and Joron 1999). An increase of palatable
mimetic pattern relative to a model would weaken the mimetic advantage in
Batesian mimicry by negative frequency-dependent selection, whereas an increase
of unpalatable mimetic pattern becomes more favorable in Miillerian mimicry by
positive density-dependent selection (Turner 1978; Mallet and Joron 1999). If this
theory is applicable, both H. misippus and A. hyperbius would be palatable Batesian
mimics of the model Danaus. This would also be supported by chemical
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constituents in their host plants; both Portulaca and Viola are presumably
“nontoxic” (the former often listed as a local edible wild vegetable). However,
the chemical analysis of A. hyperbius butterfly bodies revealed the presence of
highly toxic cyanogenic glycosides (CNs), linamarin and lotaustralin, both in males
and females (raised on wild Viola yedoensis as well as cultivated varieties of pansy,
V. tricolor during the larval stage) in substantial quantities (contents of total CNs:
females, 300400 pg; males 100-250 pg/body) (Nakade et al. unpublished)
(Fig. 11.3). Since these CNs were not detected in the host Viola plants,
A. hyperbius seems to biosynthesize these toxic compounds from amino acids, as
in Heliconius butterflies (Nahrstedt and Davis 1985). It is also known that some of
monomorphic Cethosia spices store linamarin and lotaustralin (Nahrstedt and Davis
1985).

Here A. hyperbius butterfly is determined to be poisonous despite its sexual
dimorphism in wing pattern, to form the Danaus (male + female) — Cethosia
(male + female) — Argyreus (female) Miillerian mimicry ring. It is noted that a
number of Cethosia lacewings exhibit a black-spotted wing pattern similar to that of
A. hyperbius rather than that of D. chrysippus which entirely lacks such “leopard”--
spotted patterns, suggesting a closer reciprocal interaction between these two taxa
within the Heliconiinae in the South Asian regions. We still do not know whether
the other sexually dimorphic nymphalids, H. misippus and E. hypermnestra, store
any unpalatable allelochemicals or not.

11.1.2 1dea Butterfly Mimicry Ring

A giant butterfly, Idea leuconoe (mangrove tree nymph) (Danainae: Nymphalidae),
is a primitive danaine species, having a wingspan of 120-140 mm with black
markings and veins on the white wing background (Fig. 11.4). Although the
butterfly is not aposematic in coloration, compared to other toxic butterflies, it is
highly conspicuous in the subtropical forests flying slowly and gracefully under the
high predatory avian pressure such as the blue rock thrush, Monticola solitarius.
The butterfly (originated in Okinawa) accumulates large quantities of PAs
(ideamines A, B, and C, lycopsamine, parsonsine) as N-oxides from the host
Parsonsia laevigata (Apocynaceae) during the larval stage (Nishida et al. 1991;
Kim et al. 1994) (Fig. 11.3). The total alkaloids often exceed 3 mg/insect,
suggesting a high unpalatability to potential predators.

Although males of most danaine butterflies show strong affinity to PAs during
adult stage and accumulate PAs by foraging pharmacophagously from various plant
sources to obtain defensive agents, as well as pheromone precursors, by visiting
PA-containing plants (Ackery and Vane-Wright 1984), I. leuconoe and some other
related /dea species in Southeast Asia likely obtain PAs not pharmacophagously but
directly from the apocynad hosts during the larval stage. I. leuconoe is highly
adapted to PAs not only by sequestering PAs for defense (allomone) but also for
specific oviposition cues (kairomone) in females (Honda et al. 1997) and precursors
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Fig. 11.4 The Idea mimicry ring. Note that some species in this figure may not occur in the same
habitat

of volatile sex pheromone in males (Nishida et al. 1996). Such a tight linkage with
PAs seems to represent an ancestral feature of the Danainae, from which the
secondary colonization of the Danainae on PA-free plants (such as Asclepiadaceae)
might have taken place with retention of the PA-mediated allomonal and phero-
monal systems via pharmacophagous acquisition of the precursors from nonhost PA
plants (Edgar 1984; Nishida 2002). I. hypermnestra (Fig. 11.4) and I. lynceus, both
sympatric in Peninsular Malaysia, sequester a series of PA N-oxides, tentatively
assigned from the hemolymph of the wild adults in the spectrometric analysis
(Nishida unpublished). These two species are regarded as the Miillerian mimics
in the rainforest habitat.

Beside these two giant Idea species, a smaller danaine species, Ideopsis gaura,
often share the same habitat in Southeast Asia (Fig. 11.4). Its larvae feed on the
Apocynaceae, but sequestration of toxic elements from the host is unknown.
1. gaura males frequently visit PA-containing Eupatorium flowers (Asteraceae).
A PA N-oxide of lycopsamine (or its stereoisomers) was detected by mass spec-
trometry from the body extracts of I. gaura males (captured in Penang, Malaysia)
(Nishida unpublished). Thus, these three coinhabiting danaines seem to form a
Miillerian mimicry association within the subfamily Danainae.

A Southeast Asian satyrine species, Elymnias kuenstleri (Nymphalidae), is also
known to mimic Idea spp., which is analogous to the relationship between Elymnias
hypermnestra and D. chrysippus in the tiger Danaus mimicry ring (Fig. 11.1). There
are several swallowtail butterfly species mimetic to Idea spp. or Ideopsis gaura,
such as Graphium idaeoides (Fig. 11.4), G. delessertii, and a whitish morph of
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Papilio memnon (Papilionidae), which are assumed to be Batesian mimics of
Idea spp.

The wing pattern of a day-flying Cyclosia pieriodes (false Idea moth,
Zygaenidae) (Fig. 11.4) resembles that of Idea spp. or Ideopsis gaura. Although
the defense substance has not been examined, it is likely that the moth stores some
CNs, as many other unpalatable zygaenids are known to biosynthesize/store
linamarin and lotaustralin (Holzkamp and Nahrstedt 1994; Nishida 1994). The
wingspans between the putative model giant Idea spp. (or medium-size I. gaura)
and minute C. pieriodes may be beyond comparison for the insectivorous birds.
However, the exquisite wing color pattern may be a more significant factor to
develop mimicry beyond their size in the avian vision, probably involving a
psychological effect (Wickler 1968; Halpin et al. 2013).

11.1.3 Red-Bodied Swallowtail Mimicry Ring

As quoted by Wallace, the common rose, Pachliopta aristolochiae, and many other
“red-bodied swallowtails” in the tribes Troidini (Papilionidae) are known as unpal-
atable models for various Batesian mimicry complexes particularly in the genus
Papilio (Uésugi 1996) (Fig. 11.5). These troidines feed selectively on the pipevine
family, Aristolochiaceae, and sequester toxic aristolochic acids (AAs) (Fig. 11.3) in
the body tissues (Euw et al. 1968; Nishida and Fukami 1989; Wu et al. 2000). One
of the pipevine swallowtails, Atrophaneura alcinous, from mainland Japan exhibits
sexual dimorphism to some degree, in that the dorsal wings of males are typically
jet black, while the females’ are gray or smoky brown with some variations in the
degree of darkness; the underside hindwings have long tails and a row of pink or
orange spots at the edge in both sexes; the lateral sides of the abdomen are red with
a black spot on each segment in both sexes (Fig. 11.5b, e, f).

A day-flying swallowtail moth, Epicopeia hainesii (Epicopeiidae) (Fig. 11.5c,
d), has a red abdomen and a similar color pattern on the wings with long swallowtail
projections as those in A. alcinous, although the body size is much smaller than that
of A. alcinous (Fig. 11.5d—f and 11.6). The brighter gray or smoky brown-color tone
and the black veins on the dorsal wings of E. hainesii are strikingly similar to those
of A. alcinous females but not much of males. It suggests a unique case of mimicry
in that the moth adopts one of the sexes of the toxic model. Both A. alcinous and
E. hainesii are considered to be more or less sympatric in forests and grasslands in
the middle to southern part of Japan. However, E. hainesii is distributed further to
northern Japan, including Hokkaido, where its putative model A. alcinous is absent
(Inoue, 1978). In the absence of a model species, there may be no protection from
predation (Prudic and Oliver, 2008), unless other defensive measures are present.
Since E. hainesii is warningly colored with red body even without the presence of
the model swallowtail, it strongly implies that this moth is also unpalatable,
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Fig. 11.5 The red-bodied butterflies and moths. (a) Pachliopta aristolochiae female, (b)
Atrophaneura alcinous female, (¢) Epicopeia hainesii female, (d) Histia flabellicornis female
secreting defensive foams containing linamarin (orange arrow). (e) A. alcinous female, (f) A.
alcinous male, (g) E. hainesii male, (h) H. flabellicornis male

although their palatability is unknown. The larval host, Cornus controversa
(Cornaceae), is not known to contain typical noxious elements such as CGs, PAs,
and CNs. The moth does not seem to secrete glandular defense substance. Prelim-
inary chemical analysis of the whole-body extracts of E. hainesii revealed some
unidentified polar compounds on the thin-layer chromatography, which did not
match with CNs such as linamarin and lotaustralin (Nishida unpublished). Further
studies are needed to substantiate possible unpalatability of E. hainesii. There is a
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Histia flabellicornis p[Pa lionidae] Epicopeia hainesii
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Fig. 11.6 The red-bodied swallowtail mimicry ring. Note that some species in this figure may not
occur in the same habitat

spectacular array of red-bodied Atrophaneura/Pachliopta—Epicopeia mimicry
rings distributed in East Asia further to examine in view of Batesian/Miillerian
mimicry associations.

Histia flabellicornis moth (Zygaenidae) is a red-bodied diurnal moth resembling
A. alcinous with black forewing and metallic blue hindwing coloration (larval host:
Bischofia javanica, Euphorbiaceae) (Fig. 11.5d, h). H. flabellicornis is subdivided
into many subspecies, and their distribution from Southeast Asia to Taiwan and
Okinawa (but not inhabited in Japan’s mainland) overlaps that of the red-bodied
swallowtails (Atrophaneura and Pachliopta). The adults secrete toxic linamarin
and hydrogen cyanide (HCN) as a foam when disturbed, suggesting the moth to be a
Miillerian mimicry ally with A. alcinous in Okinawa (Nishida 1994). Although the
degree of mimesis is imperfect in size, shape, and coloration, the wing color of
H. flabellicornis relatively resembles males of A. alcinous but less resembles the
females. This situation is contrary to the A. alcinous—E. hainesii mimicry associa-
tion pattern, where the mimesis is biased to the females. The metallic blue burnish
characteristic to H. flabellicornis hindwings may appear less similar to the
A. alcinous male wing coloration. However, under the strong subtropical sunlight,
dorsal wings of A. alcinous males (Fig. 11.5f) in Iriomote Island (Okinawa) shine in
a metallic blue as in H. flabellicornis wings (Fig. 11.5h). A. alcinous males may
have developed an implementation of structural coloration interacting with
H. flabellicornis through visual selection by avian predators. Thus, even though
the Miillerian association between these two species may be loose, the mimicking
pattern may represent a rare case of sexual dimorphism in the toxic model, which
might have stabilized the wing morph only in male. As illustrated in Fig. 11.6, the
above two cases exemplify a symmetrical relationship of sexual dimorphism in
A. alcinous, interacting adaptively with either one of the (putative) Miillerian mimic
moths (H. flabellicornis and E. hainesii).
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11.2 Discussion

As presented in those three mimicry rings, the chemistry of the unpalatable ele-
ments stored in the butterflies is the critical factor to understand the nature of
aposematic wing coloration and mimicry — otherwise a conclusion of adaptive
coloration must be tentative (Nishida 2002). Besides, “unpalatability” itself is
hard to determine (Mallet and Joron 1999) due to the variable ecological and
physiological milieus of both the preys and predators. The quality and quantities
of defensive substances in presumptive model butterflies often depend on
allelochemicals from the host plants, which may result in a variation in palatability,
individually or among local communities, which complicates the mimicry associ-
ation (Nishida 2002). Thus, Batesian and Miillerian mimicries may be interchange-
able depending on the “palatability spectrum” of the prey butterflies as well as the
“predatory spectrum” of the potential selective pressure (Huheey 1984; Turner
1984). The predatory spectra may involve variations in chemosensory and toxico-
logical sensitivity/susceptibility of the predators. The sensory sensitivity in insec-
tivorous animals may be different greatly among the species, and such variation in
response to chemicals or preferences may often be seasonal particularly during
highly predacious period and abundance of preys such as breeding seasons (Fink
and Brower 1981; Glendinning and Brower 1990). We certainly need to know both
prey/predatory spectra in time and space to understand the overall scheme of the
existing mimicry rings (Joron and Mallet 1998).

Two instances of sex-limited dimorphisms were presented here in the Miillerian
mimicry complexes — the tiger Danaine mimicry ring (Argyreus hyperbius) and the
red-bodied swallowtail mimicry ring (Atrophaneura alcinous). In a toxic model, the
diversification of its wing morphology would decrease their fitness due to a
“number-dependent selection” as originally stated by Miiller (Turner 1978; Mallet
and Joron 1999). This widely accepted rule is not supported by the cases noted
above. Such paradoxical examples are also known in D. chrysippus in Africa
(Owen et al. 1994) and Heliconius numata in South America (Brown and Benson
1974).

In the A. alcinous (male)-H. flabellicornis (both sexes) co-mimicking associa-
tion of the red-bodied mimicry ring, the defensive allelochemicals (AAs and CNs)
fulfill the requirement of potential unpalatability that would reciprocally enhance
their fitness through Miillerian mimicry. In the case of the A. alcinous (female)-E.
hainesii (both sexes) co-mimicking association, the chemistry of the latter is still
unclear, although the moth is suspected to be a Miillerian mimic as mentioned
above. The root cause triggering female-limited wing pattern dimorphism in
A. alcinous may be attributed to an escape from an overload of potential Batesian
mimics, similar to the case of polymorphism in D. chrysippus in Africa under the
high population density of palatable Hypolimnas (Smith et al. 1993). Several
Rutaceae-feeding black swallowtails such as Papilio macilentus and P. protenor
(females of the former are highly mimetic to A. alcinous males) often share the
same microhabitat spatiotemporally in the middle part of Japan. Potential higher
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predation on females due to behavioral vulnerability may underlie behind this
mechanism (Ohsaki 1995 2005). Thus, in addition to the chemistry, further studies
are warranted especially on the geographical variations of wing color in both the
butterflies and moths but also on the potential interspecific impacts from
co-occurring Batesian mimics.

In the A. hyperbius (female)-D. chrysippus (both sexes) co-mimicking associ-
ation, both are protected by unpalatable elements (CNs, CGs, and PAs). The black-
spotted wing pattern in A. hyperbius males resembles that of the co-occurring
woodland fritillaries such as Argynnis paphia (silver-washed fritillary) and
Argyronome ruslana. We have recently shown that adults (both sexes) of these
fritillary species sequester CNs in their body in substantial quantities (Nakade,
Naka et al. unpublished), likely to form a “leopard fritillary mimicry ring,” appar-
ently excluding A. hyperbius females from the ring. These chemical evidences
support that sexual dimorphism is feasible not only in Batesian mimicry but also in
Miillerian mimicry, if the other sexual morph is consolidated by a member of other
mimetic toxic species, probably to receive better protection than staying in the same
color patterns. This would invoke arguments on the sexual selection vs. natural
selection. Certainly, additional work is needed to support this hypothesis.

