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ChapTer 7

Papiliochrome II pigment reduces 
the angle-dependency of structural 
wing colouration in nireus group 
papilionids

aBstract

The wings of four papilionid butterfly species of the nireus group, 
Papilio bromius, P. epiphorbas, P. nireus, and P. oribazus, are 

marked by blue-green coloured bands surrounded by black margins. 
The cover scales in the coloured bands contain a violet-absorbing, 
blue-fluorescing pigment. The fluorescence and absorbance spectra 
of the nireus group wings are very similar to those of the wings of 
the Japanese Yellow Swallowtail, Papilio xuthus, and thus the 
pigment is presumably papiliochrome II. The scale structures of P. 
xuthus are arranged irregularly, and both the fluorescence and light 
reflection are diffuse. In the nireus papilionids, the scales’ spatial 
fluorescence distribution is also diffuse, but the reflection is specular. 
The scales have a multilayered structure, consisting of two main 
laminae. We show that the papiliochrome II pigment in the upper 
lamina of the scales functions as a violet-blocking long-pass filter in 
front of the lower lamina, thus limiting the reflectance spectrum to 
the blue-green wavelength range. Optical modelling showed that the 
papiliochrome II filter effectively removes the angle-dependency of 
the reflectance spectra, i.e. it reduces the wing iridescence. The 
contribution of the fluorescence signal to the visual appearance is 
minor. 

* This chapter has been published as
Wilts BD, Trzeciak TM, Vukusic P and Stavenga DG. 
Journal of Experimental Biology  215: 796-805, 2012.
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introduction

The beautiful patterns displayed by butterflies are determined by the assembly of colourful 
scales that imbricate the wings [1]. Butterfly wing scales commonly consist of two layers, 
a flat, solid basal lamina and a structured upper lamina, which are joined by pillar-like 
trabeculae [2,3]. The components of the upper lamina, i.e. the parallel ridges and the 
connecting crossribs, are often rather irregularly organized, so that in the absence of 
absorbing pigments the scattering of incident light is wavelength independent, resulting in 
a white scale colour [4-6]. 

Not all white scales are unpigmented, however; for instance, the white wings of cabbage 
butterflies contain a pterin pigment, leucopterin, which absorbs exclusively in the 
ultraviolet [7]. The spectral sensitivity of butterflies extends into the UV, and therefore 
the Whites (Pieridae) see each other as brightly coloured. The absorption of other pterins 
common in pierid butterflies, xanthopterin and erythropterin, extends into the blue and 
green wavelength ranges, respectively, and thus the wings have a yellow and orange 
or red colour [8,9]. Similarly, several Heliconius species have yellow scales due to the 
violet-absorbing 3-hydroxykynurenine (3-OHK; [5,10,11], which is the precursor of the 
ommochromes xanthommatin and dihydroxanthommatin that in turn cause orange and red 
coloured scales [10]. The pale-yellow scales of the Japanese Yellow Swallowtail, Papilio 
xuthus, and several other papilionids contain papiliochrome II, which is a combination of 
N-β-alanyldopamine and L-kynurenine [12,13]. The reddish-brown scales of papilionids 
contain papiliochrome R, which is composed of kynurenine, β-alanine and dopamine [12]. 

In all these cases the pigments act as long-pass filters, absorbing the short wavelengths, so 
that long-wavelength scattered light colours the scales and wings. A rare exception to this 
general rule are the bile pigments phorcabilin, pterobilin and sarpedobilin, which absorb 
prominently in the blue and red wavelength range, but nor in between, thus yielding blue-
green wing colours [6,14], which are found in the papilionids Papilio phorcas, Graphium 
sarpedon and a number of other Graphium species, and also by some nymphalids [15].

In addition to the pigmentary or chemical colouration, butterfly wing scales often exhibit 
structural or physical colouration. This occurs when the scale structures are arranged 
regularly with a periodicity in the nanometre range, because the structures enhance light 
reflection in specific wavelength bands and suppress the reflection at adjacent wavelengths 
by light interference [16-19]. The best studied example is that of Morpho butterflies, 
which have scale ridges elaborated into multilayers, causing a striking, metallic-blue 
colour [20,21]. Many lycaenids (Polyommatinae and Theclinae) exhibit metallic blue and 
green structural colours due to multilayers in the wing scale interior [22-24], while other 
lycaenids (e.g. Callophrys rubi) and also papilionids (Papilio sesostris) create diffuse green 
colouration with gyroid scale structures [16,25]. 

