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Coloration principles of the Great purple
emperor butterfly (Sasakia charonda)
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Abstract

The dorsal wings of male Sasakia charonda butterflies display a striking blue iridescent coloration, which is
accentuated by white, orange-yellow and red spots, as well as by brown margins. The ventral wings also have a
variegated, but more subdued, pattern. We investigated the optical basis of the various colors of intact wings as
well as isolated wing scales by applying light and electron microscopy, imaging scatterometry and
(micro)spectrophotometry. The prominent blue iridescence is due to scales with tightly packed, multilayered ridges
that contain melanin pigment. The scales in the brown wing margins also contain melanin. Pigments extracted
from the orange-yellow and red spots indicate the presence of 3-OH-kynurenine and ommochrome pigment. The
scales in the white spots also have multilayered ridges but lack pigment. The lower lamina of the scales plays a so-
far undervalued but often crucial role. Its thin-film properties color the majority of the ventral wing scales, which are
unpigmented and have large windows. The lower lamina acting as a thin-film reflector generally contributes to the
reflectance of the various scale types.
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Introduction
Sasakia charonda, the national butterfly of Japan since
1957, is locally known as oh-murasaki, or the great
purple emperor. Indeed, the dorsal wings of the male
display a striking, blue-purple central wing area, which is
accentuated by a surrounding brown margin dotted with
orange-yellow spots. A prominent red spot exists basally
on the hindwings. The species is distinctly sexually di-
morphic, as the dorsal wings of the (slightly larger) female
lack the brilliant blue-purple iridescence of the male [3].
As holds universally for butterflies, the color pattern is

created by a lattice of scales that covers the wings like
tiles on a roof. The scale material, chitin, is structured
into a thin, plate-like lower lamina and an elaborate
upper lamina. The latter consists of numerous parallel

ridges made up of narrow piles of partly overlapping
lamellae that are connected by crossribs [5–7].
The scale structures scatter incident light, which, in

the absence of pigment, results in white-colored scales.
In the presence of pigments, the scattered light is fil-
tered, dependent on the pigment’s absorption spectrum,
thus resulting in a pigmentary (or chemical) color. The
pigments expressed in the scales are rather characteristic
for the various butterfly families [14]. For instance,
pterins are the dominant pigments in Pieridae [2, 31],
ommochromes and their precursor 3-OH-kynurenine
color the wings of Nymphalidae [4, 10, 15, 19], and mo-
lecular compounds of kynurenine bound to N-β-alanyl-
dopamine (NBAD) create the papiliochromes found in
Papilionidae [16, 17, 27]. All butterfly families employ mel-
anin in brown and black scales.
When the scales contain regular-arranged, nanosized

structures, light interference creates a structural (or
physical) color. Notably, the lower lamina, because of its
thickness being on the order of 100–300 nm, always acts

© The Author(s). 2020 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the
data made available in this article, unless otherwise stated in a credit line to the data.

* Correspondence: d.g.stavenga@rug.nl
1Surfaces and thin films, Zernike Institute for Advanced Materials, University
of Groningen, Nijenborgh 4, NL-9747, AG, Groningen, the Netherlands
Full list of author information is available at the end of the article

Stavenga et al. Zoological Letters            (2020) 6:13 
https://doi.org/10.1186/s40851-020-00164-6

http://crossmark.crossref.org/dialog/?doi=10.1186/s40851-020-00164-6&domain=pdf
http://orcid.org/0000-0002-2518-6177
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:d.g.stavenga@rug.nl


as a thin-film reflector [18, 22]. By adjusting the actual
thickness, the color of the reflected light can be finely
tuned [22, 30]. Another structural coloration is well
known from the iconic Morpho butterflies; their scales
have ridges folded into chitin-air multilayers, which cre-
ate intensely blue wings [7, 28]. Further tuning of the
scale color can occur by combining the structural color-
ation with wavelength-selective absorbing pigments [32,
33], but when the scale contains a high melanin concen-
tration, its color is lost [25, 29].
Pigmentary coloration is generally diffuse and nondirec-