Another type of sexually restrictive feature in the mimicry syndromes can be
seen in the specific exocrine organs developed on the wings and/or body, which
disseminate odoriferous substances, often accompanied by morphological differ-
ences between the sexes. Troidine males such as A. alcinous emit characteristic
odors from androconial scales on the inner margins of the hindwings (Honda 1980),
which represents a structural-chemical dimorphism. Although sex-pheromonal
roles of these male-specific scents are mostly unknown, the conspicuous smell of
A. alcinous males may be attributed to an “odor aposematism,” alerting the pres-
ence of systemic toxins (AAs) to enhance its visual aposematism (Nishida and
Fukami 1989).

In many Danaus butterfly species, males pharmacophagously accumulate spe-
cific alkaloids from PA-containing plants during adult stage and use these
chemicals for their own defense as well as precursors of sex pheromone dissemi-
nated from male-specific hairpencil organs (Boppré 1984). In this case, only males
become a model with defensive PAs, possibly dually protected also by CGs
originating from the larval host plant, representing a sexual “chemical dimorphism”
by the sequestered defense substances. In this process, females may also be
indirectly protected by visual automimicry, even if they do not have any defensive
chemicals (Brower 1969). In the queen butterfly, Danaus gilippus, a portion of
male’s PAs may be transferred to females during copulation as a nuptial gift
potentially to protect the female and eventually to eggs and thus to ensure protec-
tion of the male’s progeny (Eisner and Meinwald 1995).

In contrast, a primitive danaine, Idea leuconoe, acquires PAs from the apocynad
host during the larval stage (both sexes), and males convert a portion of sequestered
PAs to volatile pheromone components to entice females (Nishida et al. 1996). In
this hairpencil pheromone system, females assess the quality of protectiveness of a
male during the precopulatory behavior (Nishida 2002). PA-derived pheromone
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Fig. 11.7 Idea leuconoe
female in a typical
acceptance posture, visually
and chemically stimulated
by a paper model of male
wings with a paper disk
treated with the hairpencil
extract (male pheromone).
The female is arrested,
curling her abdomen
downward

system thus plays a decisive role in sexual selection of danaine butterflies (Eisner
and Meinwald 1987; Nishida 2002). In indoor behavioral tests of I. leuconoe, both
virgin males and females visually responded to a “fluttering” paper model of
I. leuconoe (wing image printed on the copy paper) as shown in Fig. 11.7 (Nishida
et al. 1996). When the model was scented with crude extracts of hair pencils from
mature males (0.1 male equivalent/paper disk), receptive females usually landed on
the nearby herbage with abdomen-curling posture (Fig. 11.7). Interestingly, if a
fluttering “solid white model + pheromone” was presented instead of the “pat-
terned model + pheromone,” many virgin females approached and touched the
model, some occasionally exhibiting the typical mate-acceptance posture, whereas
none even approached a fluttering “solid black model + pheromone” (Nishida,
unpublished). This clearly indicates that the females can select males by both visual
and chemical cues and in lesser degrees by vision. If this is the case in nature,
non-mimetic males would also be selected by a female by chance, in that the
androconial chemical stimulus is sufficient to induce her acceptance, although
Idea butterflies are basically monomorphic. This suggests an importance of chem-
ical factors together with visual components, which then might facilitate the
evolution of a new wing pattern through sexual selection (cf. Turner 1984; Krebs
and West 1988).

In addition, males of Idea spp. also manipulate the conspicuous white/yellow
eversible tufts of hair pencils on the dorsum of the abdomen for defense, by
extruding them reflexively to emit a strong odor of phenol and/or p-cresol together
with other volatiles whenever frightened by predators (Schulz and Nishida 1996).
This exemplifies a male-specific aposematic scent operating concurrently with
aposematic coloration of defensive organs (Nishida et al. 1996). Interestingly,
one of the Idea-mimicking swallowtails, Graphium delessertii, exhibits a conspic-
uous yellow mark on the inner edge of the hindwings, as though an Idea male in
captivity were displaying hair pencils. This could possibly evoke an additional
psychological impression upon avian predators. In this case, only males become a
template for the mimic.
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Batesian or Miillerian mimicry — whichever the case — the evolutionary conver-
gence of morphological characters between the models and mimics seems to have
been greatly assisted by chemical elements including wing pigments and subject,
concomitantly, to both natural and sexual selections.
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Chapter 12

A Model for Population Dynamics

of the Mimetic Butterfly Papilio polytes
in Sakishima Islands, Japan (II)

Toshio Sekimura, Noriyuki Suzuki, and Yasuhiro Takeuchi

Abstract Based on recent progresses of both experiment and mathematical anal-
ysis, we present an extension of the model for population dynamics of the mimetic
swallowtail butterfly Papilio polytes in Sakishima Islands, Japan (Sekimura et al. J
Theor Biol 361:133-140, 2014). The model includes four major variables, that is,
population densities of three kinds of butterflies (two female forms f. cyrus and
f. polytes and the unpalatable butterfly Pachliopta aristolochiae) and their predator.
In this extension, we introduce difference in the predation rate between two forms
f. cyrus and f. polytes. We still assume that both the benefit of mimicry for the
mimic f. polytes and the cost for the model are dependent on their relative
frequencies, i.e., the mortality of the mimic by predation decreases with increase
in frequency of the model, while the mortality of the model increases as the
frequency of the mimic increases. Taking the density-dependent effect by carrying
capacity into account, we set up an extended model system consisting of three
ordinary differential equations (ODEs), analyze it mathematically, and provide
computer simulations that confirm the analytical results.
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12.1 Introduction

P. polytes is a mimetic swallowtail butterfly species widely distributed across India
and Southeast Asia, including Southeast of China, the Philippines, Taiwan, and the
Ryukyu Islands of Japan (Clarke and Sheppard 1972). P. polytes exhibits the female
limited polymorphism, that is, the female is polymorphic, whereas the male is
monomorphic and exhibits a white bar on the black hindwing. In the Ryukyu
Islands located in the southwest of Japan, the female of P. polytes has two different
forms, the mimetic form f. polytes and the nonmimetic form f. cyrus resembling the
monomorphic male in appearance. The form f. polytes mimics the unpalatable
butterfly Pachliopta aristolochiae as a mimetic model, which has a large white
area in the center and a row of submarginal red spots on the black hindwing
(Fig. 12.1). Mimicry in the female of P. polytes is known to be Batesian mimicry.

Yamauchi (1994) built a population dynamic model of Batesian mimicry, in
which two populations of both model and mimic species were considered. The
dynamic model has two components, growth at intrinsic growth rate and carrying
capacity and reduction by predation. The probability of a predator catching prey on
an encounter was assumed to depend on the frequency of the mimic. He applied the
dynamic model to field records of butterflies in Ryukyu Islands, and his model has
successfully explained some features, e.g., multiple dynamic equilibria between the
model and the mimic in the field. However, his model did not account for realistic

Fig. 12.1 The female limited polymorphism of the mimetic butterfly Papilio polytes and the
model butterfly Pachliopta aristolochiae. Top left: P. polytes f. cyrus (nonmimetic form). Top
right: P. polytes f. polytes (mimetic form). Bottom left: P. polytes male. Bottom right: the model
Pachliopta aristolochiae
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model-mimic systems such as polymorphism in P. polytes and intraspecific com-
petition between the mimic f. polytes and the non-mimic f. cyrus.

Sekimura et al. (2014) presented a mathematical model for population dynamics
of P. polytes observed in the Sakishima Islands (i.e., the Miyako Islands and the
Yaeyama Islands), which are the southernmost island group of the Ryukyu Islands,
Japan (Fig. 12.2). The model system consists of three ordinary differential equa-
tions (ODEs), in which variables are population densities of three butterflies, the
unpalatable butterfly P. aristolochiae and two female forms of P. polytes. The
model was constructed on the basis of field data in the islands and also experimental
data in the laboratory. Using mathematical analysis and computer simulations of
the system equations, they clarified the logical relationship hidden behind field data
on the population dynamics of the mimetic butterfly P. polytes in Sakishima
Islands. In particular, they discussed both temporal change in the relative abun-
dance (RA) since 1975 in Miyako-jima Island and variation in the RA in Sakishima
Islands.

Before going into details of our extended model and results, we summarize field
data briefly in Sect. 12.2 and describe main features of mimicry of P. polytes in
Sect. 12.3.

12.2 Field Records of Papilio polytes Observed
in Sakishima Islands

12.2.1 Observation of Temporal Change in the Population
of the Mimetic Female of P. polytes in Miyako-jima
Island

Uesugi (1992) observed temporal change of the relative abundance of the mimic
f. polytes in all the females of P. polytes for 14 years from 1975 to 1989 after the
establishment of the model P. aristolochiae in the land. Here, the relative abun-
dance (RA) of the mimic denotes the population ratio of f. polytes to all the two
forms (f. cyrus and f. polytes) and is defined as follows:

population of the mimic f. polytes

A= x 100 (%
population of the non-mimic f. cyrus + population of the mimic f. polytes ()

The observational result revealed that the RA increases with the date like the
sigmoidal curve, and in 1985 about 10 years after starting observation, the RA
reached at a saturated value (or the value of equilibrium) of about 50% (Fig. 12.5a).
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12.2.2 Variation in the Relative Abundance
(RA) in Sakishima Islands

Uesugi (1992) also observed variation in the RA in Sakishima Islands. In order to
investigate the relationship between two populations of the model P. aristolochiae
and the mimic f. polytes, he recorded three populations of the model and two female
forms of P. polytes in seven islands from island to island in the Sakishima Islands in
1982, 14 years after the establishment of the model in the Yaeyama Islands. The
horizontal axis in Fig. 12.5b shows the advantage index (Al) of Batesian mimicry,
which is defined to be the population ratio of the model to all the related butterflies
as follows:

population of the model

1= 100
population of the model + populations of f. cyrus and f. polytes X (%)

The vertical axis in Figs. 12.5a and 12.5b is the relative abundance (RA), which
denotes the population rate of the form f. polytes to all two forms (f. cyrus and
f. polytes).

Field data, which is shown by solid circles in Fig. 12.5b, clearly shows the
positive correlation between the Al and the RA, which means that the higher the
population ratio of the model butterfly in an island, the higher the ratio of the
mimetic female to all females in the island.

12.3 Extended Mathematical Model for Population
Dynamics of P. polytes

We first summarize fundamental facts on the mimicry, which will allow us to
design the content of the mathematical model of three variables, that is, three
kinds of populations of the model P. aristolochiae, the mimic f. polytes, and the
non-mimic f. cyrus.

12.3.1 Fundamental Facts on the Mimicry of P. polytes

12.3.1.1 Difference in Predation Risk Between Two Forms f. polytes
and f. cyrus

The butterfly P. polytes has two female forms: one is the non-mimic f. cyrus that
resembles the monomorphic male with a white bar on the black hindwing, while the
other is the mimic f. polytes that resembles the unpalatable butterfly species
P. aristolochiae (Fig.12.1). The mimetic form f. polytes is considered to have an
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advantage over f. cyrus with respect to protection from predation, when it lives in
sympatry with the model P. aristolochiae. In reality, Uesugi (1996) examined the
idea positively by learning experiments. Unexperienced birds, brown-eared bul-
buls, Hypsipetes amaurotis oryeri as predators, were first trained to take food from
two feeders in a cavity and then offered P. aristolochiae in one of the feeders. After
experiencing an uncomfortable encounter with this butterfly, the birds reduced the
frequency of taking regular food from the feeder where the butterfly had been
placed. On the other hand, Ohsaki (1995) paid attention to the rates of beak marks
by predators on wings of both palatable and unpalatable butterflies. By analyzing
the number of beak marks on butterfly wings caught in Borneo, he found that by
comparing the species P. polytes and the model species P. aristolochiae,
nonmimetic females were selectively attacked, while males, mimetic females,
and models were attacked less. Thus, the mimic f. polytes is considered to gain
benefit of reduced predation risk by living in sympatry with the model
P. aristolochiae.

However, we should note an experimental result on survival rates of the mimetic
form f. polytes, the nonmimetic form f. cyrus, and male in Taketomi-jima Is., where
the model P. aristolochiae and the mimetic female f. polytes are both absent
(Uesugi 1997). Uesugi (1997) used a releasing and re-catching method, that is, he
released at first 300 butterflies into the field and then caught again released
butterflies day after day for a week in the field. The result was remarkable, that
is, the survival rate of the mimetic f. polytes was statistically significantly lower
than those of the nonmimetic f. cyrus and male. This means that the mimetic
f. polytes has received an apparent disadvantage for survival in Taketomi-jima
Is. in comparison with the nonmimetic f. cyrus and male.

12.3.1.2 Males Prefer the Non-mimic f. cyrus to the Mimic f. polytes?

The mimetic female f. polytes might be less distinguishable than the nonmimetic
female f. cyrus by the male, because the form f. polytes resembles a different
species P. aristolochiae, while the form f. cyrus resembles the male of the same
species. This means that f. cyrus could get more chances to mate with the male than
f. polytes. In reality, Uesugi (1997) counted mating times of young butterflies of
both f. cyrus and f. polytes just after emergence. The result was striking to show that
f. polytes had no approach from the male and no count, while f. cyrus could mate
with the male. From the viewpoint of making offspring, the non-mimic f. cyrus has
an advantage over the mimic f. polytes. Thus, viewing from the preference of the
male to females in the species, the mimicry is not always beneficial.
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12.3.1.3 Physiological Life Span of Two Forms f. cyrus and f. polytes

Ohsaki (2005) measured physiological life spans of flying three types (the male, the
non-mimic f. cyrus, and the mimic f. polytes) in Itami City Museum of Insects,
Japan, and found that the order of the life span length is as follows: f. cyrus > the
male > f. polytes. The problem is why the life span of the mimic f. polytes is the
shortest. To explain the reason, Ohsaki proposed a hypothesis that the mimic
f. polytes pays an additional cost for producing red colored pigments (carotenoid)
by activating biochemical reaction networks in cells. The hypothesis coincides with
the result that the bigger the red colored area on the wing that the butterfly has, the
shorter the physiological life span that the butterfly has.

On the other hand, by using P. polytes caught in Okinawa Island, Kinjyo (2000)
showed that the physiological life span of f. cyrus and f. polytes is dependent on the
feeding condition. For example, there is no statistically significant difference in the
life span when both f. cyrus and f. polytes are fed in a good condition, under which
honey is given every day (i.e., the mean life span, 23.5 days for f. cyrus and 22 days
for f. polytes, respectively). When butterflies are fed in other conditions, under
which plain water or no honey is given, mean life spans of the non-mimic f. cyrus
become 8.8 days (with plain water) and 5.3 days (with no food), and those of the
mimic f. polytes become 7.8 days (with plain water) and 4.6 days (with no food),
respectively. This result shows that in nature, when environmental condition or
food conditions (e.g., long rainy weather, dry weather) become worse, the life span
of both f. cyrus and f. polytes becomes shorter rapidly. In any case, the result shows
that the life span of f. cyrus is somewhat longer than that of f. polytes.