Pigmentary and structural colouration can act complementarily and/or constructively. In 
Morpho butterflies, melanin pigment below the multilayered ridges enhances the saturation 
of the colour signal, because transmitted light which potentially can be scattered back 
by the wing or other scale structures is effectively absorbed [4,26]. In pierid butterflies, 
the interference reflectors act in the wavelength range where the wing pigments strongly 
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absorb and thus create a chromatic colour signal, which increases contrast and/or visibility 
[8,9,27,28]. 

Here we investigate the interplay of pigmentary and structural colouration in four papilionid 
species, Papilio bromius, P. epiphorbas, P. nireus, and P. oribazus (note: the nomenclature 
is not unambiguous; we here follow WorldFieldGuide.com). We discovered that this group 
of papilionids apply a novel colouration mechanism, namely by tuning the structural 
colouration with a UV-absorbing pigment, acting as a spectral filter. The upper side of both 
the forewings and the hindwings of these species is marked by brilliant blue-green bands 
surrounded by black margins. The blue-green colouration is localized in cover scales [2] 
that are nanostructured in a quite complex way [29]. The scales are composed of a thin lower 
lamina and a thick upper lamina, which consists of a quasi-ordered lattice of cylindrical 
air-filled cavities. In a recent publication [30], we demonstrated how variations in the local 
structural parameters of the air cavity lattice smooth the reflectance spectrum of the scale’s 
photonic structure. In the present study we investigate the distinctly fluorescing pigment 
in the scales [29]. To unravel the spectral and spatial reflection properties of the papilionid 
scales, we apply a variety of optical methods, among others (micro)spectrophotometry, 
imaging scatterometry and fluorometry. We find that the fluorescing pigment specifically 
functions in curtailing the short-wavelength reflectance of the nireus group scales.

material and methods1

Animals
The investigated papilionids, Papilio bromius (Doubleday, 1845), P. epiphorbas (Boisduval, 1833), 
P. nireus (Linnaeus, 1758), and P. oribazus (Boisduval, 1836), were obtained from World Wide 
Butterflies (Dorset, UK). The Japanese Yellow Swallowtail, P. xuthus (Linnaeus, 1767), was obtained 
from K. Arikawa (Sokendai, Hayama, Japan).

Photography
Specimens, illuminated with a Nikon SB-800 flash, were photographed using a Canon EOS-30D 
camera equipped with an F70 macro-objective. For fluorescence pictures of the whole butterflies, the 
excitation light source was a blacklight (UV) bulb and the emission was filtered by a 465 nm high-
pass filter in front of the camera. Details of the scale arrangement on the wings were photographed 
with a Zeiss Axioskop microscope (Carl Zeiss AG, Oberkochen, Germany), applying white light 
epi-illumination and using an Olympus DP-70 digital camera. For fluorescence pictures, 365 nm 
excitation light was used and the emission was filtered by a 400 nm high-pass filter.
Fluorometry
Fluorescence excitation and emission spectra of the wings were measured with a Varian Cary Eclipse 
fluorometer (Varian Inc., Victoria, Australia). 

results

Wing colouration
The upper side of the wings of the papilionid butterfly species Papilio bromius, P. 
epiphorbas, P. nireus, and P. oribazus are marked by blue-green coloured bands, which 
differ slightly in colour hue and pattern, depending on the species (figure 1a-d, left side). 
The coloured bands appear to exhibit a distinct blue-green fluorescence when illuminated 
with ultraviolet light, indicating the presence of a short-wavelength absorbing pigment 
(figure 1a-d, right side). Because blue-green wing fluorescence has been intensively 
1  Materials and Methods are presented in more detail in Chapters 2 and 3.
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studied in a related butterfly species, Papilio xuthus, we have included this papilionid in the 
present study (figure 1e). Although the colouration of the wings of P. xuthus in reflection is 
mainly pale white-yellow, very different from the nireus group wings (figure 1e, left), the 
fluorescence signal is quite similar (figure 1e, right).