tional, while structural coloration is often called metallic
because the reflected light strongly depends on the direc-
tions of illumination and viewing. The two coloration
mechanisms, which thus can be easily distinguished, are
both applied in the wings of male S. charonda. The brown,
yellow and red scales are found to be colored by pigments
deposited in scales having the basic butterfly scale struc-
ture, where the ridges are made up of a few (at most 2–3)
overlapping lamellae. By contrast, the blue-purple scales
of the central wing area have enhanced ridges with up to
seven overlapping lamellae, which thus create a multilayer
causing a distinct iridescent coloration [11, 12].
Medina et al. [13] studied the spatial and spectral

characteristics of the iridescent wings of S. charonda,
but the applied spectral analysis focused on human col-
orimetry and thus was restricted to wavelengths above
400 nm. The visual system of S. charonda includes ultra-
violet light, as the photoreceptors have peak wavelengths
at ~ 340, 430 and 550 nm [9]; therefore, the wing reflect-
ance spectra should also be measured in the short wave-
length range.
Here, we present a more comprehensive analysis of

the spectral properties of the variously colored wing
areas together with the anatomy and spatial reflection
characteristics of their scales. We confirm that the
prominent blue wing coloration is caused by scales with
multilayered ridges, but we find that the thin-film reflec-
tors of the scales’ lower laminae, often combined with
different pigments, importantly determine the coloration
of S. charonda. The optical mechanisms determining
butterfly coloration appear to be quite universally applic-
able to other nymphalid butterflies [8, 25].

Materials and methods
Specimens and photography
A mounted male S. charonda charonda (Japanese sub-
species) of the Sokendai-Hayama butterfly collection was
photographed with a Nikon D70 digital camera equipped
with an F Micro-Nikkor macro objective (60 mm, f/2.8;
Nikon, Tokyo, Japan). UV images were made by using a
blacklight lamp and the camera’s red channel. We ap-
plied normally incident, obliquely incident and transmit-
ted light. Anatomy was performed on another specimen

of S. c. charonda. Additional specimens captured in
China and Korea were purchased from a commercial
supplier (The Bugmaniac). Close-up photographs of
small wing areas and isolated scales of both the abwing
(upper) side and adwing (under) side (i.e., facing the
wing) were made with a Zeiss Universal microscope
using a Zeiss Epiplan 16x/0.35 objective (Zeiss, Oberko-
chen, Germany).

Spectrophotometry
Wing reflectance spectra were measured with a bifurcated
probe connected to a halogen/deuterium light source and
an Avantes AvaSpec-2048-2 CCD detector array spectrom-
eter (Avantes, Apeldoorn, Netherlands). The angle of illu-
mination was approximately normal with respect to the
wing surface. A microspectrophotometer consisting of a
Leitz Ortholux microscope and the Avantes spectrometer
was used to measure the reflectance spectra of individual
scales, which were removed from the wing and glued to
the tip of pulled-glass pipettes. The reference for all reflect-
ance measurements was a white diffuse standard (Avantes
WS-2). The absorbance spectra of the pigment extracts,
obtained by immersing small yellow and red wing areas in
a solution of 50:1 methanol: 1M hydrochloric acid, were
measured with a setup consisting of the halogen/deuterium
light source, optical fibers, and the detector array.

Anatomy of the wing scales
To examine the scales’ anatomy, wing pieces were sput-
tered with platinum and observed with a JSM-6490LV
scanning electron microscope (JEOL, Tokyo, Japan). For
transmission electron microscopy, wing parts were pre-
fixed in 2% paraformaldehyde and 2.5% glutaraldehyde
in 0.1 mol l− 1 sodium cacodylate buffer (CB, pH 7.3)
overnight at 4 °C. Embedding in Spurr was followed by
dehydration with a graded series of acetone and infiltra-
tion with propylene oxide. Tissue sections with a thickness
of 50 nm were observed with an H-7650 transmission
electron microscope (Hitachi, Tokyo, Japan) equipped
with a CCD camera (Quemesa, Seika Digital Image Corp.,
Tokyo, Japan), and the images were analyzed with iTEM
software (Olympus, Tokyo, Japan).