For the last several years, Sekimura measured the life span of both f. cyrus and
f. polytes in the laboratory and found that in a regular condition at 25 °C room
temperature, there was no statistically significant difference in the life span of both
f. cyrus and f. polytes under different feeding conditions (Fig. 12.3).

12.3.2 Mathematical Model of Three ODEs for Population
Dynamics of P. polytes with Intraspecific Competition

In order to analyze field data summarized in Sect. 12.2, we present here a mathe-
matical model for population dynamics of P. polytes. The model system consists of
three ordinary differential equations (ODEs), in which variables are population
densities of three butterflies, the unpalatable butterfly P. aristolochiae and two
female forms of P. polytes. The male of P. polytes is not included directly in the
system but included indirectly through parameter values such as intraspecific
competition coefficients.
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Fig. 12.3 Phylogenetic life span of two female forms f. cyrus and f. polytes under the feeding
condition. The horizontal axis indicates the feeding condition. “A” is the condition under which
Calpis (or Calpico) water (i.e., Japanese milk-based soft drink) is given twice a day; “B” is the
condition under which the Calpis water with doubling dilution is given twice a day; “C” is the
condition under which only water is given twice a day; “D” is the condition under which nothing is
given after hatching. The left side (orange-colored) column of each condition corresponds to the
average life span of f. cyrus, and the right side (blue colored column) is that of f. polytes. The
number upon each column indicates the average life span. For example, the number 16.50 upon the
left column of the condition “A” is the average life span (days) of 10 (f. cyrus) individuals.
Numbers of individuals used in the experiment are as follows: numbers of (f. cyrus) individuals,
10 for the feeding condition “A,” 7 for “B,” 14 for “C,” and 14 for “D,” respectively, and numbers
of (f. polytes) individuals: 13 for the feeding condition “A,” 7 for “B,” 10 for “C,” and 10 for “D,”
respectively. According to our statistical analysis of the data, there is no statistically significant
difference in the physiological life span between two forms f. cyrus and f. polytes for all feeding
conditions A-D. In contrast, the data analysis has made it clear that there exists statistically
significant effect of the feeding condition (A—D) on difference in the life span
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[ ]
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We denote four population densities of the model P. aristolochiae, the mimic
f. polytes, the non-mimic f. cyrus, and predator as ny, n,, n3, and p, respectively.
Changes of the densities in time become the following three ODEs:

dny ny np
ke S 1==2) — g —— 12.1
U O R e D ST

dnz - ny + axzns
O nz{rz (1 K ) B (nl +n2>P} (12.2)

d
B n{n(1- 1) ) (123)
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where the population density of predator p is given as a fixed parameter value. In the
system Egs. (12.1), (12.2), and (12.3), we evaluated the density effect or saturation
effect by using carrying capacities K;,K,,K5 (=K;) for P. aristolochiae,
f. polytes, and f. cyrus, respectively. We assume that K, , K3 have the same value
since both f. polytes and f. cyrus are females in the same species. Growth rates of
three butterflies are denoted by 7y, 7, , '3, respectively. In Egs. (12.2) and (12.3), we
introduced an intraspecific competition between f. polytes and f. cyrus through
competition coefficients (a,3,as;). The intraspecific competition effect includes
competitions for resources such as nectar and indirectly the male as noted in Sect.
12.3.1.2. The term (n,/(nq + n,)) multiplied by p in Egs. (12.1) and (12.2) represents
the effect of mimicry, that is, the negative density effect implying that the increase
in the density of f. polytes n, causes the decrease in both densities of
P. aristolochiae and f. polytes, n| and n,. Parameters a, 3, , #; represent difference
in the predation rate among P. aristolochiae, P. polytes f. polytes, and f. cyrus,
respectively, and it would be reasonable to assume the inequality a < f,,f33,
because P. aristolochiae is an unpalatable butterfly species. In Sect. 12.3.1.1, we
noted the result on beak marks by predators showing that nonmimetic females were
selectively attacked, while males, mimetic females, and model butterflies were
attacked less. This fact is evaluated mathematically in the second term of
Egs. (12.2) and (12.3) by multiplying p by (n,/(n;+n,)) (<1) for the mimic
f. polytes, while by 1 for the non-mimic f. cyrus.

12.4 Mathematical Analysis of the System Equations
and Computer Simulations

12.4.1 Mathematical Analysis

Based on discussions in Sect. 12.3.1, we consider and analyze mathematically the
following three cases of the system Eqs. (12.1), (12.2), and (12.3) classified by
growth rate and predation rate of two forms f. polytes and f. cyrus: (a) case 1,1, <r;3
and f,=p3(=p); (b) case 2, r,=r3 and f,>f;; and (c) case 3, r,=r3 and
Po= P3(=P).

12.4.1.1 Case 1: r, <rz and f, = f3(=p)

This is just the case that was analyzed in our previous paper (Sekimura et al. 2014),
where following inequalities were assumed, 7, <rj, i.e., (growth rate of
f. polytes) < (growth rate of f. cyrus), and a<p, ie., (predation rate of
P. aristolochinae) < (predation rate of f. polytes).
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We put one more assumption on the survival of f. cyrus, r3 > fp, i.e., the growth
rate of f. cyrus is larger than the predation rate. Note that the population 73 tends to
zero when r3 < fip, since dns/dt <O0.

We summarize here main analytical results and computer simulations by solving
the system Eqgs. (12.1), (12.2), and (12.3).

[Result C1-1] The change of relative abundance (RA) of the mimic in the female
of P. polytes with respect to the carrying capacity K; of the model is positive, that is,

d ( 1 ):d(RA)>O (12.4)

d—IQ ny + n3 dK;

[Result C1-2] The change of the advantage index (Al) with respect to the carrying
capacity K; of the model is positive:

d ( n ):d(A1)>0 (12.5)

d—K1 nm +n+n3 dK;
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Fig. 12.4 Simulation results on temporal changes of all related quantities

(a) The blue line denotes the population density n; of the non-mimic f. cyrus, the green line is the
density n, of the mimic f. polytes, the purple line is the RA, the orange line is the Al, and the ocher
line denotes the density n; of the model P. aristolochiae, respectively. Parameter values used in
numerical simulations are as follows, and the stability condition for the positive equilibrium is
satisfied with these parameter values:

r1 = 05,72 = 1.0,r3 = 2.0; K| = 50,K5 = 50;ap;,= 230.5,a3, = 0.35;p = 0.5;a = 0.6, 8, = 35
= 1.0;n190 = 0.01,n30 = 7.2,n30 = 34 (initial values)

(b) Numerical simulation results of the positive dependence of the RA on the Al Parameter values
used in the numerical simulation are all the same as in Fig. 12.4a
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From inequalities (12.4) and (12.5), we see that the ratio of change of the relative
abundance (RA) to change of the advantage index (Al) with respect to the carrying
capacity K, of the model is also positive:

d(RA)
K,

>0 (12.6)

The inequality (12.6) provides the analytical evidence for the field record on the
positive dependence of the RA on the Al in Sakishima Islands in Fig.12.5b (Uesugi
1992) noted in Sect. 12.2.2.

Parameter values used in numerical simulations of Figs. 12.4, 12.5a and 12.5b
are chosen as follows, so as to satisfy the existence and stability condition for the
equilibrium of all the three population densities Eiy3=(ny,n5,n3), 11 = 0.5,
Iy = 10, r3 = 20, K] = 50, K2 = 50, az3 = 05, a3y = 035, P = 05, a = 06,
p=1.0,n,9=00.1, nyo = 7.2, and n3y = 34, where n;o denotes the initial value of n,.

60

relative abundance of the mimic (RA)

year

75 80 85 90
Fig. 12.5a Temporal change in the population of the mimetic female of P. polytes on Miyako-
jima Island and its numerical simulation results
Solid circles (®) show temporal change in the relative abundance (RA) of the mimetic form
f. polytes to all the females of P. polytes for 14 years after the establishment of the model
P. aristolochiae on Miyako-jima Is. in 1975. The solid line shows numerical simulation results
of temporal change in the RA by use of the Egs. (12.1), (12.2), and (12.3). Parameter values used in
numerical simulations are all the same as in Fig. 12.4a, and the stability condition for the positive
equilibrium is satisfied with these parameter values:

ry =05, =1.0,r3 = 2.0;K; = 50,K, = 50; a,;= 230.5,a3, = 0.35;p=0.5;a = 0.6,5, =
B3 =1.0;n10 =0.01,n0 = 7.2,n30 = 34 (initial values)
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Fig. 12.5b Variation in the relative abundance (RA) in Sakishima Islands and its numerical
simulation results

The horizontal axis shows the advantage index (Al), which is defined as the number ratio of the
model to all the related butterflies (the model and two female forms of P. polytes). The vertical axis
is the relative abundance (RA). Solid circle (®) represents the RA corresponding to the Al on each
Island of 7 Islands (i.e., Taketomi-jima Is., Tarama-jima Is., Miyako-jima Is., Ishigaki-jima Is.,
Hateruma-jima Is., Obama-jima Is., and Iriomote-jima Is.) in Sakishima Islands (From Uesugi
1992). The solid line (i.e., Fig. 12.4b) represents numerical simulation results by use of the
Egs. (12.1), (12.2), and (12.3), which clearly show the positive dependence of the RA on the Al
with a convexity. The inequality (6), which is an analytical result of the system equations, provides
the theoretical basis on the positive dependence. Parameter values used in the numerical simula-
tion are all the same as in Fig. 12.5a.

12.4.1.2 Case 2: r;=r3zand f, > f3

This is the case corresponding to experimental results noted in the last paragraphs
of Sects. 12.3.1.3 and 12.3.1.1, that is, (a) there is no statistically significant
difference in the life span of both f. cyrus and f. polytes (i.e., r, =r3), and (b) the
survival rate of mimetic f. polytes is statistically significantly lower than that of
nonmimetic f. cyrus (i.e., S, > f3) (this result was obtained by an experiment in
Taketomi-jima Is. (Uesugi 1997), where the model P. aristolochiae and the mimetic
female f. polytes are both absent) (Uesugi 1991, 1992).

[Result C2-1] First consider the system Egs. (12.1), (12.2), and (12.3) under the
condition nyg=0,n50>0 and n3y>0. The setting of initial parameter values
corresponds to the situation of Taketomi-jima Is. The uniqueness of the solution
of the system implies that n;(f) =0, n,(¢) > 0 and n5(¢t) > 0 for any ¢ > 0. Then the
solution n,(¢) and n3(¢) satisfies
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dny ny + ax3ng
Eznz{rz—ﬁzp—rz(T)} (12-7)
dns n3 + asny
e n3{r3 —Pp—13 (K—z)}’ (12.8)

which is a traditional Lotka-Volterra competition model. Suppose that r; > B;p for
i=2,3 (otherwise species i always tends to zero). It is easy to show that:

1. ny(#) — 0 for any n,9 > 0 and n3y > 0, when

1 — Bop)r 1 — Bsp/r
—ﬂzp/iz and a3z < —ﬂ3p/73 (12.9)

arz >
1 —fsp/rs 1= pop/r

2. ny(t) — 0 for some 7,0 > 0 and n3g >0, when

1 —pop/ra
1 —Bsp/r3

1 —pap/rs

i (12.10)

azs > and az >

Mathematically we can prove that the equilibrium point E3 = (O, %(1"3 — ﬂ3p)) is
globally stable for system (12.7) and (12.8) under the condition (12.9). Also E3 and
E, = ( %(rz — B3p), 0) are locally stable under (12.10). Note that under the

parameter values for case 1,

1 —pop/ra

1— ﬁ3p/"3
1= fp/rs (12.11)

and a3 >
1 —pop/ra

axyy <

are satisfied, and f. polytes and f. cyrus can coexist at the positive equilibrium point
when P. aristolochiae is absent.

[Result C2-2] Now let us choose the parameter values for case 2 as ry =0.5,
Iy = 1.0,]‘3: 1.0,K1 :50,K2:50,Cl23: 1 ,Cl32:0.3,

pP= 0.5 , = 0.6 ,ﬂQ =0.8 ,ﬂg, =07 ,Nio= 0.01 , Ny = 1 , and n3p = 34. This case
corresponds to an expectation of the population dynamics of butterflies after
introducing the model P. aristolochiae into Taketomi-jima Is. The different choices
between this and case 1 are r, =r; = 1.0, > > 3, and the smaller initial value for
f. polytes, since the above parameters satisfy condition (12.9) and only f. cyrus
remains when P. aristolochiae is absent. Figure 12.6a shows that the introduction of
the model yields the stable coexistence of P. aristolochiae, f. polytes, and f. cyrus.
Further Fig. 12.6b shows the positive dependence of the RA and the Al

[Result C2-3] The above results imply that the qualitative properties obtained for
case 1 still hold true for case 2.
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Fig. 12.6 Simulation results on temporal changes of all related quantities
(a) The blue line denotes the population density n; of the non-mimic f. cyrus, the green line is the
density n, of the mimic f. polytes, the purple line is the RA, the orange line is the Al, and the ocher
line denotes the density n, of the model P. aristolochiae, respectively. Parameter values used in
numerical simulations are as follows, and the stability condition for the positive equilibrium is
satisfied with these parameter values:

r1 =05, =1.0,r3 = 1.0;K; = 50,K; = 50;a,;= Bl,a3, =03;p=05a=10.6,5,=0.8,
B3 =0.7;n10 = 0.01,n59 = 1,n30 = 34 (initial values)
(b) Numerical simulation results of the positive dependence of the RA on the Al Parameter values
used in the numerical simulation are all the same as in Fig. 12.6a

12.4.1.3 Case 3: ry=r; and f, =p; (=)

Now consider case 3. We adopt the parameter values a,3 =1.1,a3,=0.1,=1and
the same values for the remaining as case 2. Similar case 2, the parameters satisfy
condition (12.9). Figure 12.7 shows the similar property as Fig. 12.6.
Finally, we note mathematical results in a compact way in Sect. 12.4 as follows,
Let us define the right-hand sides of the inequality in (12.9), (12.10), and (12.11)
as

als = 1 _ﬂZP/rz
B 1= Bap/rs

1 —pp/r3

and ag, = 1= fopirs

(12.12)

It is easy to check that aj; = a5, = 1 for case 3 and aj; < 1,a§, > 1 for case
1 and 2.Since the condition a3 > a5y implies that . polytes goes extinct under the
competition with f. cyrus (n,(t) — 0) when P. aristolochiae is absent, both cases
1 and 2 enlarge the possibility for the extinction of f. polytes when P. aristolochiae
is absent. The results obtained in Sect. 12.4 show that f. polytes can coexist with
f. cyrus under the invasion of P. aristolochiae even f. polytes has disadvantageous
property as case 1 (relatively small intrinsic growth rate) or case 2 (relatively small
survival rate under that predation). Note that the same result can be obtained the
case where f—j > )ﬁ—;
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Fig. 12.7 Simulation results on temporal changes of all related quantities
(a) The blue line denotes the population density n; of the non-mimic f. cyrus, the green line is the
density n, of the mimic f. polytes, the purple line is the RA, the orange line is the Al, and the ocher
line denotes the density n; of the model P. aristolochiae, respectively. Parameter values used in
numerical simulations are as follows, and the stability condition for the positive equilibrium is
satisfied with these parameter values:

rr=05,r,=1.0,r3 =1.0;K; =50,K, = 50;a23=231.1,a32 =0.1;p=05,0a=0.6,6, =
By = 1.0;n10 = 0.01,n0 = 1,n30 =34 (initial values)
(b) Numerical simulation results of the positive dependence of the RA on the Al Parameter values
used in the numerical simulation are all the same as in Fig. 12.7a

12.5 Summary and Discussions

Based on new experimental results, we presented an extension of the model for
population dynamics of the mimetic butterfly P. polytes in Sakishima Islands,
Japan (Sekimura et al. 2014). We introduced here difference in the predation rate
between two female forms f. polytes and f. cyrus by parameters f3,, /3, respec-
tively. The new model system (12.1), (12.2), and (12.3) still includes three major
effects: (a) self-density effect by carrying capacity; (b) mimetic effect, that is, the
probability that a predator attacks prey on an encounter is proportional to the
relative frequency of the mimic among the model and the mimic; and
(c) intraspecific competition between two forms f. polytes and f. cyrus for
resources such as nectar and, indirectly, the male. As to growth rate and predation
rate, we took account two cases (7, <r3) and (1, =r3) into consideration and
assumed the inequality a<pf,,f; among predation rates of the model
P. aristolochiae, f. polytes, and f. cyrus, respectively.