Observing the wings with an epi-illumination microscope demonstrated that the coloured 
bands consist of arrays of coloured cover scales (figure 2a). Below the cover scales, darkly 
coloured ground scales exist, which resemble the black scales of the wing margins. The 
black colour is most likely due to highly concentrated melanin. Using the fluorescence 
attachment with UV excitation light revealed that the wing fluorescence originates from the 
cover scales (figure 2b). Where the cover scales overlap, the intensity of both the reflection 
(figure 2a) and fluorescence (figure 2b) is more intense, indicating that the scales are 
somewhat transparent. 

Identification of the fluorescent pigment

To identify the fluorescing pigment of the coloured cover scales, we measured the excitation 
and emission spectra of wing patches in the coloured bands of P. xuthus, P. bromius, P. 
nireus and P. oribazus with a fluorometer, using 395 nm excitation light (figure 3a). The 
obtained emission spectra all peaked in the blue-green wavelength range, at ~480 nm, and 
had a 100-120 nm bandwidth (FWHM). The excitation spectra, obtained by using 480 nm 
as the detection wavelength, peaked in the ultraviolet, at 390-410 nm (figure 3a). Trzeciak 
et al. [30] determined the absorbance spectra of the wing scale pigments of the nireus group 
papilionids by measuring transmittance spectra of single scales. In figure 3b, we compare 
the normalized averaged absorbance spectrum of that study with the normalized averaged 
absorbance spectrum of single pale-yellow scales of P. xuthus, also obtained by measuring 
the transmittance spectrum. From the close correspondence of the spectra we infer that the 
wing scales of the nireus group papilionids and P. xuthus contain the same pigment. The 
wavelength of maximal absorbance, 393 nm, agrees well with the peak at 390-410 nm of 
the measured excitation spectra (figure 3a). 

The absorbance spectrum of the fluorescing pigment of P. xuthus, called papiliochrome II, 
measured from wing extracts peaked at ~380 nm [12]. The bathochromic shift of the 
papiliochrome II absorbance spectrum measured in situ with respect to the spectrum 
measured in vitro is most likely due to the different chemical environment of the pigment 
molecules. We therefore assume that the papiliochrome II absorbance spectrum in situ 
equals that of the extract spectrum with the 380 nm peaking absorbance band shifted by 13 
nm (figure 3b). We conclude, due to the high overlap of the excitation and absorbance 
spectra, that all papilionids of the nireus group of figure 1 contain the same pigment as P. 
xuthus, papiliochrome II. The amount of pigment in the scales differs considerably, however. 
While the peak absorbance of single scales at 393 nm for the nireus group butterflies was 
0.60 ± 0.05, the peak absorbance for P. xuthus was roughly half that value: 0.35 ± 0.03. 

Reflectance spectra of the wings
To investigate the effect of the papiliochrome II pigment on the wing appearance, we 
measured reflectance spectra from intact wings with an integrating sphere (figure 4). 
The reflectance spectrum of the pale-yellow wings of P. xuthus is low in the ultraviolet 
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Figure 1. Photographs of the upper side of the 
wings of the five investigated papilionid butterflies. 
(a) Papilio bromius. (b) P. epiphorbas. (c) P. nireus. 
(d) P. oribazus. (e) P. xuthus. The left side of each 
specimen represents an RGB image (photograph with 
white light) and the right side is a fluorescence 
photograph made with ultraviolet (<395 nm) 
illumination, with the emission filtered by a 465 nm 
high-pass filter (bar: 1 cm).

Figure 2. Light microscopy images of cover scales 
of P. oribazus. (a) White light epi-illumination reveals 
the distinctly blue reflecting scales. (b) UV excitation 
(365 nm) induced blue-green fluorescence (bar: 100 
μm).
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Figure 3. Fluorescence and absorbance spectra of papilionid wing scales. (a) Fluorescence spectra of the 
wing scales of P. xuthus, P. bromius, P. nireus and P. oribazus. The excitation spectra (dashed curves) were 
measured with at fixed detection wavelength of 480 nm, and for the emission spectra (solid curves) the excitation 
wavelength was 395 nm. (b) Normalized absorbance spectra of refractive-index-matched single scales of the 
papilionids of the nireus group (red; average of single-scale absorbance spectra in Chapter 6) and P. xuthus 
compared with the absorbance spectrum of papiliochrome II (normalized at the 380 nm peak) measured in vitro 
(black, from Umebachi, 1985). The blue curve was obtained by a 13 nm bathochromic shift of the near-UV 
band of papiliochrome II to fit the in situ spectrum.