Imaging scatterometry
Imaging scatterometry was applied to visualize the far-field
angular distribution of the light scattered from single scales
glued at the end of pulled-glass micropipettes. The sample
was positioned in the first focal point of the scatterometer’s
ellipsoidal mirror, which collects light from a full hemi-
sphere. A narrow aperture beam (5°) provided by a xenon
lamp illuminated a small area of a scale (diameter ~ 13 μm).
A piece of magnesium oxide served as a white diffuse refer-
ence object. Scatterogram images were acquired by an
Olympus DP70 camera (for details, see [24]).
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Modeling of the reflectance spectra
The reflectance spectrum of the lower lamina of the
scales was calculated for normally incident light using
the classical Airy formulas for thin films [22, 23].

Results
Wing patterning and coloration
The dorsal wings of male S. charonda display a contrast-
ing pattern created by a dark brown margin and cream to
orange-yellow spots that surround a UV/blue-reflecting
central area, which furthermore contains bright white
spots (Fig. 1a, b). Upon oblique illumination with an angle
of incidence of ~ 45° (Fig. 1c), the blue reflection of the
central area (Fig. 1b, #1) vanishes, which demonstrates its
iridescence. The reflectance spectra of the blue wing parts
show a narrow band (bandwidth ~ 50 nm) peaking at ~
400 nm (Fig. 1b, g, #1). Not surprisingly, the centrally

located white spots show a high reflectance throughout
the whole wavelength range, but an enhanced UV/blue re-
flectance peak also exists (Fig. 1b, g, #2). The orange-
yellow patches adjacent to the central blue area have a
broadband reflectance spectrum (Fig. 1b, g, #3), while the
reflectance of the red spots of the dorsal hindwings is
more restricted to longer wavelengths (Fig. 1b, h, #4). The
reflectance of the brown margins is low throughout the
whole wavelength range and slightly increases with in-
creasing wavelength, characteristic of melanin-pigmented
tissue; however, the minor peak in the UV spectrum sug-
gests a structural contribution (Fig. 1b, h, #5).
The pattern on the ventral wings resembles that on

the dorsal wings, but the strong blue coloration of the
dorsal wings is absent. The ventral hindwings display a
greenish shimmer, suggesting a structural basis (Fig. 1e,
h, #6). The dark brown margins and the orange-yellow,

Fig. 1 The great purple emperor butterfly, Sasakia charonda (male). a, b, c, f Dorsal views. d, e Ventral views. a, d UV images. b, c, e, f RGB
images. a, b, d, e Normal illumination. c Oblique illumination (angle of incidence of ~ 45°). f Illumination from below, showing transmitted light.
Scale bar: 2 cm. g, h Reflectance spectra measured with a bifurcated probe. i Absorbance spectra (normalized at the long-wavelength peak) of
pigments extracted from wing pieces cut from an orange-yellow area on the forewing (#3) and from a red spot on the hindwing (#4). The
numbers 1–6 in g-i correspond to the numbered areas in b and e; the number 7 in e corresponds to Fig. 3p-t
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red and white spots appear to be colocalized on both
wing sides, which is confirmed when applying transillu-
mination (Fig. 1f). This finding demonstrates that the
white areas are transparent, i.e., unpigmented. The
orange-yellow spots on the fore- and hindwings are also
rather clear in transmitted light, which indicates that
pigment absorption in the visible wavelength range is
minor. The red spots on the hindwings are red in both
epi- and transillumination, which means that absorption
in the visible wavelength range is considerable.
To investigate the light-absorbing pigments more

closely, we measured the absorbance spectra of the pig-
ments extracted from the yellow and red spots (Fig. 1i,
#3, 4). The obtained spectra show a high absorbance in
the wavelength ranges where the reflectance is low (Fig. 1g,
h, #3, 4). This finding indicates the prominent presence of

3-OH-kynurenine and ommochrome pigment in the
yellow and red scales, respectively. The central and
marginal wing areas are dark and light brown, respect-
ively, or equivalently, the melanin pigment concentra-
tion gradually decreases from the butterfly’s body
towards the periphery of its wings.

