Chapter 17
Molecular Mechanisms Underlying Color
Vision and Color Formation in Dragonflies

Ryo Futahashi

Abstract Dragonflies are colorful diurnal insects with large compound eyes.
Because they visually recognize conspecific and heterospecific individuals, their
body color plays essential roles in ecology and reproductive biology. Here I introduce
the recent topics of molecular mechanisms underlying color vision and color forma-
tion in dragonflies. Complex wing color polymorphism is recognized among the two
closely related Japanese Mnais species, presumably due to stepwise character dis-
placement to avoid interspecific mating. We discovered an extraordinary large
number of visual opsin genes by RNA sequencing of 12 dragonfly species. Manual
correction after de novo assembly was crucial for determining the exact number and
sequence of opsin genes. Each opsin gene was differentially expressed between the
adult and larva, as well as between dorsal and ventral regions of adult compound
eyes, highlighting the behavior, ecology, and adaptation of aquatic larva to terrestrial
adult. The repertoire of opsin genes differed among dragonfly species, plausibly
involved in the diversity of the habitat and behavior of each species. We also found
that sex-specific yellow-red color transition in red dragonflies is regulated by redox
changes in ommochrome pigments, which unveils a previously unknown molecular
mechanism underlying body color change in animals. Establishment of the methods
of gene functional analyses in dragonflies is desired for future studies.

Keywords Dragonfly ¢ Color polymorphism ¢ Character displacement ¢ Opsin ¢
Color vision * Pigment * Redox « Ommochrome

17.1 Introduction

Like butterflies, dragonflies (including damselflies, Insecta: Odonata) are one of the
most colorful insects, and their color patterns have been focused from ecological
and evolutionary aspects for a long time (Tillyard 1917; Corbet 1999; Bybee et al.
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2016). Dragonflies are well-known insects, and almost all Japanese people know
the songs Aka-tombo (= red dragonflies; a symbol of autumn in Japan) and Tombo-
no-megane (= eye glasses of dragonflies; a metaphor for the colorful compound
eyes of dragonflies) (Ueda 2004; Inoue and Tani 2010). Despite the fact that the
detailed genetic analyses of pattern formation in butterfly adult wing and larval
body have progressed greatly in recent years as described in this book, the molec-
ular biological study of dragonfly’s color pattern formation has just started.

17.2 Important Role of Color Pattern for Partner
Recognition in Dragonflies

Unlike most insects, drastic adult color transitions are widely recognized among
dragonflies, resulting in conspicuous sexual dimorphism. In red dragonfly species,
body colors of males turn from yellow to red in the course of sexual maturation,
whereas females are yellowish throughout their adult lives in general (Fig. 17.1a—
¢). Moreover, many dragonfly species have color polymorphism even in the same
sex (Fig. 17.1c, i-n), which is genetically controlled at least in several species
(Futahashi 2016a). Considering that gynandromorph specimens display discontin-
uous male/female mosaicism in their coloration (Fig. 17.1g, h), sex-specific color
formation is regulated cell-autonomously in dragonflies.