Figure 4. Reflectance spectra of the blue-green bands in the dorsal wings of P. xuthus and the four nireus group 
papilionids and the reflectance spectrum of the black wing margin of P. nireus measured at near normal 
illumination (~8°) with an integrating sphere.
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wavelength range (except for a minor reflectance band peaking at 320 nm) and high above 
500 nm. Such a spectrum can be readily understood to result from virtually wavelength-
independent scattering filtered by the papiliochrome II pigment.

The prominent, broad valley in the range 350-420 nm and the minor valley below 300 nm 
in the reflectance spectrum of P. xuthus is also seen in the reflectance spectra of the blue-
green bands in the wings of P. bromius, P. epiphorbas, P. nireus, and P. oribazus. However, 
in the longer wavelengths the latter spectra strongly deviate from the P. xuthus spectrum. 
The reflectance spectra of the four nireus group species show a slightly asymmetric 
reflectance band peaking at about 480-510 nm, a pronounced minimum near 700 nm, and 
a rising reflectance in the long-wavelength range (figure 4). The reflectance minimum at 
~700 nm cannot be attributed to an absorbing pigment in the cover scales, because 
refractive-index-matched cover scales are transparent in the long-wavelength range (figure 
3b). The observed differences in the reflectance spectra of the nireus group papilionids and 
P. xuthus therefore must be due to the differently structured scales. 

Anatomy of the wing scales
We investigated the anatomical structure of the cover scales of the nireus group papilionids 
and P. xuthus by scanning electron microscopy (figure 5a,b). Trzeciak et al. [30] showed 
that the wing scales of the nireus group have a ~1 μm thick upper lamina situated ~1.5 
μm above a thin lower lamina (figure 5c) [29]. In top-view, the thick upper lamina of P. 
nireus shows a disordered array of ~280 nm sized air holes. The thin upper lamina of P. 
xuthus cover scales also has air holes, classically called windows, with size ~800 nm, 
significantly larger than those of the nireus group papilionids. This suggests that the distinct 
size differences of the air holes in the cover scales of the P. xuthus and the nireus group are 
related to the different reflectance spectra.

Figure 5. Scanning electron 
micrographs of P. nireus and P. xuthus 
scales, and a diagram of the nireus 
group cover scales. (a) Top view of a 
cover scale of P. nireus, showing a dense 
array of quasi-ordered air holes with an 
average hole size of ~280 nm. (b) Top 
view of a cover scale of P. xuthus with 
an average air hole size of ~800 nm 
(bars: 2 µm). (c) Diagram of a cover 
scale of the four nireus group papilionid 
species.
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Imaging scatterometry and fluorometry
To determine the spatial reflection properties of the scale structures and especially the 
spatial distribution of the fluorescent signal, we mounted small clippings of the coloured 
wing areas of each species in our imaging scatterometer. An area with a diameter of about 
100 µm, covering about three scales, was illuminated, and the resulting far-field scattering 
pattern was recorded with a digital camera. 

Figure 6A presents a scatterogram of P. epiphorbas created by about normal illumination 
of the scales with a narrow aperture (5°) white light beam. The blue-green light scattering 
appears to be very directional; its spatial distribution has a half-width of 10-15°. The scale 
optics thus approximates that of a mirror. Adjacent to the main reflection spot, in a plane 
perpendicular to the vertically oriented scales, additional spots are visible (figure 6a). The 
spatial distances of the additional spots to the central reflection maximum are ~25° and 
35-40°. For other butterfly scales similar patterns are known to be caused by diffraction 
at the grating created by the scale ridges [18]. In the cover scales of the papilionids, the 
ridge distance is d ≈ 2.5 µm (figure 5), and hence for a wavelength value λ = 500 nm the 
diffraction-grating formula λθ md =sin predicts reflection maxima at scattering angles θ 
≈11°, 24°, 37°,… for orders m = 1, 2, 3,... Clearly, the additional spots in the scatterogram 
correspond to the second and third diffraction order, respectively. The first order, at 11°, is 
screened, together with the zeroth order, by the main, 10-15° wide reflection spot that is due 
to the mirror properties of the scale.