Electron microscopy of the scale types
The scales are not only colored by pigments, but their
structure is certainly important as well (Fig. 2). Scanning
electron micrographs show that the scales of both the
blue area of the dorsal wing and the white spots have
tightly arranged, parallel ridges (Fig. 2, #1, 2). The ridges
of the orange-yellow and red scales are spaced wider
than the abovementioned scales, and thus together with the
crossribs, they frame rather large windows (Fig. 2, #3–5).

Fig. 2 Electron micrographs of various wing scales. a-c Blue scales. d-f White scales. g-i Orange-yellow scales. j-l Red scales. m-o Brown scales. a-
o Dorsal wing scales. p-r Greenish ventral wing scales. Left and middle columns: scanning electron microscopy (p and q left half: from the
abwing side; right half: from the adwing side), right-hand column: transmission electron microscopy; scale bars: 20 μm (left column), 2 μm (middle
and right columns). The numbers 1–6 in a, d, g, j, m, and p correspond to the numbered areas in Fig. 1b, e
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The scales of the greenish ventral wing area are particularly
widely spaced (Fig. 2, #6).
The transmission electron microscopy results corrob-

orate the different scale architectures. In all the scales,
the lower lamina is a thin plate. The blue (Fig. 2a-c, #1)
and white (Fig. 2d-f, #2) scales have an upper lamina
consisting of tall ridges with characteristic multilayer-
forming folds (Fig. 2c, f). The blue scales have pillars
below the ridge structures with high electron density,
which indicates a substantial amount of melanin (Fig. 2c),
quite in contrast with the white scales, which appear to be
unpigmented (Fig. 2f). The other scales have the standard
structure of butterfly wing scales, where the upper lamina
is a loose network of parallel ridges connected by crossribs
resting with pillars on the lower lamina.

Optics of isolated scales
The anatomy allows a convenient interpretation of the
results of imaging scatterometry and reflectance spectro-
photometry that we performed on individual wing scales.
We therefore glued the scales to a glass pipette so that
the abwing (upper) and adwing (lower) sides of the same
scale could be investigated (Fig. 3). Figure 3a shows the
abwing side of a scale taken from the blue dorsal wing
area. With epi-illumination microscopy, the scale area
that reflects blue incident light back into the microscope
objective is limited to a band, which occurs because the
scale is rather curved and not flat. The scale area outside
the blue band is black (Fig. 3a) because the incident light
is effectively absorbed by the melanin of the scale ridges
and trabeculae.
Very similar to Morpho wing scales, the blue reflec-

tions are created by the ridges, which consist of a stack
of lamellae. Hence, we expected a scatterogram similar
to those of Morpho scales [24]. Indeed, the abwing
(upper) side of the blue scale produces a scatterogram
with a distinct blue stripe and a fainter stripe (Fig. 3c).
The two stripes in the scatterogram are due to the ridge
lamellae of the upper lamina and the thin film of the
lower lamina, and the stripes are spatially segregated be-
cause the ridge lamellae are inclined with respect to the
lower lamina, similar to Morpho wing scales [8]. Similar
to Morpho scales, the abwing reflectance spectrum, mea-
sured with a microspectrophotometer, is a narrow band
(peak at ~ 400 nm, Fig. 3e). The blue scale’s adwing side
has a greenish color and is rather wrinkled (Fig. 3b). As
a result, its scatterogram shows a distinctly distributed
spot (Fig. 3d). The adwing side has a broadband reflect-
ance spectrum; its peak at 570 nm and shape resemble
that of a chitinous thin film with a thickness of 275 nm
(Fig. 3e). The color as well as the adwing reflectance
spectrum of different blue scales somewhat varies, which
is in accordance with the TEM anatomy, yielding a
spread in lower lamina thickness of 210–310 nm.