Using mathematical analysis and computer simulations of the system equations,
we extended the possibility of the logical relationship on the population dynamics
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of the mimetic butterfly P. polytes in Sakishima Islands. In particular, we discussed
both temporal change in the relative abundance (RA) and variation in the RA in
Sakishima Islands. We estimated conditions for existence of equilibrium solutions
of butterfly populations by making a comparison between experimental results and
mathematical analyses of the model equations. Our results show that one of key
factors to understand field data is the carrying capacity K; of the model in each
island. The positive dependence of the RA on the Al originates from the result that
changes of both the relative abundance (RA) and the advantage index (AI) with
respect to the carrying capacity K are positive.

The results in Sect. 12.4 have shown that both cases with respect to production
rate: (1, < r3) and (1, =r3) could be possible to reproduce experimental data on the
population dynamics of the mimetic butterfly P. polytes in Sakishima Islands. The
first case: (1, < r3) means that the mimicry of P. polytes requires a kind of genetic
change in production rate of the mimetic form f. polytes to reproduce the data. On
the other hand, the second case (7, = r3) means that in order to reproduce the data,
changes in ecological factors such as intraspecific competition coefficients (a3,
asp) and predation rate 3, , ff3 are required for the mimicry of P. polytes without any
genetic change. We think that it is not enough to determine at the moment which
case is the real case that occurred in Sakishima Islands, because experiments on
butterflies in both the field and the laboratory are somewhat subtle. We hope that
much reliable experiments will be done to understand the reality in the future.

Finally, we hope that the mathematical analysis and computer simulations in the
paper provide the theoretical basis on the female limited polymorphism of
P. polytes in Sakishima Islands.
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Chapter 13

Evolutionary Trends in Phenotypic Elements
of Seasonal Forms of the Tribe Junoniini
(Lepidoptera: Nymphalidae)

Jameson W. Clarke

Abstract Seasonal polyphenism in insects is the phenomenon whereby multiple
phenotypes can arise from a single genotype depending on environmental condi-
tions during development. Many butterflies have multiple generations per year, and
environmentally induced variation in wing color pattern phenotype allows them to
develop adaptations to the specific season in which the adults live. Elements of
butterfly color patterns are developmentally semiautonomous allowing for detailed
developmental and evolutionary changes in the overall color pattern. This devel-
opmental flexibility of the color pattern can result in extremely diverse seasonal
phenotypes in a single species. In this study, we asked the following questions:
(a) How do wing phenotype elements such as shape and pattern vary between
seasonal forms? (b) Can this variation be explained phylogenetically? (c) If so,
what are the various pattern development strategies used to achieve crypsis in the
dry season form? To answer these questions, we used high-resolution images to
analyze pattern element variation of 34 seasonally polyphenic butterfly species
belonging to the tribe Junoniini (Lepidoptera: Nymphalidae). We show that fore-
wing shape and eyespot size both vary seasonally and that the methods by which
phenotype elements change in the dry season forms are different in different clades
and may therefore have independent and diverse evolutionary origins.

Keywords Polyphenism ¢ Seasonal polyphenism ¢ Shape polyphenism ¢ Color
pattern « Pattern evolution * Pattern element « Junoniini ¢ Junonia ¢ Precis

13.1 Introduction

Seasonal polyphenism in insects is the phenomenon whereby multiple phenotypes
can arise from a single genotype depending on environmental conditions during
development. Brakefield and Shapiro more formally define seasonal polyphenism
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as the expression of a repeating pattern of changing phenotypes under the control of
some environmental factor (Brakefield et al. 1996). Many butterflies have multiple
generations per year, and environmentally induced variation in wing color pattern
allows them to develop adaptations to the specific season in which the adults live.
For example, when predators and prey are both plentiful during the spring or wet
season, large striking eyespots may serve to deter or deflect predators (Prudic et al.
2015). In contrast, during the autumn or dry season when prey are scarce, having
large striking eyespots might increase the chances of being detected by a predator,
and benefit may be obtained by a more cryptic coloration (Brakefield and Larsen
1984).

Because it is potentially adaptive to have specialized forms for predictable
environmental heterogeneity, seasonal polyphenism is not uncommon and is most
often seen in families Hesperiidae, Lycaenidae, Pieridae, and of course
Nymphalidae (Brakefield and Larsen 1984). The elements of butterfly color pat-
terns are developmentally semiautonomous allowing for detailed developmental
and evolutionary changes in the overall color pattern (Nijhout 1991). This devel-
opmental flexibility of the color pattern can result in extremely diverse seasonal
phenotypes within and among species. Seasonal forms of some species, such as
Precis octavia, can be so different that they were thought to be a distinct species
prior to laboratory experiments that demonstrated that alternative color patterns
could be induced by rearing the larvae under varying conditions of temperature and
photoperiod (McLeod 1968).

Although the genetic, developmental, and hormonal control of seasonal
polyphenism are becoming increasingly understood, there are relatively few studies
that examine the evolution of the pattern elements of seasonal forms (Rountree and
Nijhout 1995; Monteiro et al. 2015; Oostra et al. 2011). Therefore we asked the
following questions: (a) How do wing phenotype elements such as shape and
pattern differ between seasonal forms? (b) Can this variation be explained phylo-
genetically? (c) If so, what are the various pattern strategies used to achieve crypsis
in the dry season form? To answer these questions, we analyzed pattern element
variation of 34 seasonally polyphenic butterfly species belonging to tribe Junoniini.

The tribe Junoniini (Lepidoptera: Nymphalidae: Nymphalinae) is one of six
major tribes in the subfamily Nymphalinae and is comprised of 85 species in
6 genera: Hypolimnas (26 spp.), Precis (17 spp.), Salamis (3 spp.), Yoma (2 spp.),
Protogoniomorpha (2 spp.), and Junonia (35 spp.) (Kodandaramaiah 2009). The
tribe is estimated to have evolved approximately 30—40 million years ago originat-
ing in Africa and spreading throughout Asia and Oceania primarily (Wahlberg et al.
2005; Kodandaramaiah and Wahlberg 2007). Most of the genera diverged approx-
imately 25 million years ago with the exception of Yoma and Protogoniomorpha
which split approximately 5 million years later (2006). Species belonging to this
tribe are noted for being swift fliers, having medium to large body sizes, and
exhibiting striking polyphenic forms such as the model organism Junonia coenia
making the tribe an ideal target taxon for this study (Win et al. 2016).

We show that forewing shape and eyespot size both vary seasonally in the
Junoniini and that the methods by which phenotype elements change in the dry
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season forms are different in different clades and may therefore have independent
and diverse evolutionary origins.

13.2 Methods

Phenotypic variation in the seasonal forms of the Junoniini was measured and
assessed using high-resolution digital images and image processing software.
Specimens were acquired from the Museum of Natural History in London and the
Smithsonian National Museum of Natural History. Images received from the
London Museum were on 35 mm photographic film and were digitized using an
EPSON Perfection V600 flatbed digital scanner. Images of the Smithsonian spec-
imens were captured at a fixed distance from the specimen using a Nikon CoolPix
P600 16.1 megapixel digital camera. All images were taken with a millimeter ruler
for scale.

Specimens were selected for analysis to maximize phylogenetic coverage of
tribe Junoniini by including representatives from each of the major genera
(Hypolimnas, Junonia, Precis, Protogoniomorpha, Salamis, and Yoma) as well as
two out-groups (Anartia and Kallimoides). Selected Junoniini specimens were
labeled and organized into the following functional groups corresponding to
major clades within the tribe’s phylogeny: upper Junonia, Asian Junonia, lower
Junonia, Yoma, Precis, and Hypolimnas (Fig. 13.1a). The lower Junonia was
treated as a clade for comparative purposes despite its status as an unresolved
polytomy. Species were selected that had at least four replicates of comparable
quality. To eliminate confounding effects of regional variation and sexual dimor-
phism, specimens were sexed and selected from the same geographic region. If the
species had distinct seasonal phenotypes, these were confirmed by the date of
collection and comparison to previous descriptions in the literature. The resulting
sample was comprised of 34 species from Africa, Asia, Oceania, and North
America.

Size and position of pattern elements of the ventral hind wing were measured by
generating landmark points in the image processing software Image] v1.51g
(Schneider et al. 2012). The ventral surface was chosen because butterflies most
often have their wings folded showing the ventral pattern when not in flight. The
hind wing was chosen to maximize the amount of visible wing surface since it
overlaps in front of the forewing when viewed from the ventral side of the animal.
For each image, landmark distances were converted from pixels to millimeters
using a 20 mm scale. To normalize the size and relative distances between pattern
elements according to the size of the wing on which they appear, a proxy for wing
size was generated using the perimeter of a triangle formed using the distances
between the root node of the venation system, the Cu2 vein terminus, and the Rs
vein terminus, abbreviated RCR triangle (Fig. 13.1b —e).

For the Sc+R1, Rs, M1, M2, M3, and Cul cells of the ventral hind wing, the
following measurements were taken:
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Junonia villida
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Junonia almana
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Fig. 13.1 (a) Phylogeny of the Junoniini (Lepidoptera: Nymphalidae: Nymphalinae) species used
in this study grouped by reference clade. Tree topology based on Kodandaramaiah and Wahlberg
(2007). (b) Diagram of measurements on a generalized Junoniini ventral wing surface including
(a) submarginal band proximity [NSP], (b) eyespot proximity [NEP], (¢) central symmetry system
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Leaf-like Low Angularity

Medium Angularity High Angularity

Fig. 13.2 Qualitative categorization of four forewing apex shape classifications observed in the
dry season form. Note the increasing acuteness of the angle formed by the margins immediately
flanking the M1 terminus as the apex increases in angularity from low to high. Note also that the
M1 terminus angle is not present in the leaflike morphotype

(a) [NSP] normalized submarginal band proximity — the distance between the wing
margin and the submarginal band divided by the RCR triangle (Fig. 13.1b — a)

(b) [NEP] normalized eyespot proximity — the distance between the wing margin
and the focus of the eyespot divided by the RCR triangle (Fig. 13.1b — b)

(c) [NCP] normalized central symmetry system proximity — the distance between
the wing margin and the distal band of the central symmetry system divided by
the RCR triangle (Fig. 13.1b — ¢)

(d) [NED] normalized eyespot diameter — the longest distance that intersects with
the focus of an eyespot between the distal and the proximal borders of the
eyespot divided by the RCR triangle (Fig. 13.1b — d)

The morphology of the forewing apex was categorized into four classifications:
leaflike, low angularity, medium angularity, and high angularity (Fig. 13.2). To

<
Y

Fig. 13.1 (continued) proximity [NCP], and (d) eyespot diameter [NED]. Measurements were
size-normalized using (e) the perimeter of a triangle connecting the Rs and Cu2 termini to the root
of the venation system [RCR triangle]. (Tree topology from Kodandaramaiah and Wahlberg 2007)
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ensure the consistency of the shape classifications, specimens were independently
classified by an outside researcher and by the authors. Each classification converged
on the same subdivision of morphotypes.

All measurements, including absolute differences in measurements for each
seasonal form, were entered into a character matrix using the software suite
Mesquite version 3.04 (Maddison and Maddison 2015). To contrast pattern element
data between seasonal forms, parsimony character state reconstructions were
mapped to an existing tree topology based on a molecular phylogeny for tribe
Junoniini (Kodandaramaiah and Wahlberg 2007) and mirrored to draw compari-
sons between seasonal forms.

13.3 Results

13.3.1 Variation by Pattern Element

Variation in pattern elements was dependent on the type of pattern element being
measured. The normalized submarginal band proximity (NSP) to the margin of the
wing did not vary significantly for any wing cell between seasonal forms or across
clades. The normalized central symmetry system proximity (NCP) to the wing
margin and the normalized eyespot proximity (NEP) to the wing margin did not
vary significantly for any wing cell between seasonal forms, but did show clear
differences between clades. Finally, the normalized eyespot diameter (NED) varied
significantly between seasonal forms and also showed clear differences between
clades. It should also be noted that it is likely that the parafocal element also varies
between seasonal forms, but difficulty in consistently defining the boundaries of
this pattern element led to its omission from this study.

13.3.2 Variation by Wing Cell

Variation in pattern elements was also dependent on the wing cell in which the
pattern elements are located. There was little variation in NED, NSP, NCP, or NEP
for wing cells Sc+R1, M2, and M3 between seasonal forms for all clades because
these eyespots are typically reduced or absent in ventral hind wings in both the wet
and dry season forms. In contrast, the Rs, M1, and Cul wing cells showed
significant differences in NED and NCP across clades, but only NED varied
significantly between seasonal forms. Junonia almana (Fig. 13.3) provides a clear
example of the differences in seasonal eyespot size variation across wing cells. In
this species, the Sc+R1 eyespot is absent in both seasonal forms. The M2 and M3
eyespots are absent in the wet season form, but are present and highly reduced in the
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Fig. 13.3 Junonia
almana seasonal forms.
(Left) Wet season form
exhibiting regions of high
color contrast, large well-
defined eyespots, and a
low-angularity apex shape.
(Right) Dry season form
exhibiting low color
contrast throughout the
entire wing, drastically
reduced eyespots, and a
high-angularity forewing
apex shape

dry season form. Finally, the Rs, M1, and Cul eyespots are large in the wet season
form and highly reduced in the dry season form (Fig. 13.3).