In many dragonfly species, adult body color plays important roles in partner
recognition (Corbet 1999; Svensson et al. 2007; Cérdoba-Aguilar 2008; Svensson
et al. 2014; Takahashi et al. 2014; Beatty et al. 2015; Drury et al. 2015). Interspe-
cific or male-male connection has sometimes been observed in the field between
similar-colored individuals (Fig. 17.2a—c), and interspecific hybrids has been
reported occasionally (Fig. 17.2d—f) (Corbet 1999; Futahashi 1999; Futahashi and
Futahashi 2007; Moriyasu and Sugimura 2007; Ozono et al. 2012; Sanchez-Guillén
et al. 2014; Futahashi 2016a). Parent combination of hybrid specimen can be
determined by biparentally inherited nuclear DNA and maternally inherited mito-
chondrial DNA analyses (Fig. 17.2g), and it has been reported that males of
Sympetrum eroticum are apt to catch females of other species (Futahashi 1999;
Futahashi and Hayashi 2004a), suggesting that the direction of gene flow with
hybridization is nonreciprocal in some cases. These misidentifications in dragon-
flies may be attributed to their poor sense of audition and olfaction; dragonflies lack
the auditory organs, and their antennae are less developed (Yager 1999; Cocroft and
Rodriguez 2005).
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Fig. 17.1 Intraspecific color pattern diversity in dragonflies. (a—d) Sexual dimorphism, male
color transition, and female color polymorphism of Sympetrum cordulegaster. (e—f) Female color
polymorphism of Ischnura senegalensis. Arrow indicates a blue spot existed in males and
androchrome females. (g) Gynandromorph of /. senegalensis showing the main region with female
coloration and the posterior left side (arrow) with male coloration and appendage (Photo courtesy
of Mitsutoshi Sugimura). (h) Gynandromorph of Crocothemis servilia showing the main region
with male coloration and the anterior right side with female coloration (Photo courtesy of Kohji
Tanaka). (i-n) Wing color polymorphism of Mnais species. Territorial males have orange (i) or
brown (1) wings, whereas female mimicking males have hyaline (j) or pale orange (m) wings.
Females have hyaline (k) or pale orange (n) wings. (i-k, m, n) M. costalis. (1) M. pruinosa (See
also Fig. 17.3)
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Fig. 17.2 Interspecific copulation and hybrid of dragonflies. (a) Normal copulation of Sympetrum
croceolum. (b) Interspecific copulation between S. croceolum male and Sympetrum speciosum
female (Figure modified from Ozono et al. 2012). (¢) Normal copulation of S. speciosum. (d) Male
of S. croceolum. (e) Interspecific hybrid male from S. croceolum male and S. speciosum female. (f)
Male of S. speciosum. (g) Nuclear and mitochondrial DNA analyses of S. croceolum, S. speciosum,
and interspecific hybrid between S. croceolum male and S. speciosum female. The internal
transcribed spacer 1 (ITS1) or cytochrome ¢ oxidase subunit I (COI) region were used for nuclear
or mitochondrial DNA marker, respectively. Arrows indicate species specific nucleotides

17.3 Wing Color Polymorphism and Presumptive
Character Displacement in Japanese Mnais Species

In order to avoid interspecific mating or aggression, presumptive character dis-
placement has been reported in some species, wherein interspecific color differ-
ences are larger in sympatric populations than in allopatric populations (Waage
1975; Suzuki 1984; Tynkkynen et al. 2004; Hayashi et al. 2004b; Hassall 2014;
Drury and Grether 2014; Tsubaki and Okuyama 2016). Here I introduce an inter-
esting example of wing color polymorphism in the two closely related Mnais
species, M. costalis and M. pruinosa, in Japan (Hayashi et al. 2004a, b; Ozono
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et al. 2012). These two species can be distinguished by nuclear ITS1 sequences,
relative length of wing to head in adult males, shape of adult wing pterostigma, and
the shape of larval caudal gill (Hayashi et al. 2004a, b). On the other hand,
interspecific hybrids have been discovered occasionally and multiregional intro-
gression of mitochondrial DNA is recognized between these two species (Hayashi
et al. 2004a, 2005; Futahashi and Hayashi 2004b). Both species exhibit complex
wing color polymorphism (Figs. 17.1i-n and 17.3), in which orange-winged males,
hyaline-winged males, and hyaline-winged females appear widely in Japan
(Fig. 17.1i-k, Asahina 1976; Hayashi et al. 2004b; Ozono et al. 2012). Male
orange/hyaline wing polymorphism of M. costalis can be explained by a single
autosomal locus, and the orange-winged phenotype is dominant (Tsubaki 2003).
Previous ecological studies have shown that orange-winged males are territorial,
whereas hyaline-winged males are female-mimics and usually non-territorial
sneakers (Nomakuchi et al. 1984; Tsubaki et al. 1997; Hayashi et al. 2004b). In
addition to these three major phenotypes, the following three phenotypes are
recognized in some populations: brown-winged males of M. pruinosa, pale
orange-winged males and females of M. costalis (Fig. 17.11-n, Asahina 1976;
Hayashi et al. 2004b; Ozono et al. 2012). Thus, in M. costalis, there are three
(orange, pale orange, and hyaline) and two (pale orange and hyaline) wing color
forms for males and females, respectively, whereas in M. pruinosa, three (brown,
orange, and hyaline) and one (hyaline) wing color forms exist in males and females,
respectively. Interestingly, wing polymorphism is associated with abdominal body
coloration: whitish in mature territorial males (orange or brown wings) (Fig. 17.1i,
1) and metallic green in female-mimicking males and females (hyaline or pale
orange wings) (Fig. 17.1j, k, m, n, Asahina 1976; Hayashi et al. 2004b; Ozono
et al. 2012). Exceptional untransparent white-winged phenotypes have been
reported in the Boso Peninsula population of M. pruinosa (Asahina 1976), although
these white-winged phenotypes are now almost extinct (Futahashi and Hayashi
2004b; Ozono et al. 2012).