The anatomy showed that a scale from a white spot
(Fig. 3f) closely resembles a blue scale with multilayered
ridges (Fig. 2c, f). In fact, the white and blue scales
feature identical blue bands, demonstrating similar
scale curvatures. However, the white scale’s area out-
side the blue band is whitish because an appreciable
fraction of the incident light is backscattered, clearly
because of the absence of strongly absorbing melanin
pigment. The scatterogram of the abwing side of the
white scale (Fig. 3h) closely resembles the blue scale’s
abwing scatterogram (Fig. 3c), but there is a back-
ground signal due to diffuse scattering by the unpig-
mented scale. Accordingly, the abwing reflectance
spectrum, peaking again at approximately 400 nm, has
a substantial background signal. The adwing side of the
white scale is blue-purplish (Fig. 3g), and due to its
wrinkles, the scatterogram is again slightly spread out
(Fig. 3i). As the reflectance spectrum measured locally
from the adwing side resembles the abwing spectrum,
the spectrum is presumably the result of a lower lamina
with a thickness of 190 nm (Fig. 3j). As with the blue
scales, the anatomy showed that the lower lamina of
the white scales also has a variable thickness, 185–310
nm, which results in a variable adwing reflectance
spectrum and color (see Fig. 3g).
An orange-yellow scale of the dorsal forewing (Fig.

3k) has a strongly blue-colored adwing side (Fig. 3l).
The scatterogram of the abwing side shows a diffuse
pattern due to scattering by the upper lamina in a
wide angular space (Fig. 3m). The adwing scattero-
gram shows a distinct spot because of the locally flat
lower lamina, acting as a thin-film reflector (Fig. 3n).
The reflectance spectrum of the adwing side indicates
that the local thickness of the lower lamina is 380 nm
(Fig. 3o). The TEM anatomy of several orange-yellow
scales of the dorsal forewing yielded a thickness range
of 300–385 nm. The abwing reflectance spectrum,
which has peaks and valleys corresponding to those
in the adwing spectrum, can be understood as partly
the result of blue/purple light reflected by the thin-
film lower lamina and yellow light reflected by the
pigmented upper lamina (Fig. 3o).
Somewhat surprisingly, a rather similar orange-yellow

scale from the ventral forewing (Fig. 3p) features at the
adwing side in the proximal area a quite different,
strongly yellow metallic reflection (Fig. 3q). The abwing
scatterogram shows a clear line due to ridge diffraction
plus a diffuse background, representing widespread scat-
tering by the scale structures (Fig. 3r). The adwing scat-
terogram is dotlike (Fig. 3s) due to the locally rather flat
lower lamina (Fig. 3q), which behaves like a thin-film re-
flector with a thickness of 300 nm (Fig. 3t). The ab- and
adwing reflectance spectra are similar, indicating the
presence of only a minor amount of pigment.
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The lattice of scales on the wing
With the gained insight into the optics of single scales,
we can understand the coloration of the butterfly’s wings
when covered by the intact lattice of scales. Epi-
illumination microscopy of a transition area with blue
and white scales on the dorsal forewing demonstrates
that both scale types have the same blue band but on a
black or white background, respectively (Fig. 4a). When

rotating the wing around an axis parallel to the blue
bands, the transition area shifts over the scales. In nat-
ural conditions, the scales’ curvature is presumably used
to radiate the blue color into a large spatial angle. The
melanin pigment of the black-blue scales effectively ab-
sorbs scattered stray light, creating a contrasting back-
ground for the reflection of the blue color (see also Fig.
3e). As the white-blue scales lack pigmentation, part of

Fig. 3 Light micrographs, scatterograms and reflectance spectra of isolated wing scales. a-e Blue scale. f-j White scale. k-o Orange-yellow scale of
the dorsal forewing. p-t Orange-yellow scale of the ventral forewing. a, b, f, g, k, l, p, q Epi-illumination light micrographs of the abwing side (1st
column) and adwing side (2nd column); scale bar: 50 nm. The numbers 1–3 and 7 in a, f, k, and p correspond with the numbered areas in Fig.
1b, e. 3rd column: Scatterograms of the abwing and adwing side; the red circles indicate scattering angles of 5°, 30°, 60°, and 90°. 4th column:
Reflectance spectra of the ab- and adwing sides and of chitinous thin films with thicknesses of 275, 190, 380, and 300 nm