13.3.3 Seasonal Eyespot Variation by Clade

Parsimony analysis of seasonal eyespot variation resulted in three similar parsi-
mony character state reconstructions for the Rs, M1, and Cul eyespots when
mapped to the molecular phylogeny. (Figs. 13.4, 13.5, and 13.6). However, the
seasonal eyespot variation for each wing cell was not consistent across clades.

All species in the upper Junonia clade exhibited high seasonal eyespot size
variation for the Rs, M1, and Cul eyespots with two exceptions: J. westermanni has
no variation in the M1 eyespot (Fig. 13.5) and J. hierta in the Cul eyespot
(Fig. 13.6).

The lower Junonia clade varied greatly both across species and by wing cell for
seasonal eyespot size. For the Rs eyespot, most species showed no seasonal size
variation except slightly in J. cytora and J. touhilimasa (Fig. 13.4). However, for
the M1 and Cul eyespots, all of the species showed some seasonal size variation,
though to different degrees, with the single exception of J. cytora in the Cul cell
(Figs. 13.5 and 13.6).

The Yoma clade also exhibited a wide range of seasonal eyespot size variation.
Yoma algina showed large seasonal eyespot size variation for the Rs, M1, and Cul
eyespots, while its sister taxon Y. sabina showed only minimal variation in the Rs
and M1 eyespots and no variation in the Cul eyespot. Protogoniomorpha parhassus
exhibited seasonal eyespot size variation in the M1 and Cul eyespots but not the Rs
eyespot. Finally, Salamis cacta showed no seasonal eyespot size variation whatso-
ever (Figs. 13.4, 13.5, and 13.8).
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Fig. 13.4 Mirrored parsimony character state reconstructions for seasonal change in forewing
apex shape class and the absolute difference in Rs normalized eyespot diameter between wet and
dry season forms. Warmer colors represent a larger disparity between eyespot diameters of wet and
dry forms (Tree topology from Kodandaramaiah and Wahlberg 2007)

Finally, the Precis clade, the Hypolimnas clade, and the Asian Junonia showed
almost no seasonal eyespot size variation for any eyespot with one exception in
H. anthedon which had the unusual characteristic of having no eyespots in
(Figs. 13.4, 13.5, and 13.6).

13.3.4 Seasonal Forewing Apex Shape Change by Clade

The shape of the forewing apex varied both seasonally and by clade. The upper
Junonia clade exhibited a mix of seasonal variation with shape change present only
inJ. orithya, J. lemonias, and J. almana. Similarly, in the lower Junonia clade, only
two species, J. terea and J. artaxia, showed seasonal shape change of the forewing.
The remaining clades, however, do not have this mix of shape change between
seasonal forms. Neither the Yoma nor the Hypolimnas clades showed seasonal
shape change. In contrast, both the Asian Junonia and Precis clades showed
seasonal shape change in every species sampled (Fig. 13.7).
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Fig. 13.5 Mirrored parsimony character state reconstructions for seasonal change in forewing
apex shape class (/eff) and the absolute difference in M1 normalized eyespot diameter between wet
and dry season forms (right). Warmer colors represent a larger disparity between eyespot diam-
eters of wet and dry forms (Tree topology from Kodandaramaiah and Wahlberg 2007)

13.3.5 Shape Type and Shape Change

There exists an association between the shape of the forewing apex of the dry
season form of a species and whether or not there was seasonal shape variation for
that species. Species whose dry season form had a low angularity or leaflike
forewing apex invariably did not exhibit seasonal forewing shape change
(Fig. 13.7). Furthermore, species whose forewing apex varied seasonally did so
according to a pattern of increasing angularity in the dry season form compared to
the wet season form (Figs. 13.7 and 13.8 — bottom). Species with seasonal shape
change whose wet season form had a low-angularity forewing apex had dry season
forms with medium- or high-angularity forewing apex shapes. Similarly, species
with seasonal shape change whose wet season form had a medium-angularity
forewing apex had dry season forms with high-angularity forewing apex shapes.
The result of this association is the general trend that species that exhibit seasonal
change in forewing shape tend to have more high-angularity forewing morphol-
ogies, while species that do not exhibit seasonal change tend to have low-angularity
forewing morphologies.
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Fig. 13.6 Mirrored parsimony character state reconstructions for seasonal change in forewing
apex shape class (/eft) and the absolute difference in Cul normalized eyespot diameter between
wet and dry season forms (right). Warmer colors represent a larger disparity between eyespot
diameters of wet and dry forms (Tree topology from Kodandaramaiah and Wahlberg 2007)

13.3.6 Discussion

The results of this investigation reveal a dynamic relationship between the compo-
nents of a seasonally polyphenic phenotype and the pattern by which they evolve.
They show that the phenotype elements of a seasonal form can be evolutionarily
decoupled, that these plastic elements have responded to selective pressures in
diverse ways, and that the diversity of these responses is reflected in the tribe’s
phylogenetic history. The different pattern elements of seasonally polyphenic forms
do not evolve as a single cohesive unit.

The methods by which the seasonal forms have evolved in these butterflies also
offer insight about how pattern elements are involved in responding to selection for
crypsis in the dry season. The findings of this study suggest that the location of
pattern elements on the wing does not change in the formation of alternative
seasonal phenotypes. This suggests that either selection is not acting strongly on
position or that element position is under some developmental constraint and
therefore unable to respond to selective pressures. When considering the variation
in the position of eyespots specifically, it seems more likely to be a lack of selection
on position given that eyespot position is characteristically different among clades,
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Fig. 13.7 Mirrored parsimony character state reconstructions for seasonal change in forewing
apex shape class and the shape classification of the forewing apex in the dry season form. Note the
association between exhibiting seasonal shape change and having higher forewing apex angularity
in the dry season form (Tree topology from Kodandaramaiah and Wahlberg 2007)

implying at least some freedom from constraint during the early evolution of the
major Junoniini clades.

However, the variation in eyespot size tells us a different story. In species where
eyespot size is variable, the dry season form always has reduced eyespot size
compared to the wet season form, suggesting a strong response to selection. At
the same time, there is little variation in the wing cells in which large eyespots
develop. For instance, the upper and lower Junonia clades all have stable large
eyespots in the Rs, M1, and Cul wing cells and stable small eyespots in the M2 and
M3 wing cells in the wet season form, whereas species in the Precis clade have
stable small eyespots in all of the wing cells. There is no case where stable large
eyespots have evolved in the M2 and M3 wing cells. Thus there appear to be
constraints both on the capacity to have size-variable eyespots and on the wing cell
in which the eyespot is found (Figs. 13.4 and 13.8 — bottom).

Similarly, in clades that have seasonal variation in wing shape, the dry season
form always has a more angular or falcate forewing shape, again suggesting a
strong response to selection (Figs. 13.7 and 13.8 — bottom). Other clades, by
contrast, have evolved phenotypically stable low-angularity rounded (Hypolimnas
clade) or high-angularity falcate (Yoma and Asian Junonia clades) wing shapes.



250 J.W. Clarke

Small [ config. A-18% (6)
[ Config. B~32% (11)
B Config. C—29% (10)

M Config. D-21% (7)
Eyespot
Size
O
g

'-afﬂej Oummmm——) [

Low Angularity High Angularity
Forewing Apex Angularity

Fig. 13.8 Top: Plates representing four configurations found among Junoniini butterflies — (a)
Neither forewing shape nor eyespot size vary seasonally; (b) Only eyespot size varies seasonally;
(c) Only forewing shape varies seasonally; (d) Both forewing shape and eyespot size vary
seasonally. Each plate is a composite of the wet season form (leff) and the dry season form
(right). Bottom: Schematic diagram of the relationship between seasonal changes in forewing
shape and eyespot size. Wet season forms are shown as circles, dry season forms as arrows, and
when the two forms overlap they are shown as squares. Note that the change for forewing shape is
always from lower to higher angularity, and the change in eyespot size is always a reduction
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Thus the Junoniini show both plastic alternative wing shape phenotypes and
evolutionary fixation of the alternative shapes, and the fixation of either the low-
or high-angularity wing shapes corresponds to major clade divergences in the
phylogeny. This suggests that while the capacity to develop alternative wing shapes
evolved early for the entire tribe, the fixation of alternative wing shapes occurred
later in the establishment of the genera.

The decoupling of independent phenotype elements has allowed for the emer-
gence of what we loosely refer to here as “phenotypic configurations” which can be
thought of as arrangements of phenotype element variation. To illustrate this idea,
we used only the combination of eyespot size variation and forewing apex shape
variation which can be roughly categorized into the four configurations that repre-
sent butterflies whose seasonal forms exhibit no variation, size variation only, shape
variation only, or both size and shape variation: Configurations A, B, C, and D,
respectively (Fig. 13.8 — top).

The distribution of these configurations in the phylogeny shows some interesting
patterns. First, each of the configurations corresponds to the clades described in
Fig. 13.1 — top: the Hypolimnas clade shows almost no seasonal change in wing
shape or eyespot size (Figs. 13.4 and 13.8 — top: Configuration A); the upper
Junonia exhibit minimal seasonal change in wing shape, but exhibit great seasonal
change in eyespot size (Figs. 13.4 and Fig. 13.8 — top: Configuration B); the inverse
is true for the Precis and Asian Junonia clades whose members show almost no
seasonal change in eyespot size, while they all exhibit seasonal change in forewing
apex shape (Figs. 13.4 and Fig. 13.8 — top: Configuration C). Second, the relative
frequency of these configurations and their position in the phylogeny show that
species whose wing shape varies seasonally tend not to be the same species whose
eyespot size varies seasonally, with a few exceptions. A highly angular wing shape
in the dry season form seems to have evolved very early in the tribe but was lost
independently in both Hypolimnas and upper Junonia (Fig. 13.4 right). Interest-
ingly, the capacity to develop plastic seasonally distinct wing shapes may have
evolved around the same time as the falcate wing shape but saw successive loss in
Hypolimnas, Yoma, and some species in lower and upper Junonia (Fig. 13.4 left).
An alternative interpretation might be that the capacity for wing shape change
evolved multiple times — once in the Precis clade and once in genus Junonia with
only the latter having some subsequent loss of the trait (Fig. 13.4 left).

Finally, the leaflike wing shape seems to have evolved independently with
respect to the well-known leaf mimics of the genus Kallimoides. This raises some
interesting questions regarding the importance of the phenotypic elements for
crypsis. If a species can achieve crypsis by either reducing its eyespots or changing
its wing shape from season to season, why do one or the other? Is the plasticity of
one phenotype element enough to render the plasticity of another unnecessary?
What, then, of species who have variation in both or neither of these elements?

Another interesting question regarding the interplay between phenotypic ele-
ments and their evolutionary trajectory is the role of color and contrast of the wing
pattern. In the same way, the conspicuousness of an eyespot can be diminished by
reducing its size; it can also be recolored or recontrasted to match the surrounding
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region of the wing, which effectively achieves the same result. This is the case in
Precis atlites, whose eyespots remain the same in size but become less bold and
more similar in color to the background of the wing rendering them more difficult to
detect. Although seasonal changes in color and contrast are widespread in the tribe,
that is to say all of the dry season forms become duskier in color and less striking in
the boldness of their patterns, it is unclear as to what extent changing color and
contrast compensate for the inability to modify either wing shape or eyespot size. A
detailed analysis of these elements will be presented in a separate paper.

The seasonally polyphenic forms of butterflies are often thought of as a single
trait. In reality, because butterfly wing patterns are comprised of serially homolo-
gous phenotypic elements that are developmentally semiautonomous, they can be
uncoupled, modified, and reconfigured to respond to selection and produce con-
straints in diverse ways. The seasonal forms of Junoniini butterflies have changed
over time by invoking at least three distinct developmental mechanisms, including
wing shape morphogenesis, pigment synthesis pathways, and pattern element
positioning mechanisms. Rather than inheriting a seasonal form, these butterflies
inherit the tools to create a seasonal form, and the methods by which they have
convergently evolved to become cryptic are written in their evolutionary history.
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Chapter 14
Estimating the Mating Success of Male
Butterflies in the Field

Nayuta Sasaki, Tatsuro Konagaya, Mamoru Watanabe,
and Ronald L. Rutowski

Abstract Sexual dimorphism in wing coloration is pervasive in butterflies and has
been attributed to the process of sexual selection. However, this view has rarely
been tested, partly owing to difficulties in estimating the mating success of males in
the field. In the present study, we describe a method for assessing the mating
success of male pipevine swallowtail (Battus philenor) butterflies, based on the
appearance of their reproductive tracts. Laboratory experiments indicated that, in
response to mating, components of the males’ reproductive tracts become shorter,
decrease in mass, and change in appearance, irrespective of age; and these changes
persist for at least 2 days. Using these indicators of recent mating, we examined the
reproductive tracts of 68 field-caught males and found that the color of the dorsal
hindwing, a feature that females use in mate choice, was significantly greener in
males that had recently mated than in males that had not.
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14.1 Introduction

There is a long history of interest in the diversity of butterfly wing pattern and
coloration. Starting with work of Darwin (1874) and Wallace (1889), researchers
have observed and discussed various issues related to wing pattern, such as inter-
specific similarity and variation (Nijhout 1990), ecological relevance (Rutowski
1997), color production mechanisms (Koch et al. 1998), evolutionary and devel-
opmental plasticity (Beldade et al. 2002), and genetics (Carroll et al. 1994), as well
as intersexual differences. Because male butterflies typically exhibit brighter wing
coloration and sometimes exhibit pattern elements that are not found in females,
many researchers, including Darwin (1874), have speculated that the coloration of
male wings results from female mating preferences associated with exaggerated
visual signals (Kemp and Rutowski 2011; but see Allen et al. 2011).

A considerable amount of research has also been motivated by the intersexual
variation of butterfly wing coloration; however, relative to other groups of colorful
animals, such as birds, fish, and lizards (Blount et al. 2003; Grether et al. 2005; Hill
and Montgomerie 1994; Keyser and Hill 1999), relatively little is known about the
selective factors that promote the sexual dimorphism of wing color in butterflies
(Kemp 2007). This deficit has partly stemmed from the difficulty of setting up the
necessary assays of female preference. In addition, since sexual selection ultimately
results from biased reproductive success, it is necessary to elucidate the relationship
between male traits and reproductive success. However, the highly dispersed,
cryptic, and ephemeral nature of butterfly copulation hinders the estimation of
male mating success in the field (e.g., Rutowski 1997; Takeuchi 2016).

Here we report a new technique to assess the recent mating success of males in
Lepidoptera that relies on changes that occur in the appearance of internal repro-
ductive organs during mating. In some lepidopteran species, males transfer an
ejaculate to females that can account for as much as 15% of the male body mass
(e.g., Rutowski et al. 1983; Svird and Wiklund 1989), and in many species, males
can produce more than one spermatophore; however, it takes time for males to
produce an ejaculate that is comparable in size to the one transferred during the
previous mating (Bissoondath and Wiklund 1996; Watanabe and Hirota 1999).
Therefore, the internal reproductive organs of mated males might differ in size,
contents, or appearance from those of unmated males, at least for a few days after
mating.