Geographic variation of wing color polymorphism is associated with cohabita-
tion (Suzuki 1984; Hayashi et al. 2004b; Tsubaki and Okuyama 2016). In allopatric
regions, males of both M. costalis and M. pruinosa show orange/hyaline wing color
polymorphism, whereas females are all hyaline-winged and monomorphic in both
species (Fig. 17.3a). In central Japan where both species cohabit, males of
M. costalis show only orange wings, while males of M. pruinosa show only hyaline
wings in general (Fig. 17.3a). In M. costalis, pale orange-winged females appear
prominently in the southern area, where both males and females can be distin-
guished solely by wing coloration (Fig. 17.3a). In addition to wing color polymor-
phism, sympatric populations of M. costalis show larger body size and prefer
sunnier habitats than M. pruinosa and allopatric populations of M. costalis,
suggesting that multiple character displacements emerged in central Japan to
avoid interspecific mating (Tsubaki and Okuyama 2016). In western Japan, how-
ever, males of both species are polymorphic even in sympatric regions. It should be
noted that two forms of female-mimicking males (pale orange and hyaline) appear
in accordance with female color polymorphism in M. costalis (Fig. 17.3). In the



308 R. Futahashi

southwestern area, territorial males of M. pruinosa have brown wings instead of
orange, where both males and females can be distinguished solely by wing color-
ation (Fig. 17.3b, rightmost). Although it is not clear why wing color polymorphism
is maintained in western Japan even in sympatric region, it has been reported that
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Fig.17.3 Wing color polymorphism of two Japanese Mnais species. (a) Geographical variation of
M. costalis and M. pruinosa. (b) Hypothetical evolutionary model of wing color polymorphism.
The photos of each form are shown in Fig. 17.1i-n. As described Fig. 17.3a, wing color
polymorphism varied among populations in sympatric region. Pale orange-winged males and
females often appear together with hyaline-winged males and females, respectively. For example,
three male forms (orange, pale orange, and hyaline) and two female forms (pale orange and

hyaline) emerge simultaneously in some populations of M. costalis. Figure modified from Hayashi
et al. 2004b; Ozono et al. 2012
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degrees of mitochondrial introgression are smaller in western Japan than in central
Japan (Hayashi et al. 2005), suggesting that reproductive isolating mechanism
between the two Mnais species is more robust in western Japan. Hayashi et al.
(2004b) proposed the evolutionary model of Mnais wing polymorphism, in which
the following three stages are hypothesized (Fig. 17.3b):

1. In allopatric populations (eastern or southeastern Japan), males exhibit orange
(territorial) and hyaline (female-mimicking) wing color polymorphism, while
females are monomorphic (hyaline) in both species.

2. In the early stage of cohabitation (central Japan), males become monomorphic
(only orange in M. costalis and only hyaline in M. pruinosa), and pale orange-
winged females of M. costalis emerge in some places whereas all females are
hyaline-winged in M. pruinosa. It should be noted that hyaline-winged males of
M. pruinosa in central Japan show whitish abdomen like territorial males and
have flexible territorial strategy (Fig. 17.3b middle, Siva-Jothy and Tsubaki
1989; Hayashi et al. 2004b).

3. In the late stage of cohabitation (western Japan), both territorial (orange or
brown) and female-mimicking males (hyaline or pale orange) appear in both
species once again.