Stavenga et al. Zoological Letters            (2020) 6:13 Page 6 of 10



the incident light is scattered and reflected by the scales
as well as by the underlying wing substrate, which thus
creates a white background (Fig. 4a). This phenomenon
ultimately results in white spots inside the blue areas of
the dorsal forewings (Fig. 1b).
A rather different coloration system is encountered in the

orange-yellow spots of the dorsal forewing. Figure 4b-d
shows an area where part of the scales is removed, revealing
the wing substrate. With approximately normal illumin-
ation (and normal observation, i.e., perpendicular to the
wing), applying linear polarized light and using a parallel
analyzer, the wing substrate reflection is white-yellowish,
but surprisingly, the scales show a mixture of blue-purplish
colors (Fig. 4b). The latter clearly emerges from the thin-
film lower lamina (Fig. 3l). With the analyzer in the crossed
position, both the specular reflections from the wing
substrate and the thin-film reflections of the scales’ lower
lamina are extinguished, and the remaining depolarized
reflected light has an orange-yellow color (Fig. 4c). A
similar color emerges from the scales (but not the wing
substrate) when illuminating the same area from an oblique
(~ 45°) direction (Fig. 4d). With oblique illumination, only a
small fraction of the incident light will be able to enter the
scale windows, while a major part of the applied light will
hit the scattering ridges and crossribs. As they contain the
short-wavelength-absorbing yellow pigment, the color seen
with wide-angular, natural illumination is principally deter-
mined by the pigmentation.
Close-up inspection of the red scales shows that they

behave very similar to the orange-yellow scales. Here, a
red pigment causes the overall red color, but with normal
illumination, an additional blue flare also exists, which

emerges from the scales’ lower lamina, and the same
phenomenon can be observed in the brown, melanized
scales of the wing margin (not shown; however, see the UV
hump in the reflectance spectrum of Fig. 1h, #5).

Coloring unpigmented scales by thin-film interference
Similar to the scales in Fig. 3p (#7), the scales on the
ventral hindwing have large windows (Fig. 2q, r, #6), and
therefore, not only normally but also obliquely incident
light will largely pass the ridges and crossribs and thus
will subsequently reach the lower lamina unhampered
upon reaching the lower lamina. This light will be partly
reflected, depending on the thickness of the lower lam-
ina. The lower lamina of the ventral hindwing scales is
again quite wrinkled, although epi-illumination still pro-
duces a distinct color due to light interference in the
thin film (Fig. 5a). Applying transmitted light at an iso-
lated scale on a microscope slide may suggest the pres-
ence of melanin (Fig. 5b), but in immersion oil, the
scales become almost invisible, meaning that the pig-
mentation is negligible (Fig. 5c). The thin-film character-
istics of the lower lamina of an unpigmented scale
therefore play a principal role in the scale coloration.
A local set of ventral wing scales observed in situ on

the wing appears to be somewhat variably colored, indi-
cating that the thickness of the lower lamina is not con-
stant (Fig. 5d). Indeed, reflectance spectra measured
from a number of adjacent scales vary slightly (Fig. 5e),
similar to the reflectance spectra of chitinous thin films
with thicknesses varying between 260 and 300 nm (Fig.
5f). The experimentally obtained spectra have a back-
ground signal, whereas the theoretical spectra show zero

Fig. 4 The lattice of scales on the wing. a Epi-illumination of the transition area of a white spot in the blue area on the dorsal forewing, showing
a similar blue stripe on the light- and dark-colored scales. b-d Epi-illumination light micrographs of an orange-yellow wing area on the dorsal
forewing, with a few missing scales in the center. b Normal illumination with linearly polarized light (parallel polarizer and analyzer). c Idem with
a crossed polarizer and analyzer. d Oblique illumination (~ 45°) with unpolarized light. The numbers 1–3 in a and c correspond to the numbered
areas in Fig. 1b, e. Scale bars a-d: 200 μm
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reflectance at specific wavelengths. The background sig-
nal is partly due to scattering contributions by the ridges
and crossribs, but additional in situ back-scattering from
the wing substrate is also important.