The typical arrangement of internal reproductive organs in male butterflies
includes two fused testes that give rise to a pair of vas deferens, which are secretory
ducts, that lead to the duplex, which is a pair of sperm storage organs. Two duplex
ducts unite caudally to form the simplex, which is a single duct that leads to the
intromittent organ, or aedeagus. Sperm move from the testes into the duplex via the
vas deferens (Riemann et al. 1974; LaChance et al. 1977). Due to the arrangement
of the reproductive organs in the male body (c.f. Fig. 14.1), the spermatophore
materials and accessory substances in the simplex are transferred to the female body
during mating before the sperm are transferred (Watanabe and Sato 1993). Thus,
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Fig. 14.1 A schematic Testis
representation of the \/as deferens
internal reproductive organs \

of a B. philenor male (After
Sasaki et al. 2015)

Accessory gland / //  Duplex

Simplex

Aedeagus

males might not be able to reserve spermatophore materials or accessory substance
in the simplex and so the quantity or nature of these materials might be a good
indicator of recent mating activity.

The aims of the present study were (1) to document any changes that occur in the
appearance of reproductive structures in male pipevine swallowtail (Battus
philenor) butterflies as a result of mating, as well as the persistence of such changes
after mating, in order to develop criteria for identifying males that had recently
mated and (2) to examine the reproductive tracts of field-caught B. philenor males,
assess the variation in their recent mating history, and determine whether their
recent mating success was related to their phenotypes. Rutowski and Rajyaguru
(2013) have reported that, in a captivity B. philenor, females use the dorsal
hindwing coloration of males in mate choice.

This issue is mainly reporting previously published results and ideas in Sasaki
et al. (2015).
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14.2 Materials and Methods

14.2.1 Source of Animals Used

All specimens were from a population of B. philenor that thrives near the conflu-
ence of Mesquite Wash and Sycamore Creek in the Mazatzal Mountains, Arizona
(33° 43’ 50" N, 111° 30’ 50” W). Animals used in the mating studies were reared
from eggs and early instar larvae collected in the field from early June to mid-July
in 2011. All larvae were reared in a walk-in environmental chamber, programmed
for 14 h of light at 30 °C and 10 h of dark at 24 °C with relative humidity held
constant at 55%, and were fed ad libitum on cuttings of the local larval food plant,
Aristolochia watsonii. On the day of eclosion, males were weighed, their forewing
length measured, and given an individual number. Sexes were kept separately in
small flight cages (~1 m®) at room temperature (~24 °C) and individually fed 20%
sucrose solution for about 20 min each day.

14.2.2 Examination of Reproductive Tracts of Virgin
and Mated Males

To examine the effect of mating on the appearance of the male’s reproductive tract,
we hand-paired males with 0-3-day-old virgin females using the method of
Watanabe and Hirota (1999). Then, each male was dissected and his reproductive
tract examined to assess changes in the appearance of simplex with age and with
mating experience. We divided males into three experimental groups: (1) males that
never mated and dissected on the day of eclosion or 3 or 6 days after eclosion;
(2) males that mated 1, 3, or 5 days after eclosion and dissected immediately after
the mating; and (3) males mated 1 day after eclosion and dissected right after the
mating or 1, 2, 3, or 5 days after mating.

Before dissection, each male was immobilized by gently pinching their thorax.
Each male’s abdomen was then removed from the body and placed in a petri dish
filled with fresh insect Ringer’s solution. The reproductive organs including the
simplex and duplex were carefully removed from his abdomen. To describe the
simplex of each male, we measured its length, appearance, and mass. We first
imaged each simplex after removing any fat bodies attached to it and then recorded
its appearance with a digital camera attached to a microscope. After capturing
images, each simplex was separated from the attached duplex and aedeagus. Wet
mass of each simplex was then determined to the nearest 0.01 mg.



14 Estimating the Mating Success of Male Butterflies in the Field 259

14.2.3 Estimation of Recent Mating Success of Field-
Caught Male

Sixty-eight wild males were collected from 16 July to 1 August 2011 in the morning
near Sunflower, Arizona. Each captured male was scored as to his wing wear as an
indicator of his age. Age-class was scored on the scale (I (least worn) to V (most
worn)) described by Watanabe et al. (1986). The forewing length of each male was
measured from the wing base to the wing tip. All males were dissected on the day of
capture. To assess recent mating success of males, the mass, length, and transpar-
ency differences of each male’s simplex were measured.

14.2.4 Spectral Analyses of Iridescent Wing Areas

In preparation for spectral measurements, the left hindwing of each butterfly was
removed from the thorax and mounted dorsal side up on black card stock with spray
adhesive. Reflectance spectra were collected from these wings using techniques
described in Rutowski et al. (2010). Reflectance relative to a magnesium oxide
white standard was measured between 300 and 700 nm from the wings. Because the
reflectance spectra of these iridescent wing surfaces are unimodal, we extracted
three color parameters, intensity, hue, and chroma, to describe and analyze the
properties of the wing reflectance (Montgomerie 2008).

14.3 Results

14.3.1 Virgin Male Reproductive Tract

For virgin males, the simplex mass adjusted for forewing length ((simplex mass)'/?/

forewing length), simplex length adjusted for forewing length (simplex length/
forewing length), and the transparency difference of simplex was approximately
0.5, 1.3, and 1.3, respectively, and these did not change with male age [mass
(ANOVA, F,,,=1.554, p = 0.237); length (ANOVA, F,,,=2.276, p = 0.130);
transparency difference (ANOVA, F,,,=0.475, p = 0.629)]. Consequently, sim-
plex of virgin males did not change in appearance with time since eclosion.
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14.3.2 Reproductive Tract of Males Immediately After
Mating

For males, immediately after the termination of copulation, the simplex mass
adjusted for forewing length, the simplex length adjusted for forewing length, and
the transparency difference were approximately 0.32, 0.5, and 0.3, respectively, and
these did not vary with the age of the male at mating [mass (ANOVA, F 16,=0.027,

= 0.974); length (ANOVA, F, ;¢ = 1.331, p = 0.296); transparency difference
(ANOVA, F;16=0.170, p = 0.845)]. Although the simplex of males just after the
termination of copulation was different in appearance from that of virgin males,
these were not affected by age at mating.

14.3.3 Changes in the Male’s Reproductive Tract with Time
Since Mating

Although the simplex of males just after the termination of copulation was short, it
lengthened and refilled again as time passed since mating. During this period, the
color of the simplex turned from yellow to colorless, and the amount granular
substances increased in the basal end of the tube. Statistically, the mass, length, and
transparency difference of simplex all changed with time between mating and
dissection (Fig. 14.2; mass: ANOVA: Fs5¢; = 59.202, p < 0.001; length:
ANOVA: Fs5s55 = 42.770, p < 0.001; transparency difference: ANOVA:
Fsss = 17.139, p < 0.001). After copulation, simplex mass (A) and length
(B) dropped to half their precopulatory values, but returned to precopulatory values
in about 2 days. The transparency difference decreased with mating but also
returned to premating values within about 2 days (C).

Using the results of these analyses, we developed criteria for assessing whether a
male’s reproductive tract showed evidence of recent mating. The distribution of
simplex mass adjusted for forewing length of males within 1 day after mating was
0.251-0.453, whereas that of virgin males was 0.465-0.565, with no overlap in
these ranges. The observed ranges of simplex length adjusted for forewing length
and the transparency difference of males within 1 day after mating and virgin males
also did not overlap (length, 0.401-0.940 vs 1.084—1.628; transparency difference,
0.013-0.964 vs 1.105-2.148). So, we set the lower end of the ranges of values for
simplex characteristics of virgin males as the value below which would indicate
that the male had recently mated. That is, a field-caught male that had a simplex of
less than 0.46 in mass, less than 1.0 in length, or less than 1.0 in transparency
difference was taken as indicating that the male had recently mated.
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Fig. 14.2 Simplex mass
(a), length (b), and
transparency difference (c)
of simplex for virgin males
(V, 0, 3, 6 days old) and for
mated males (1, 3, 5 days
old) dissected at various
number of days after mating
(mean+S.D.) (After Sasaki
et al. 2015). * ** and ***
represent p < 0.05,

p < 0.01, and p < 0.001 in
Tukey’s HSD test,
respectively
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14.3.4 Mating Success of Field-Caught Males

All field-caught males were evaluated and placed in groups based on which of the
three criteria for recent mating they met and which they did not (Table 14.1). For
the eight possible groups and to maximize contrasts any group that met two or more
of the criteria (Groups E to H) we labeled as showing strong evidence of recent
mating. However, because there were no individuals in Group G, we regarded
males in Group E, F, and H as recently mated males. Of the 68 males in the list,
12 showed this strong evidence of having mated recently. We also confidently
labeled as not recently mated, males that met none of the criteria (Group A).

Using GLM with binomial errors and a logit link function, we compared the
phenotypic characteristics of those that had recently mated (Groups E, F, and H)
with those that had not (Group A). The characters included in the analysis were the
intensity and hue of the iridescent area of male dorsal hindwing and age-class.
Chroma was not included as an independent variable in the analysis because there
were significant correlations between chroma and all other characteristics
(Table 14.2). As shown in Table 14.3, while intensity was not related to their recent
mating success, hue and age-class significantly affect their recent mating success.
Recently mated males were older and had a higher hue value (were greener) than
males that had not recently mated (Figs. 14.3 and 14.4).

Table 14.1 A summary of the state of reproductive tract components of 68 males caught in the
field

Group
Criterion A B C D E G H
Simplex mass — — — + — + + +
Simplex length — — + + — + +
Transparency difference — + — — + + — +
N 23 30 2 1 2 5 0 5

After Sasaki et al. (2015)

A plus sign means that the state of that component met the criteria we set for indicating the male
recently mated. A minus sign means it did not meet the criteria. In later analysis, any group that
met two or more of the criteria (Groups E to H) and males that met none of the criteria (Group A)
were used as recently mated males and as not recently mated males, respectively

Table 14.2 Spearman Measure 1 2 3 4
correlation coefficients for the
relationship between male age

1. Intensity -

and the various color 2. Chroma 0.584* -
parameters for the dorsal 3. Hue —0.087 —0.383* -
hindwing coloration 4. Age-class —0.102 —0.581* 0.211 -

After Sasaki et al. (2015)

Significant correlation between intensity and chroma, chroma and
hue, and chroma and age-class were found

*p < 0.01
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Table 14.3 Results of an
ANOVA (GLM) of factors
that contribute to variation in
recent mating success of wild
males

Fig. 14.3 The hue
(wavelength of maximum
reflectance) of the dorsal
hindwing for field-caught
males that met the criteria
for evidence of having
recently mated and those
males that did not meet the
criteria (+S.E.) (After
Sasaki et al. 2015)

Fig. 14.4 Change with
age-class in the number of
clearly recently mated
males (light-gray bar),
clearly not recently mated
males (black bar), and
males of uncertain recent
mating history (dark-gray
bar) for field-caught males
(After Sasaki et al. 2015)
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Effect df Deviance
34 45.004
Intensity 1 0.669
Hue 1 4.744%%*
Age 1 1.760%*

After Sasaki et al. (2015)
Effect of hue and age-class on male recent mating success were
significant. * and ** represent p < 0.05 and p < 0.01, respectively

530
520
510
g 500 -
g
Z 490 1
480 r
470 -
460 -
recently mated not recently mated
20 [ Recently
-mated
Uncertain
15} M Not-recently
@ -mated
Q£
)
£
© 10!
@
o
£
=
Z |
5t

0:.2 1 | 1 l 1 . |

I Il 1l v v
Age-Class



264 N. Sasaki et al.

14.4 Discussion

14.4.1 Assessing the Mating History of Male Butterflies
in the Field

The most convincing demonstrations of the evolutionary significance of mating
preferences are those in which the results of manipulative experiments are matched
by observations in the wild or in wild-caught populations (Kemp 2007). In butter-
flies, many laboratory experiments have demonstrated the occurrence of female
preference for particular male traits, including wing coloration (Krebs and West
1988; Robertson and Monteiro 2005; Andersson et al. 2007). However, the con-
clusions of these studies have rarely been validated against data obtained in more
natural field-based settings (Kemp and Rutowski 2011). In other insects, the
comparison of traits from copulating males and unattached males in the field has
been extensively used to make inferences about population mating biology (Flecker
et al. 1988; Harari et al. 1999; Alcock and Kemp 2006). However, this strategy has
not been used in butterflies, except in cases of extremely high density, owing to the
difficulty of observing butterfly mating in the field (Kemp and Rutowski 2011).
Therefore, to determine the effect of female preference on the evolution of traits in
male butterflies, it was necessary to establish an alternative method for evaluating
male mating success.

Tsubaki and Matsumoto (1998) estimated the mating frequency of male
Luehdorfia japonica by assessing the degree of scale loss from males’ claspers. In
this species, males consume scales and use them to form a mating plug on the
female abdomen during copulation. Kazuma (1987) reported that the degree of
scale loss in laboratory-reared males increased with repeated hand pairing. The
degree of scale loss was scored on a scale of 0 (slight scale loss) to 3 (almost all
scales were lost), and each stage corresponded to 0, 1, 2, and 3 or more matings.
Since mating frequency must have a strong relationship to lifetime reproductive
success, this method may provide an accurate estimation of reproductive success in
wild males. However, because the mating-related loss of scales is not the rule
among lepidopterans, this method is not applicable to all species.

In the present study, we reported a new technique for assessing male mating
success that relies on changes that occur in the appearance of internal reproductive
organs during mating. Since the internal reproductive organs of butterflies are not
much different between species and it is common for males to ejaculate spermato-
phores and accessory substances during mating (e.g., Drummond 1984), this
method can likely be applied to any butterfly species. In fact, it is known that the
status of the male simplex just after mating is also different from that before mating
in Papilio xuthus (Sasaki, personal observation), P. machaon (Sasaki, personal
observation), Byasa alcinous (Sasaki, personal observation), and Eurema hecabe
(Konagaya, personal communication). In addition, this new strategy can be used at
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both middle- or low-density mating sites, since it can detect the occurrence of male
mating within a few days, and even though the technique only distinguishes
between males that have recently mated and those that have not, it still holds
promise for examining variation in male mating success and, thereby, investigating
traits that correlate with mating success and the intensity of sexual selection.

We note that, when using this method, there might be some traits that are not
suitable for investigating the relationship with mating history. For example, it is
impossible, in principle, to investigate the relationship between recent mating
success and spermatophore production capacity, which is closely related to the
reproductive success of both male and female butterflies.