According to this scenario, pale orange-winged males and brown males are likely to
appear secondarily. The brown/orange color difference may have occurred because
the wing color was lost in early sympatry and was reconstructed without models.

Orange wing color of M. costalis is derived from tyrosine, suggesting that
pigments of orange wing are kinds of melanin (Hooper et al. 1999). Considering
that dopamine, a melanin precursor, is also known as a neurotransmitter, genes
involved in melanin synthesis pathway are strong candidates for analysis of pleio-
tropic effects on wing color formation and territoriality. Genetic mechanisms
underlying wing color polymorphism deserve future studies.

17.4 Identification of Remarkable Number of Opsin Genes
in Dragonflies

Because dragonflies visually recognize environment, foods, enemies, rivals, and
mates, their sense of vision has been studied using electrophysiological approach.
Critical flicker frequency test has revealed that dragonflies can discriminate beyond
300 Hz, suggesting that they have keen dynamic vision (McFarland and Lowe
1983). Meanwhile, based on anatomical studies, it has been hypothesized that
dragonflies have approximately 20/2000 vision (Kirschfeld 1976). In addition to
temporal and spatial resolution, wavelength discrimination capability (i.e., color
vision) of dragonflies has been investigated, and previous studies have shown that
they have three to five classes of photoreceptors (Autrum and Kolb 1968; Eguchi
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1971; Meinertzhagen et al. 1983; Yang and Osorio 1991; Bybee et al. 2012; Huang
et al. 2014).

Evolution of animal color vision is strongly correlated with the diversity of opsin
genes (Briscoe and Chittka 2001; Terakita 2005; Briscoe 2008, Shichida and
Matsuyama 2009; Hering et al. 2012; Cronin et al. 2014). Specific types of opsin
gene produce light sensors sensitive to specific wavelength light. For example,
human beings possess three opsin genes sensitive to blue, green, or red light and can
perceive light from purple to red but not ultraviolet (UV). On the other hand, honey
bees and fruit flies possess an opsin gene for UV light but not for red light, which
allows them to recognize UV light, instead of discriminating red from gray. It has
been thought that 2—5 opsin proteins are involved in color vision in most animals
(Cronin et al. 2014).

Recently, we discovered that dragonflies possess surprisingly many opsin genes
by RNA sequencing (RNA-seq) analyses using adult and larval visual organs
(Futahashi et al. 2015). First we surveyed the visual transcriptomics of the red
dragonfly Sympetrum frequens (Libellulidae). After de novo assembly using Trinity
software, we obtained 60 contigs with high similarity to insect opsin proteins. When
we aligned these contigs, many of them seemed to be partial or chimeric (gray and
blue arrows in Fig. 17.4a). We also obtained 144 opsin gene-like contigs from the
white-tailed skimmer dragonfly Orthetrum albistylum (Libellulidae) and found that
chimeric pattern was different between these two species (Fig. 17.4a). We often
encountered similar problem of chimeric contigs in de novo assembly when we
focused on paralogous genes. To overcome this problem, we carefully checked and
manually corrected each of the contig sequences using Integrative Genomics
Viewer (Thorvaldsdottir et al. 2013) (Fig. 17.4b). Through this manual correction,
we also found that partial sequence information is often lost in automatically
assembled contigs among highly paralogous genes, due to merging of several
similar sequences into one (Futahashi 2016b). We verified the revised sequences
by RT-PCR and DNA sequencing. Consequently, we obtained the presumably full
length sequences of 20 opsin genes, consisting of 4 nonvisual opsin genes and
16 visual opsin genes of 1 UV, 5 short wavelength (SW), and 10 long wavelength
(LW) type from both S. frequens and O. albistylum (Fig. 17.4c). Next we inspected
the draft genome data of the scarce chaser dragonfly Ladona fulva (Libellulidae)
and identified the same set of 20 opsin genes (Fig. 17.4c). No other opsin genes
could be found in the genome. Molecular phylogenetic analysis revealed that the
20 opsin genes of these three species formed distinct 20 monophyletic clusters
(Fig. 17.4c), indicating that the common ancestor of the libellulid dragonflies had
these 20 genes.