Discussion
A considerable variety of coloration methods are
employed by S. charonda to realize its rich patterning.
First, stacks of lamellae in the ridges create the large
blue iridescent areas of the dorsal wings [11–13]. The
white spots also display the same iridescence, but it is
largely drowned by the white scattering resulting from
the absence of pigment. The universally occurring brown
wing margins are due to melanin pigment, and the local
presence of yellow and red pigment is also apparent.
The pigments extracted from the orange-yellow and

red scales yielded absorbance spectra peaking at 380 and
470 nm, respectively (Fig. 1i). Pigments extracted from
the yellow and red scales of various Heliconius species
had similar absorption peak wavelengths [32] and were
identified as 3-OH-kynurenine and ommochrome, the

characteristic pigments of nymphalids [10]. However, for
the Heliconius ommochrome, the ratio of the absorption
in the UV and blue-green spectra is considerably less
than that of the pigment of Sasakia’s red scales, which
suggests that these scales contain a considerable amount
of 3-OH-kynurenine in addition to the ommochrome.
Similarly, the orange-yellow scales may have variable
traces of ommochrome in addition to the substantial
amount of 3-OH-kynurenine.
Interestingly, the reflectance spectrum of the red scales

(Fig. 1h, #4) shows a dip at ~ 720 nm, which is quite pro-
nounced in the reflectance spectra of the red wing areas
of Heliconius species (Figs. 1c, 2d of [32]). The dip sug-
gests the presence of an as yet unidentified pigment, but
alternatively, the ommochromes may have a minor long-
wavelength absorption band.
The scatterograms and reflectance spectra of the adw-

ing side of the investigated scales demonstrate that the
lower lamina acts as a thin-film reflector. The lower
lamina thus plays an active role in the scale coloration
because light incident from the abwing side is always

Fig. 5 Unpigmented ventral wing scales. a Epi-illumination image of the adwing side of an isolated ventral hindwing scale on an object slide. b
The same scale in transmitted light. c Another ventral hindwing scale in oil immersion in transmitted light. d Lattice with varying colored scales
on the ventral hindwing (Fig. 1b, #6). Scale bars: a-d 50 μm. e Reflectance spectra of a number of adjacent ventral hindwing scales. f Reflectance
spectra of chitinous thin films with thicknesses of 260, 280, and 300 nm
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only partly reflected and absorbed, and the transmitted
light reaching the lower lamina will be partly reflected
there and will then contribute to the total scale reflect-
ance. We find that this phenomenon is most promin-
ently the case in unpigmented scales of the ventral
hindwings of S. charonda, at least in the Japanese sub-
species S. c. charonda. In other subspecies, e.g., S. c.
coreana of Korea, the scales of the ventral hindwings are
sometimes slightly pale, yielding a less dark color. As the
wings are closed when resting, the ventral wing color-
ation presumably functions as camouflage, which may
indicate that the resting habitats of the various subspe-
cies differ. At any rate, the thickness of the lower lamina
of the scales plays an important role in the resulting
wing coloration, which is probably subject to selection
and genetic control [26, 30].
The optical principles governing the coloration of S.

charonda are generally recognizable in other nymphalid
butterflies. Very similar coloration patterns are displayed
by the related purple emperor butterflies Apatura ilia
and A. iris [1, 20, 21]. The multilayered ridges creating
the blue iridescence of the dorsal wings are similar to
those causing the strikingly blue color of Morpho
butterflies. This stacking of blue unpigmented scales
creating white wing spots has been previously recog-
nized in nymphalids where the blue scales are the result
of a blue-reflecting lower lamina. Orange-yellow and
red pigmentary colors are commonly observed in many
other nymphalids. The role of the lower lamina in pro-
viding colors other than blue, as occurs in the yellow/
greenish wings of the ventral hindwing of the emperors,
for instance, has so far remained underilluminated. We
may conclude that the male S. charonda, by applying a
wide gamut of optical techniques, clearly succeed in
donning a bright and colorful dorsal wing cover, which
is effective in courtship, and a ventral wing pattern,
which is suitable for camouflage.

Conclusions
The impressively rich wing coloration of the male Sasa-
kia charonda appears to be realized by a combination of
structural and pigmentary coloration methods, which
have been elucidated by applying various optical and
anatomical approaches. Multilayered ridges in the scales
on the dorsal wings create a striking blue iridescence.
The scales’ lower lamina, acting as a thin-film reflector,
generally plays an important role, particularly in coloring
the ventral wings. The common nymphalid pigments, 3-
OH-kynurenine and ommochrome, as well as melanin,
add to the diverse coloration palette.
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