14.4.2 Phenotypic Correlates of Mating Success in Male
B. philenor in the Field

Our results indicate that males that exhibit signs of having recently mated differ
from those that do not, in that they are older and have a greener coloration. This
could mean that age and coloration are important determinants of male mating
success and under selection, either in the context of (1) female choice, in which
females prefer older and greener males, or (2) male competition, in which older and
greener males are, for some reason, more effective competitors. In general, the
results of the present study support the prediction that male coloration and mating
success are related. However, Rutowski and Rajyaguru (2013) reported that the
dorsal hindwings of successfully mated B. philenor males possessed more chro-
matic iridescence than those that failed to mate, rather than a different hue, as
reported here.

Such differences between field and laboratory study have also been reported by
previous studies. For example, in-copula males of Eurema hecabe were reportedly
older than their free-flying counterparts and possessed significantly less bright
markings, while brighter males were preferred by females in the laboratory
(Kemp 2008). In this case, the difference was caused by the existence of newly
emerged females that could not reject mating, and since the density of individuals at
the study site was high and activity is centered at localized breeding sites, males
could profitably locate such females.

The reasons for difference the color parameters correlated with the mating
success of male B. philenor have not yet been clarified. It is possible that the data
reported here about the specifics of male age and color associated with recent
mating success were affected by the several significant correlations among color
parameters and between coloration and age. We made efforts to control for these
correlations by excluding variables, such as chroma, from our analysis, but in the
end, it is difficult to make conclusions with confidence about the reasons for the
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connections between male color, age, and male mating success suggested by our
data set. In addition, we have not controlled or taken into consideration several
other variables that might affect male mating history, such as body size, population
density, time during the breeding season, and weather. To convincingly identify
factors that determine male mating success in B. philenor, the experimental manip-
ulation of candidate variables is needed.
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Chapter 15
Molecular Mechanisms of Larval Color
Pattern Switch in the Swallowtail Butterfly

Hongyuan Jin and Haruhiko Fujiwara

Abstract In lepidopterans (butterflies and moths), larval body color pattern, which
is an important mimicry trait involved in prey—predator interactions, presents a
great diversity of pigmentation and patterning. Unlike wing patterns, larval body
color patterns can switch during development with larval molting. For example, in
the Asian swallowtail butterfly Papilio xuthus, a younger larva (first—fourth instar)
has a white/black color pattern that mimics bird droppings, whereas the final instar
(fifth) larva drastically changes to a greenish pattern that provides camouflage on
plants. Insect mimicry has interested scientists and the public since Darwin’s era.
Broadly, mimicry is an antipredation strategy whereby one creature’s color, shape,
or behavior resembles another creature or object. In this review, I address basic
knowledge about larval cuticular pigmentation and advanced understanding of its
regulatory mechanism in P. xuthus; I also discuss larval body color patterns among
members of the genus Papilio, followed by conclusions and prospects for further
research.

Keywords Larval pigmentation ¢ Lepidoptera ¢ Mimicry ¢ Cuticular
melanization ¢ Ecdysteroid ¢ Juvenile hormone ¢ Papilio xuthus e« Papilio
polytes « Papilio machaon

15.1 Introduction

About 150 years ago, following H.-W. Bates’ report on mimicry in insects (Bates
1862), Charles Darwin wrote to Bates and said: “In my opinion, it is one of the most
remarkable & admirable papers I ever read in my life. The mimetic cases are truly
marvelous. ..” (Darwin 1863). Today, the mimicry phenomenon remains as an
interesting evolutionary theme as ever, attracting the interest of both scientists
and the public. To better understand the molecular mechanisms behind insect
mimicry, we need to understand how wing and body color patterns evolve.
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Lepidopterans (butterflies and moths) show highly diverse wing colors and patterns
and are considered to be an ideal model system for examining color pattern
formation and evolution. In lepidopterans, evidence for wing color and pattern
evolution has been frequently reported (Nijhout 1991; Reed et al. 2011; Heliconius
Genome 2012; Kunte et al. 2014), whereas our knowledge of larval body coloration
and pattern formation is relatively limited.

Generally, lepidopteran larvae are soft bodied and cannot escape by flight from
predators. Natural selection has led to the development of many chemical and
morphological devices in larvae that aid survival in the wild (Scoble and Scoble
1992). Among those, body color pattern is particularly interesting because it is
important in visual recognition. Two different strategies are commonly used for
predator defense. Toxic larvae tend to warn predators with their colorful markings
which act as warning signals. The majority of larvae, which are palatable and
nonpoisonous, mimic an item in the surroundings (such as a bud, a twig, or even
a moss) or conceal their bodies in the environmental background (Pasteur 1982).

In the case of P. xuthus, a larva switches its body color pattern with larval
molting (Fig. 15.1). A younger larva (first—fourth instar) mimics bird droppings
with a black/white body color (denoted mimetic pattern, Fig. 15.1a). The fifth
(final) instar larva dramatically switches to a greenish body pattern with a pair of
eyespots on the metathorax, which allows it to blend in with the color and pattern of
its host plant (denoted cryptic pattern, Fig. 15.1b). A similar switching of body
color pattern is observed in other Papilio species (Prudic et al. 2007) and is
considered to be a successful survival strategy for this genus (Tullberg et al.
2005). Recent studies have reported that two critical insect hormones, ecdysone
(Fig. 15.2a, b) and juvenile hormone (JH), directly regulate pigmentation and color
pattern switch in the larva of P. xuthus (Futahashi and Fujiwara 2007, 2008a).

In this chapter, I review recent progress in understanding the molecular mech-
anisms underlying cuticular melanization and the hormonal regulation of pigmen-
tation in the larva of P. xuthus. I also discuss possible evolutionary changes among
three Papilio species, followed by conclusions and prospects for further research.

-

5th instar larva

Fig. 15.1 (a) Fourth instar larva with bird-dropping body pattern; (b) Fifth instar larva with green
body pattern of P. xuthus
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15.2 Pigmentation of Larval Cuticle in P. xuthus

An insect cuticle is a hardened exoskeleton composed of chitin and proteins. In
lepidopteran larvae, black cuticular pigments mainly comprise melanin, which is
produced by the oxidization of dopamine or L-3,4-dihydroxyphenylalanine (DOPA)
(Kramer and Hopkins 1987; Hiruma and Riddiford 2009; Wright 1987). In both
P. xuthus and Manduca sexta (tobacco hornworm), the pigmentation procedure of
larval cuticle can be summarized in two steps: localization of secreted proteins
(Fig. 15.2¢, phase 1) and production of pigment precursors (Fig. 15.2d, phase 2)
(Hiruma and Riddiford 2009; Futahashi et al. 2010; Walter et al. 1991). These steps
occur in the cuticle and the epidermal cell, respectively (Fig. 15.2).

In phase 1, laccase 2 (Lac2), which is a phenol oxidase (PO), and other pigment-
related proteins (such as Yellow) are synthesized and deposited into the newly
forming cuticle (Fig. 15.2c) (Futahashi and Fujiwara 2007; Kramer and Hopkins
1987; Hiruma and Riddiford 1988, 2009). Lac2 catalyzes the oxidation of dopa-
mine to dopamine—melanin in many species (Hiruma and Riddiford 2009; Noh
et al. 2016; Futahashi et al. 2011). In Tribolium castaneum, laccase 2 (coded by
TmLac?2) is the major PO involved in the tanning of larval, pupal, and adult cuticles
(Arakane et al. 2005).

In P. xuthus, Futahashi et al. (2010) found that Pxlaccase2 (Pxlac2) expression
is strongly associated with the presumptive black pigment (11 h after head capsule
slippage (HCS) at the fourth molt) (Futahashi et al. 2010). Typically, expression of
Lac2 begins in the middle period of molting, and the deposited Lac2 is on standby
until the pigment precursors reach the cuticular surface. These events precede the
expression of melanin synthesis genes at mRNA levels and the production of
pigment precursors (Walter et al. 1991; Hiruma and Riddiford 1988; True et al.
1999; Futahashi and Fujiwara 2005). Another pigmentation-related protein, Yellow
(coded by Pxyellow), shows an expression pattern similar to that of Lac2 in phase
1. However, the precise function of Pxyellow gene remains unclear (Futahashi et al.
2010; Noh et al. 2016). It is inferred that PxYellow may be secreted into the cuticle
and probably acts as a cofactor (Futahashi and Fujiwara 2005).

In phase 2, the precursors of melanin compounds are synthesized from phenolic
amino acids (mainly tyrosine) (Fig. 15.2c). The dopamine—melanin synthesis path-
way is conserved in many insects (Hiruma and Riddiford 2009; Noh et al. 2016;
Futahashi and Fujiwara 2005; Massey and Wittkopp 2016). First, tyrosine is
converted to DOPA by tyrosine hydroxylase (TH), and then dopamine is synthe-
sized from DOPA by DOPA decarboxylase (DDC) (Futahashi and Fujiwara 2005).
Dopamine is a prominent black pigment precursor in many insects (Hiruma et al.
1985). After its synthesis in an epidermal cell, dopamine is incorporated into the
cuticle and converted to dopamine—melanin by PO and other proteins. However, it
also can be converted to a reddish brown pigment by ebony or to a transparent
pigment called N-acetyldopamine (NADA) by dopamine N-acetyltransferase
(DAT) activity (Futahashi et al. 2010; Futahashi and Fujiwara 2005; Massey and
Wittkopp 2016; Wittkopp et al. 2002).
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In P. xuthus, spatially specific localization of melanin synthesis genes contrib-
utes to the color pattern (Futahashi and Fujiwara 2005). Futahashi and Fujiwara
(2005) showed that the spatial expression of melanin synthesis genes (TH, DDC,
and tan) perfectly corresponds with the presumptive black pigment (Futahashi et al.
2010; Futahashi and Fujiwara 2005) and that the expression of ebony is limited to
the red area within the eyespot (Futahashi and Fujiwara 2005). They also demon-
strated that the addition of excess tyrosine did not promote pigmentation, whereas
the application of DOPA with 3-iodotyrosine (3IT, a competitive inhibitor of TH
protein) led to a clear color pattern with an overall pigmentation in vitro (Futahashi
and Fujiwara 2005). Their results indicate that cuticle color patterns form from
spatially specific localization of melanin synthesis genes rather than the differential
uptake of melanin precursors into individual epidermal cells.

Cuticular pigmentation occurs in the latter half of the molting period just before
ecdysis (1618 h after HCS during the fourth molting period). When Futahashi and
Fujiwara (2005) examined the timing of expression of PxTH, PxDDC, Pxebony,
and Pxtan, they noticed that the expression of these melanin synthesis genes
precisely coincides with melanization onset. Therefore, cuticular pigmentation is
predictably strictly controlled by ecdysteroid, the molting hormone (Futahashi and
Fujiwara 2005, 2007; Futahashi et al. 2010).

15.3 Hormonal Regulation of Larval Pigmentation

Ecdysone and juvenile hormone are directly and indirectly involved in larval
pigmentation in insects (Futahashi and Fujiwara 2008a; Hiruma and Riddiford
1990, 2009; Hwang et al. 2003).

15.3.1 Ecdysone-Induced Cuticular Pigmentation

Ecdysone is a steroid hormone and the central regulator in insect development and
reproduction (Kopec 1926). The periodic release of ecdysone triggers larval
molting and pupal metamorphosis (Yamanaka et al. 2013).

The first evidence of ecdysone-regulated pigmentation was reported by Karlson
and Sekeris in 1976. They showed that ecdysone causes elevated activity of DDC in
Calliphora (Hiruma and Riddiford 2009; Karlson and Sekeris 1976). In M. sexta,
regulation of DDC expression requires exposure of 20-hydroxyecdysone (also
known as 20E, an active form of ecdysone), followed by its withdrawal during
larval molting (Hiruma and Riddiford 1986, 1990; Hiruma et al. 1995; Hiruma and
Riddiford 2007). Hiruma et al. (1995) found continuous exposure of 20E insuffi-
cient for DDC expression, unless there is a 20E-free period (Hiruma et al. 1995).

In P. xuthus, Futahashi and Fujiwara (2007) successfully tested the effect of 20E
exposure on larval pigmentation using a topical application method in vivo.
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Consistent with the results in M. sexta, they demonstrated that cuticular melaniza-
tion and epidermal pigmentation are inhibited through 20E treatment during the
molt and confirmed that the removal of ecdysone is necessary for the onset of
normal coloration. Moreover, they showed that 20E inhibited pigmentation if it was
applied at the middle of the molt when native ecdysone titers decline (Fig. 15.2b)
(Futahashi and Fujiwara 2007). As expected, the expression of melanin synthesis
genes, including TH, DDC, and ebony, was repressed by high 20E concentration
(Futahashi and Fujiwara 2007). Unexpectedly, the expression of Pxyellow was
promoted by a high concentration of 20E. This led Futahashi and Fujiwara to
hypothesize that PxYellow must function as a cofactor for other melanin synthesis
enzymes since it alone is not sufficient for melanization (Futahashi and Fujiwara
2007).

Like the pigment synthesis genes, some upstream regulatory factors are also
controlled by ecdysone. In the ecdysone signaling pathway, 20E acts as a hormonal
signal and regulates the expression of downstream transcription factors (Yamanaka
et al. 2013; Yao et al. 1992). Hiruma and Riddiford (2007) found that two nuclear
transcription factors, E75B and MHR4, are 20E-induced inhibitors of Msddc
in vitro (Hiruma and Riddiford 2007). Evidence also showed that there is at least
one other suppressive protein other than E75B and MHR4 that binds to a specific
sequence (GGCTTATGCGCTGCA) in the DDC promoter when the ecdysone titer
decreases (Hiruma et al. 1995). In Drosophila melanogaster, DmDDC is directly
modulated by an ecdysone response element (EcRE), located at position —97 to
—83 bp relative to the transcription initiation site (Chen et al. 2002). In
D. melanogaster, Yellow is known to be a prepattern factor as well as a pigmen-
tation factor in adult body patterning (Massey and Wittkopp 2016). Recently,
comprehensive yeast one-hybrid and RNAi screens were carried out by Kalay
et al. (2016). They screened and identified four ecdysone-induced nuclear reporters
(Hr78, Hr38, Hr46, and Eip78C) that showed a statistically significant interaction
with at least one Yellow enhancer. In an RNAi experiment, all four caused altered
pigmentation when knocked down (Kalay et al. 2016). In Bombyx mori, Yamaguchi
et al. (2013) used a type of L (multi lunar) mutant with twin-spot markings on the
sequential segments and proved that the gene responsible for this phenotype
(BmWntl) can be induced by high concentrations of 20E in vitro (Yamaguchi
et al. 2013).

In P. xuthus, Futahashi et al. (2012) used a microarray EST dataset to recognize
E75A and E75B, which are transcription factors involved in ecdysone signaling, as
candidates involved in specific marking-specific patterning (Futahashi et al. 2012).
The expression of E75A and E75B is specifically localized at the eyespot marking
region, and temporal expression patterns are similar to those of Pxyellow, as
described before. It is known that E75 is active early in ecdysone signaling (Palli
et al. 1995; Jindra et al. 1994; Jindra and Riddiford 1996). Taken together, this
suggests that 20E-induced E75A and/or E75B expression may regulate both the
prepattern of marking and the stage specificity of several black marking-associated
genes (Futahashi et al. 2012). Interestingly, 3-dehydroecdysone 3p-reductase
(coded by the 3DE 3f-reductase gene) has a clear marking-specific expression in
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the presumptive black region, similar to TH or DDC. Since its function is
converting inactivated 3-dehydroecdysone to ecdysone, localized marking-specific
ecdysone synthesis may be critical for complex cuticular pigmentation and pattern-
ing (Futahashi et al. 2012).