Opsin genes of dragonflies are extraordinarily large in number compared with
other insects (Fig. 17.5a). Why do dragonflies have so many opsin genes? In
dragonflies, the structure and function of compound eyes are markedly different
between not only adult and larva but also dorsal and ventral regions of adult eyes
(Fig. 17.5b—) (Labhart and Nilsson 1995). Electrophysiological analysis of
S. frequens revealed that the dorsal eye region was sensitive to a short wavelength
range from UV (300 nm) to blue-green light (500 nm), whereas the ventral eye
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Fig. 17.4 Identification and manual assembly of 20 opsin genes in three libellulid dragonflies. (a)
Results of de novo assembly by Trinity before manual correction. LW opsin gene-like contigs
were aligned based on the similarity of ninaE/Rhl gene of Drosophila melanogaster. The
presumptive seven transmembrane regions are shaded by red. Blue and gray arrows indicate
chimeric and partial contigs, respectively. (b) Manual correction of the contig sequences using
Integrative Genomics Viewer. Cyan and sky-blue colors mean paired end reads mapped on the
different contigs. (c) Molecular phylogeny of 20 opsin genes of three libellulid dragonflies inferred
from 795 aligned amino acid sites. On each node, bootstrap values are indicated in the order of
neighbor-joining method/maximum-likelihood method. Accession numbers are shown in paren-
theses. On the genome of L. fulva, seven LW opsin genes (LWCI, LWDI, LWEI, and LWF1-F4)
and three SW opsin genes (SWcl-c3) were located in tandem, respectively (Figure modified from
Futahashi 2016b)

region was sensitive to a broader wavelength range from UV to red light (620 nm)
(Fig. 17.5d). Interestingly, most of the opsin genes were expressed only at a specific
life stage and in a specific region (Fig. 17.6). Although many opsin genes were
expressed in adults, relatively small number of opsin genes was expressed in larvae,
reflecting their lifestyle under water with less visual dependence. In adult
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Fig. 17.5 Insect opsin genes and spectral sensitivity of adult compound eyes of Sympetrum
frequens. (a) Numbers of opsin genes of ultraviolet type (UV), short wavelength type (SW),
long wavelength type (LW), rhodopsin7-like (Rh7), arthropsin type (arth), pteropsin type (ptero),
and retinal G protein-coupled receptor-like (RGR) are mapped on the insect phylogeny (Misof
et al. 2014). (b) Frontal view of adult head of S. frequens. (¢) Larva of S. frequens (Photo courtesy
of Akira Ozono). (d) Spectral sensitivity of the dorsal and ventral regions of adult eyes of
S. frequens measured by electroretinography (Figure modified from Futahashi et al. 2015)

compound eyes, most SW and LW opsin genes were, respectively, expressed in the
dorsal and ventral regions in accordance with their spectral sensitivity, reflecting
that dorsal eyes mainly perceive the SW-rich light directly from the sky, whereas
the ventral eyes perceive reflected light from objects on the ground.

17.5 Diversity of Opsin Genes among Dragonflies

Body and wing color pattern, behavior, and microhabitats of dragonflies are vari-
able among the families (Corbet 1999; Ozono et al. 2012). To investigate the opsin
gene repertoire across dragonflies, comparative RNA-seq analyses were performed
in additional 10 species representing 10 different dragonfly families: Somatochlora
uchidai (Corduliidae), Macromia amphigena (Macromiidae), Anotogaster sieboldii
(Cordulegastridae), Tanypteryx pryeri (Petaluridae), Asiagomphus melaenops
(Gomphidae), Anax  parthenope  (Aeshnidae), Epiophlebia  superstes
(Epiophlebiidae), Ischnura asiatica (Coenagrionidae), Mnais costalis
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Fig. 17.6 Numbers and expression patterns of each type of opsin gene of 12 dragonfly species.
Phylogenetic relationship of the dragonflies (Futahashi 2014) is shown on the top: Sfre.,
Sympetrum frequens; O.alb., Orthetrum albistylum; S.uchi., Somatochlora uchidai; M.amp.,
Macromia amphigena; A.sie., Anotogaster sieboldii; T.pry., Tanypteryx pryeri; A.mel.,
Asiagomphus melaenops, A.par., Anax parthenope; E.sup., Epiophlebia superstes; l.asi., Ischnura
asiatica; M.cos., Mnais costalis; Lper., Indolestes peregrinus. SW and LW opsin genes are
categorized into three (a—c) and six (A-F) groups, respectively. In expression pattern, major tissues
and stages expressing each group of opsin genes are shown in parentheses, wherein D, V, O, and L
indicate dorsal region of adult eyes, ventral region of adult eyes, adult head region containing ocelli,
and larval whole head, respectively (Figure modified from Futahashi et al. 2015)