Figure 6b shows the scatterogram of the wing scales of P. xuthus illuminated with the 
same light beam of figure 6a. The scattered pale-yellow light now fills virtually the full 
hemisphere. Presumably, the upper lamina of the P. xuthus scales, with the large, randomly 
ordered windows (figure 5b), effectively acts as a diffuser, in sharp contrast with the case 
of the nireus group papilionids (figure 6a) where the scale has small windows and acts as 
a mirror (figure 5b). 

To measure the spatial profile of the fluorescence emerging from the pigment embedded in 
the scale structure, a 400 nm narrow-band filter was inserted into the illuminating beam of 
the scatterometer and a 465 nm long-pass filter was put in front of the camera. Figure 6c 
shows the spatial distribution of the fluorescence excited in the P. epiphorbas scale. The 
fluorescence signal appears to be highly diffuse. 

The intensity distribution along a line through the centre of the scatterogram of P. xuthus 
(figure 6b) shows a profile very similar to that of a white standard and the cosine profile 
of a Lambertian diffuser (figure 6d). This demonstrates that the wing scales of P. xuthus 
indeed act as effective diffusers. The fluorescence signal of the P. epiphorbas scale (figure 
6C) appears to have a virtually identical spatial profile (figure 6d). Clearly, the spatial 
distribution of the emitted fluorescence is independent of the P. epiphorbas scale’s mirror 
properties.

The nireus group wing scales act approximately as mirrors, not only when illuminated from 
the upper side (figure 6a) but even more so when illuminated from the scale under side 
[30]. In the case of specular objects we can study the scattering properties as a function 
of incident angle with an equally simple and powerful approach, namely by using the 
scatterometer and applying wide-aperture, hemispherical illumination. For a specular 
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Figure 6. Spatial profiles of the scattering and fluorescence of the papilionids wing scales. (a) Scatterogram of 
a single wing scale of P. epiphorbas using white-light illumination, showing a single reflection spot with 
diffraction side-maxima. The glass-pipette holding the scale is visible at 9 o’clock as a black bar (see also b,c). 
Reflection spots occur at ~30°, because the scale was rotated by approx. 15° with respect to the normal to the 
scale plane in order to avoid blocking of the reflections by the glass pipette. (b) Scatterogram of a single wing 
scale of P. xuthus showing strongly diffuse scattering. (c) Spatial distribution of the fluorescence of the P. 
epiphorbas scale measured by applying 400 nm excitation light and using a 465 nm high-pass filter in front of 
the camera. (d) Spatial profiles of the scattering by the P. xuthus scales, the P. epiphorbas fluorescence, of a 
white standard (scatterogram not shown) and an ideal, Lambertian cosine diffuser. respect to the normal to the 
scale plane in order to avoid blocking of the reflections by the glass pipette. 

object, incident light will be reflected in the mirror-symmetrical direction. The nireus group 
wing scales are slightly imperfect mirrors, and therefore with wide-aperture illumination 
the reflection pattern will be a convolution of the incident light distribution and the local 
point-spread function. When the latter function is very narrow, like that of figure 6a, the 
reflection pattern will be only slightly broadened. 

In the experiments of figure 7, we illuminated single scales of P. nireus, both from the upper 
side and from the under side, using a wide-aperture white light beam. With unpolarized light, 
the upper side of the scale scatters green-yellow light more or less uniformly for all angles 
of incidence (figure 7a). The same green-yellow colour is observed in the centre of the 
scatterogram of the under side of the scale (figure 7b); that is for about normal illumination 
and reflection. With an increasing angle of illumination of the scale under side, the colour of 
the reflected light shifts to shorter wavelengths (figure 7b). The under side shows iridescent 
properties indicating that the scale’s thin lower lamina acts as a thin film or multilayer.The 
reflectance peak wavelength and amplitude of a thin film/multilayer depends on the angle of 
incidence (and reflection). The angle dependence of the amplitude also strongly depends on 
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the degree of polarization (see also Chapter 4). We therefore investigated the polarization 
dependence of the scattered/reflected light by inserting a horizontally polarizing filter into 
the illumination beam (figure 7c,d), causing TE-(Transverse Electric, or s-) polarized light 
along the vertical plane and TM-(Transverse Magnetic, or p-) polarized light along the 
horizontal plane of the scatterograms. The resulting scatterogram of the scale upper side 
had virtually the same colour for all angles of light incidence and reflection (figure 7c). 
However, for an increasing angle of incidence the scatterogram of the under side showed a 
strong blue-shift of the TE-reflected light and a strong decrease in reflected TM-polarized 
light.