The evidence above shows that there is a complicated relationship between
ecdysone signaling and larval cuticular pigmentation and patterning. However,
because only some of the regulatory genes have been identified, the detailed
regulatory mechanisms remain to be uncovered.

15.3.2  Juvenile Hormone Directly Regulates Larval Color
Pattern Switch

Juvenile hormone (JH) is a group of acyclic sesquiterpenoids secreted from the
corpora allata (CA), which is an endocrine gland near the brain (Jindra et al. 2013).
Like ecdysteroids, JH plays a critical role in molting, metamorphosis, reproduction,
and other physiological processes in insects (Jindra et al. 2013). JH is also known as
“status quo hormone,” because the presence of JH prevents insect metamorphosis
(Riddiford 1996). In a simplified model, a lepidopteran progresses through a larva-
to-larva molt when JH is present and a larva-to-pupa metamorphosis when JH is
absent at the final molting stage. It has been hypothesized that JH modulates the
action of ecdysteroid-molting hormones, but the detailed mechanisms of the mod-
ulation are still unclear (Jindra et al. 2013; Urena et al. 2014; Kayukawa et al.
2016).

There is some evidence that JH has an effect on larval pigmentation. Lack of
sufficient JH (caused by the artificial removal of the CA from the larva) causes
black larvae in the tobacco hornworm, M. sexta. In addition, when the larvae of the
black strain are treated with JH, they revert to their normal green color (Riddiford
1975).

As described above, P. xuthus larvae markedly switch from a black/white body
pattern to a greenish one after the fourth—fifth larval ecdysis (Fig. 15.1). Futahashi
(2006) found that when 20E was injected at the early fourth instar stage, preco-
ciously molted fifth larva appeared with a black/white mimetic pattern instead of
the normal green pattern (Futahashi 2006). It is known and proven that JH controls
the action of ecdysteroid at least through direct inhibition of Broad—Complex
(BR-C) activity (Kayukawa et al. 2016; Nijhout and Wheeler 1982; Ogihara et al.
2015). To define the role of JH in facilitating larval color pattern regulation,
Futahashi and Fujiwara (2008a) performed experiments using three types of JH
analogs (JHA), which they artificially applied on the integument of fourth instar
larvae (Fig. 15.3). Their results showed that some individuals failed to switch color
patterns, either completely or partially, after the fourth molt. The larvae treated with
fenoxycarb (JHA) kept a fourth instar-like black/white pattern or developed an
intermediate color pattern with elements of both fourth and fifth instars (Fig. 15.3).
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Fig. 15.3 Treatment of juvenile hormone analogs during the JH-sensitive period (Modified from
Futahashi and Fujiwara 2008a)

Furthermore, they noticed that the epidermis is only sensitive to JHA during the first
20 h of the fourth instar stage. Exposure after this relatively short time frame did not
prevent the color pattern switch. Hence, they named that specific time window “JH-
sensitive period.” In nontreated species, JH titer in the hemolymph was measured
and found to be decreasing continuously during the early days of the fourth instar
stage. Taken together, this evidence indicates that the decline of JH titer within a
restricted developmental stage regulates the body color pattern switch in P. xuthus
larvae (Futahashi and Fujiwara 2008a).

Because of our fragmentary knowledge of JH pathways, the molecular mecha-
nisms underlying how JH alters color patterning and controls pigment synthesis are
still under investigation (Jindra et al. 2013). Jin et al. have found some candidate
genes involved in the larval color pattern switch by RNAI screening using the latest
genomic information of P. xuthus (unpublished data). In my opinion, future studies
may shed light on the downstream regulation of the JH cascade in larval
pigmentation.

15.4 Species-Specific Color Patterns in the Papilio Genus

15.4.1 A Combination of Yellow and Blue Makes the Larval
Body Green

A greenish body pattern follows the bird-dropping pattern in many Papilio species,
making us wonder what the identity of the “green” pigment is. Green body
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coloration seems to be a beneficial adaptation for the final instar larvae of Papilio,
which helps them conceal themselves in the host plant. The chemical nature of
caterpillar’s green pigment was once misunderstood as chlorophyll derived from
the plant because of the strong color resemblance (Meldola 1873). However, studies
show that larval green pigmentation is instead formed by a particular combination
of yellow and blue pigments (Przibram and Lederer 1933). Przibram and Lederer
(1933) proposed that the yellow pigments are carotenoids and that most of the blue
pigments are biliverdins (Przibram and Lederer 1933). Later investigations led to a
model that postulates that pigments are intimately associated with specific proteins
and that the complex of pigment-conjugated proteins presents the visible coloration
(Kawooya et al. 1985).

The blue pigment-binding protein (or bilin-binding protein, BBP) has been
isolated and identified in various lepidopterans (Riley et al. 1984; Huber et al.
1987; Saito and Shimoda 1997; Kayser et al. 2009). In M. sexta, insecticyanin (INS)
was identified to be a bilin-binding protein. Riddiford et al. (1990) found that INS is
synthesized in the epidermis and is mainly stored in epidermal pigment granules or
secreted into the hemolymph and cuticle (Riddiford et al. 1990). Other pigment-
binding proteins are less well known. Although carotenoid-binding protein (CBP)
has been well studied in vertebrates (Bhosale and Bernstein 2007), few homologs
have been recognized among the Lepidoptera. In Lepidoptera, the yellow-blood
mutant (Y) of B. mori (which produces yellow cocoon) was identified (Tsuchida
and Sakudoh 2015); however, the expression of BmCBP was not detected in the
epidermis. Using next-generation sequencing (NGS) technology, whole genomes of
several lepidopteran species were recently released (Suetsugu et al. 2013; Li et al.
2015; Nishikawa et al. 2015; Kanost et al. 2016). Putative BmCBP homologs in
other lepidopteran species can be found by BLAST search. Nonetheless, no bio-
logical experiment has been performed, and the molecular functions of these
putative CBPs are largely unknown.

In P. xuthus, two related genes, bilin-binding protein 1 (BBPI) and yellow-
related protein (YRG), were identified to be associated with greenish epidermal
coloration by Futahashi and Fujiwara (2008a, b) and Shirataki et al. (2010),
respectively. In addition, two putative carotenoid-binding proteins (PCBPI,
PCBP2) and other members of BBP family were later identified, which proved to
be specifically expressed in the green epidermal regions during the final larval
ecdysis (Futahashi et al. 2012).

15.4.2 Species-Specific Color Pattern Among Papilio Species

Another vital question in adaptive evolution is how the larval body pattern evolves
among closely related species. There are about 200 species included in the genus
Papilio, and these cover more than one-third of all Papilionidae (Prudic et al. 2007).
In the genus Papilio, all the larvae share a similar bird-dropping coloration
(mimetic pattern) until the fourth or fifth (final) instar (Prudic et al. 2007). The
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color pattern in the final instar stage is divided into three patterns: bird-dropping
mimetic pattern, green cryptic pattern, and aposematic pattern with orange or black
spots and black or white stripes (Prudic et al. 2007; Yamaguchi et al. 2013).

Shirataki et al. (2010) investigated the larval color pattern formation using three
Papilio species: P. xuthus, P. machaon, and P. polytes (Shirataki et al. 2010). In
2015, whole-genome sequences of those three species were released and made
freely accessible (Li et al. 2015; Nishikawa et al. 2015). The last instar larvae of
P. xuthus and P. polytes exhibit similar green cryptic body patterns, with a pair of
eyespots on the metathorax and a V-shaped marking on the abdomen, whereas the
fourth and fifth instar larvae of P. machaon have aposematic color patterns, with a
greenish epidermis covered by black bands and an orange twin-spot marking.
However, P. xuthus and P. machaon are more closely related to each other than
either is to P. polytes (Fig. 15.4) (Zakharov et al. 2004).

Shirataki et al. (2010) cloned several pigmentation-related genes, including TH,
DDC, yellow, BBP1, and YRG, from all three species and compared their expression
patterns using in situ hybridization (Fig. 15.4). The results showed a perfect
correlation between gene expression and pigmentation among species. Expression
of TH, DDC, and yellow matched the black regions in the eyespot, the V-shaped
markings of P. xuthus and P. polytes, and the black bands of P. machaon. Regard-
less of the universal expression of BBP1 and YRG in the green regions among all
the three species, BBP1 was specifically expressed in the blue spots in P. polytes,
and YRG was tightly associated with the orange spots in P. machaon. Notably, a
unique expression pattern of ebony was only detected in the red area within the
eyespot region in P. xuthus. This work led to the model described in Fig. 15.3.

P.xuthus P.polytes P.machaon

tan, IaccaseZ

Black = TH + DDC + yellow + tan + laccase2; Red = TH + DDC + ebony + laccase?,;
Blue = BBP; ; Green = BBP + YRG;
Dark green = TH + DDC + yellow + tan + laccase2 + BBP + YRG

Fig. 15.4 Schema of species-specific body color pattern among three Papilio species (Modified
from Shirataki et al. 2010)
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15.4.3 Trans-regulation of YRG in the Genus Papilio

Morphological and phenotypic differences arising from evolutionary change, par-
ticularly using large-scale genetic information, have been recently identified in
lepidopterans (Kunte et al. 2014; Nishikawa et al. 2015; Wallbank et al. 2016).
Some studies have examined the genetic basis underlying intraspecific differences
among members of the genus Drosophila (Massey and Wittkopp 2016; Wittkopp
etal. 2009). F1 hybrids allow researchers to understand regulation changes between
close species (Wittkopp et al. 2003, 2008; Wittkopp and Kalay 2012).

Although hybrids of Papilio species are difficult to breed under laboratory
conditions (Watanabe 1968), Shirataki et al. (2010) successfully bred an F1 hybrid
by hand-pairing a P. xuthus male with a P. polytes female (Clarke and Sheppard
1956), and the fifth instar larvae showed intermediate characteristics between
parents (Shirataki et al. 2010). One pigment-related gene, YRG, was selected to
study expression patterns in the F1 hybrid because both the nucleotide and amino
acid sequences had diverged enough to include species-specific regions. Species-
specific YRG probes (PxYRG and PpYRG) were designed, and the spatial expres-
sion pattern was detected in the last instar larvae of the F1 hybrid. Both the PxYRG
and PpYRG probes showed similar expression patterns, indicating that changes in
expression of the YRG gene are mainly caused by trans-regulatory changes
(Shirataki et al. 2010).

15.5 Conclusion and Future Prospects

In the swallowtail butterfly, the larval body color pattern is a vital ecological trait
that affects prey—predator interactions. It is precisely regulated by ecdysteroid and
juvenile hormone. In P. xuthus, pigmentation mechanisms and pathways have been
recently elucidated. However, the details of hormonal regulation need to be under-
stood, and the molecular mechanism underlying larval body color patterning has
not been studied. New information from next-generation whole-genome sequenc-
ing projects will provide a valuable resource that can be used to gain insight into the
genetic basis underlying those questions. Moreover, pioneering functional analysis
methods, like electroporation-mediated transgenic methods (Ando and Fujiwara
2013) and the CRISPR/Cas9 system (Li et al. 2015), may also lead to new
approaches for examining gene functions in non-model species, such as P. xuthus.
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Chapter 16
Drosophila guttifera as a Model System
for Unraveling Color Pattern Formation

Shigeyuki Koshikawa, Yuichi Fukutomi, and Keiji Matsumoto

Abstract A polka-dotted fruit fly, Drosophila guttifera, has a unique pigmentation
pattern made of black melanin and serves as a good model system to study color
pattern formation. Because of its short generation time and the availability of
transgenics, it is suitable for dissecting the genetic mechanisms of color pattern
formation. While the ecology and life history of D. guttifera in the wild are not well
understood, it is known to be resistant to a mushroom toxin, and this physiological
trait is under molecular scrutiny. Pigmentation around crossveins and longitudinal
vein tips is common in closely related species of the quinaria group, in addition to
which D. guttifera has evolved species-specific pigmentation spots around the
campaniform sensilla. Regulatory evolution of the Wnt signaling ligand Wingless,
which locally induces pigmentation in the developing wing epithelium, has driven
the evolution of distinct aspects of wing and body pigmentation. A melanin
biosynthesis pathway gene, yellow, is also involved in the elaboration of these
traits, downstream of wingless. Unraveling the detailed mechanism of pigmentation
pattern formation of this species sheds light on the general principles of morpho-
logical evolution and foreshadows potential parallels with other systems, such as
the pigmented wings of butterflies.

Keywords Drosophila guttifera « Pigmentation ¢ Color pattern  Evolution ¢
Development ¢ Transgenic * Cis-regulatory element » Phylogeny ¢ Ecology ¢ Life
history « Taxonomy
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16.1 Introduction

Research on butterfly color patterns has greatly advanced in recent years. Knowl-
edge of the characteristics of the genome, mechanisms of pattern formation, and the
function and evolutionary mode of the pattern is rapidly growing. This was enabled
by utilization of multiple model species, including species of Bicyclus, Heliconius,
Junonia, Vanessa, Papilio, and others, and by the best use of characteristics of
materials (Nijhout 1991; Carroll et al. 1994; Brakefield et al. 1996; Joron et al.
2011; Reed et al. 2011; The Heliconius Genome Consortium 2012; Martin et al.
2012; Kunte et al. 2014; Monteiro 2015; Nishikawa et al. 2015; Beldade and Peralta
2017).

In vertebrates, zebrafish (Danio rerio) has been a model of color pattern forma-
tion, and recently, domestic and wild cats and a four-striped mouse (Rhabdomys
pumilio) were also used for research, making this an exciting time for color pattern
studies (Singh and Niisslein-Volhard 2015; Kaelin et al. 2012; Mallarino
et al. 2016).

We have been using a dipteran insect, Drosophila guttifera, to study a mecha-
nism of color pattern formation (Fig. 16.1). D. guttifera has a pattern on its wings,
which is a commonality with butterflies; however, there are also some important
differences. In contrast with the pigmented scales of butterflies and moths (as an
exception, see Stavenga et al. 2010), Drosophila pigmentation is embedded in the
cuticle layers of the wing membrane. This pigmentation is believed to be made of
black melanin. A congeneric species, Drosophila melanogaster, is a model organ-
ism widely used in genetics and various biological researches, and we can utilize its
knowledge, techniques, and resources to study D. guttifera. This phylogenetic
proximity is an asset, as it is possible to transfer a part of the genetic system,
such as an enhancer involved in pattern formation, into D. melanogaster and
analyze its function in a heterologous context. D. guttifera has the potential to

Fig. 16.1 Adult male of
Drosophila guttifera. The
pigmentation pattern is very
similar between the sexes