(Calopterygidae), and Indolestes peregrinus (Lestidae) (Fig. 17.6) (Futahashi et al.
2015). The former six species belong to true dragonflies (suborder Anisoptera),
while the latter three species belong to damselflies (suborder Zygoptera).
E. superstes belongs to ancient dragonflies (suborder Anisozygoptera, sometimes
including into Anisoptera) (Ozono et al. 2012; Futahashi 2014). Among dragonfly
families, the total number of opsin genes varied widely from 15 to 33 (Fig. 17.6).

One of the significant advantages of RNA-seq analyses is that the gene expres-
sion information of different developmental stages in multiple species could be
efficiently obtained. Based on molecular phylogeny and expression pattern, SW and
LW opsin genes were categorized into three (a, b, and c) and six (A, B, C, D, E, and
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F) groups, respectively (Fig. 17.6). Nonvisual opsin genes were scarcely expressed
in the larval and adult visual organs of all examined species (Futahashi et al. 2015).
Stage- and region-specific expressions of opsin genes were widely conserved across
dragonfly species as follows:

1. The group-a SW, group-B LW, and group-C LW opsin genes were predomi-
nantly expressed in larvae.

2. The group-b SW and group-F LW opsin genes were mainly expressed in the
ventral region of adult compound eyes.

3. The group-c SW and group-E LW opsin genes were primarily expressed in the
dorsal region of adult compound eyes.

4. The group-D LW opsin genes were specifically expressed in the adult ocelli
(Fig. 17.6).

The dorsoventrally differentiated expression patterns were obscure in the three
damselfly species (Fig. 17.6). It should be noted that compensational expression
patterns associated with losses of some visual opsin genes were observed (e.g., loss
of the ocellus-specific group-D LW opsin gene entailed ocellus-associated expres-
sion of the group-C or group-E genes (Fig. 17.6)). Given that the group -C, -D, -E,
and -F genes were located in tandem on the genome of L. fulva, the rearrangement
among these genes may have occurred in the course of evolution, resulting in
lineage-specific expression pattern changes of these genes. Thus, dragonflies may
utilize different sets of opsin genes depending on types of light environment, which
can be achieved by an extraordinary increase in the number of opsin genes.

The repertoire of opsin genes differed among dragonfly species, suggesting that
the opsin genes may have evolved according to the habitat or behavior of each
species. For example, the absence of the SW opsin genes at larval stage coincided
with their sand- or pit-dwelling behaviors in A. sieboldii, T. pryeri, and
A. melaenops, whereas the multitude of SW and/or LW opsin gene numbers in
the dorsal region of adult compound eyes are correlated with twilight flying activity
for predation in S. uchidai, M. amphigena, A. parthenope, and E. superstes
(Fig. 17.6; Futahashi et al. 2015). Plausibly, although speculative, the large varia-
tion of opsin genes is associated with the evolution of diverse color pattern in
dragonflies.