It is well-known for thin films and multilayers that TM-polarized light becomes extinct at 
a certain illumination angle, the generalized Brewster angle (see Chapter 4). The 
scatterograms of figure 7c,d show a strong polarization dependence of the reflected light 
only with illumination from the under side but not from the upper side, which means that 
the upper lamina of the P. nireus scale must act as a depolarizer.

Angle- and polarization-dependent reflectance spectra
In a more detailed angle- and polarization-dependent analysis of the reflectance of the 
whole wing, we measured the angle-dependent reflectance of blue-green wing areas of P. 
epiphorbas with a setup consisting of two rotating optical fibres. The wings were positioned 
in the rotation centre of two goniometers and were illuminated with focused white light 
from the fibre on one goniometer. The second fibre, on the other goniometer, equipped with 
a polarizer, collected the reflected light [28,32]. We varied the angle of illumination in steps 
of 5° in the range of -70° to 70°. Simultaneously we changed the angle of detection of the 
Figure 7. Imaging scatterometry of the upper side and the under side of a single scale of P. nireus 
applying a non-polarized and polarized wide-aperture, white light beam. (a) Illumination of the upper 
side of the scale with unpolarized light yields a scatterogram with a virtually uniform distribution of 
yellow-green light. (b) Illumination 
of the under side, also with 
unpolarized light, shows a distinct 
angle-dependence of the colour of 
the scattered light. For small angles 
of incidence green-yellow light is 
reflected, and for large angles of 
incidence the reflection is bluish. (c) 
Illumination of the upper side with 
horizontally (linear-) polarized light 
results again in a more or less diffuse 
pattern. (d) Upon illumination of the 
under side at large angles of 
incidence (~60°) with horizontally 
polarized light, TE-polarized light is 
strongly reflected, but the reflection 
of TM-polarized light is minimal. 
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measurement fibre symmetrically with respect to the normal at the wing surface. Figures 
8a,b show the resulting angle-dependent reflectance spectra for TE- and TM-polarized light. 
With about normal illumination, the reflectance spectra peaked at ~490 nm (figure 8c), and 
this value slightly decreased with increasing angle of incidence. For angles above 60° the 
clear peak in the blue-green wavelength range vanished. The peak amplitude changed by 
no more than a factor of 2 with increasing angle of incidence (figure 8d). For increasing 
angles, the side band observable at >750 nm rapidly increased. The angle-dependence of 
the peak wavelength and the peak amplitude was more or less symmetrical around an angle 
of incidence of ~20°, indicating an angle of ~10° between the plane of the wing and the 
scales. The 10° curves in figure 8a,b therefore represent about normal illumination of the 
scales. 

discussion

Fluorescent pigments in papilionid butterflies

We investigated the wing colouration of four similarly coloured papilionid butterfly species 
of the nireus group. The upper side of the forewing and hindwing of the investigated 
butterflies all had prominently coloured bands due to a dense lattice of blue-green cover 
scales. The scales exhibited a distinct fluorescence, revealing the presence of a strongly 
UV-violet absorbing pigment. Its absorbance maximum was determined to be 393 nm. 
The fluorescence spectra appeared to be very similar to those of the extensively studied 
Japanese Yellow Swallowtail, Papilio xuthus (figure 3). In this butterfly the fluorescing 
pigment was demonstrated to be papiliochrome II, a combination of N-β-alanyldopamine 
and L-kynurenine, which is a characteristic fluorescent pigment for papilionid butterflies, 
as it is also found in, for instance, P. demoleus, P. protenor and P. dardanus [12,13]. The 
maximal excitation and emission wavelengths of papiliochrome II are about 390 nm 
and 470 nm, respectively [33,34]. Thus, based on the very close correspondence of the 
fluorescence spectra of the pigment encountered in the wings of P. xuthus and the other 
four papilionid species, we concluded that papiliochrome II is the fluorescent pigment of 
the studied species. We have considered that the wing scales of the Postman, Heliconius 
erato, and related heliconiine butterflies have yellow-coloured wing scales, similar to those 
of P. xuthus. The pigment in Heliconius is 3-hydroxy-DL-kynurenine [5,10,11], and its 
absorption spectrum and fluorescence properties roughly resemble those of papiliochrome 
II [5,35]. However, measurements on a few Heliconius species (unpublished) showed that 
the reflectance spectra and the fluorescence intensity deviate noticeably from those of P. 
xuthus, and we therefore conclude that kynurenine derivatives other than papiliochrome II 
do not contribute to the colouration of the investigated papilionids. 