The variety and beauty of color pattern are also prominent in Lepidopteran and
Coleopteran insects, although they have only a few opsin genes (Fig. 17.5a). The
small numbers of opsin genes in these insects may be attributed to nocturnal
lifestyle of their ancestors like mammals (Briscoe and Chittka 2001; Feuda et al.
2016). By contrast, almost all dragonfly species are diurnal, and they diverged from
other insects over 350 million years ago (Fig. 17.5a, Misof et al. 2014).
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17.6 Molecular Mechanisms Underlying Color Changes
in Red Dragonflies

Dragonflies display a wide variety of coloration such as red, yellow, blue, and
green. Most of animal colors are derived from structural colors and/or pigment
colors. The mechanisms of structural coloration of several dragonfly species have
been recently investigated, wherein multilayer structures are generally involved in
iridescent coloration (Vukusic et al. 2004; Hariyama et al. 2005; Schultz and Fincke
2009; Stavenga et al. 2012; Nixon et al. 2013, 2015; Guillermo-Ferreira et al. 2015).
Non-iridescent blue color is also structural, attributed to coherent light scattering
from the quasi-ordered nanostructures within pigment cells (Prum et al. 2004). By
contrast, information on pigments in dragonflies is still limited.

We analyzed the red epidermal pigments from three species of red dragonfly,
namely, the autumn darter Sympetrum frequens, the summer darter Sympetrum
darwinianum, and the scarlet skimmer Crocothemis servilia (Futahashi et al.
2012). Two ommochrome pigments, xanthommatin (vivid red color in reduced
form) and decarboxylated xanthommatin (dull red color in reduced form) were
consistently identified in all these species (Fig. 17.7a), in which the ratio of
xanthommatin is higher in vivid red color species. Previous studies have shown
that the color of ommochrome pigments changes reversibly by redox reactions
in vitro (Linzen 1974). By injecting a reductant (vitamin C) solution, we confirmed
that the yellowish body color of both immature males and mature females changed
into red as observed in mature males (Fig. 17.7b). Redox conditions of the extracted
ommochrome pigments were measured electrochemically, and the relative abun-
dance of the oxidized and reduced forms of pigments were evaluated. In all three
species, only the mature males exhibited very high proportions of the reduced
ommochrome pigments (Fig. 17.7¢), indicating that sex-specific color change in
mature red dragonflies is primarily attributed to redox states of the ommochrome
pigments (Futahashi et al. 2012).

Pigment-based color changes in animals are mainly attributed to the following
three mechanisms: synthesis and degradation of pigments, changes in localization
of pigments, and accumulation of pigments from food (Stevens and Merilaita
2011). Red dragonflies adopt a previously unknown mechanism, namely, a body
color change by redox reaction of the pigments. Male-specific color change of
dragonflies has been considered as an ecologically important trait for reproductive
success. Considering that mature males exhibit territorial behavior under the
scorching sun and the reduced pigments show antioxidant abilities (Futahashi
et al. 2012), male-specific red pigments may have additional role in preventing
oxidative stress from UV radiation.
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Fig. 17.7 Redox-dependent color change of the ommochrome pigments in red dragonflies. (a)
Chromatograms of ommochrome pigments from males of three red dragonflies. Blue lines denote
the acetonitrile gradient. (b) Reductant-induced yellow/red color change. Arrows indicate the
injection sites. (c) Reduced form ratios of the extracted ommochrome pigments. Means and
standard deviation are shown (n = 10 ~ 12) (Figure modified from Futahashi et al. 2012)
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17.7 Conclusion and Perspective

The well-developed sense of sight and the great variety of color pattern in dragon-
flies have been already pointed out a century ago (Tillyard 1917). Recent progress
on molecular mechanisms of color vision and color formation unveiled the out-
standing diversity of visual opsin genes and the unique mechanisms of body color
changes in dragonflies. Meanwhile, only limited information is available on genes
potentially involved in color formation (Chauhan et al. 2014, 2016). Rapid spread
of next-generation sequencing technology makes it easier than ever to analyze
non-model organisms, although careful evaluation for de novo assembly is still
important as described above, especially without genomic information. Molecular
bases underlying color pattern formation and its evolution in dragonflies are just as
fascinating and challenging as in butterflies. Recently, effective RNAi- and
genome-editing methods have been developed for gene functional analyses in
butterflies (Ando and Fujiwara 2013; Nishikawa et al. 2015; Li et al. 2015; Perry
et al. 2016; Zhang and Reed 2016; Beldade and Peralta 2017). Applying these
methods to dragonflies will be an important step toward future studies in this field
(Okude et al. 2017).
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