Structural colouration
Contrary to P. xuthus, the wing areas of the investigated papilionids with papiliochrome II 
are not pale-yellow but blue-green. Imaging scatterometry showed that both the fluorescence 
and the reflection of the scales of P. xuthus are diffuse, i.e. the spatial distribution of the 
fluorescence and scattering is Lambertian (figure 6). The scales of the four papilionids of 
the nireus group also fluoresce diffusely, but the reflection is instead strongly directional, 
indicating that the reflection properties of the scales are approximately specular. 
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Anatomical investigations have shown that the scales are composed of two main layers, 
a lower lamina and an upper lamina [29,30,36]. The lower lamina is a 200 nm thin film 
structure [29]. The upper lamina, with a layer thickness of about 1 μm, consists of small 
cylindrical air cavities in a cuticular medium. The diameter of the cavities is ~200 nm, 
and the average distance between the cylinder axes is ~300 nm (compare ref. [30]). The 
air gap between the upper and lower lamina is about 1.5 μm. The anatomy thus suggests 
that the scale structure can be treated as a multilayer. Theoretical modelling indicated that 
the experimental reflectance spectra are the average of local spectra for multilayers with 
slightly different structural parameters, and that the average spectrum approximates the 
spectrum of a thin film reflector with a frontal filter [30].

Modelling

To improve our insight into the measured polarization- and angle-dependence of the scale 
reflectance spectra, we have calculated reflectance spectra for a thin film with refractive 
index 1.56 and thickness 200 nm [20]. The effect of the papiliochrome II pigment, which 
mainly acts as a frontal long-pass filter (see [30]), is assessed by modelling the scale’s 
photonic response without and with the frontal filter.
The non-filtered thin film has a broad reflectance spectrum, which shifts towards shorter 
wavelengths when the angle of illumination increases (figure 9a,b). The amplitude of the 

Figure 8. Angle- and polarization-dependent reflectance measurements of a blue-green wing area of P. 
epiphorbas. (a,b) Reflectance spectra for TE- and TM- polarized light as a function of the angle of light 
incidence, measured in steps of 5°. (c,d) Angle dependence of the peak wavelength and peak reflectance. 
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Figure 9. Modeling of the angle- and polarization-dependent reflectance of a 200 nm thin film of chitin. An 
absorbing filter, based on the absorbance of papiliochrome II (figure 3B) was modeled in front of the thin film. 
(a,b) Reflectance spectra calculated in steps of 10° for incident light with TE- and TM-polarization in absence 
of the filter, respectively. A strong peak and polarization-dependency is seen. (c,d) Reflectance spectra calculated 
in the presence of a frontal absorbing filter with an optical density 1.87 at 390 nm. The peak wavelength shift 
is now masked by the absorption of the pigment and a stable peak arises. (e,f) Angle- and polarization-
dependency of the peak wavelength and the peak reflectance. The presence of the absorbing filter suppresses 
the polarization- and angle-dependency intrinsic to the structure.  

reflectance spectra for TE-polarized light increases with increasing angle of incidence, 
but the amplitude of the spectra for TM-polarized light decreases for the shown angles of 
incidence (from 0° to 60°). 

The reflectance spectra of the filtered thin film show a somewhat different angle dependence. 
A narrow reflectance band, peaking around 470 nm, decreases in amplitude and wavelength 
when the angle of incidence increases, for both TE- and TM-polarized light (figure 9c,d). 
In the case of TE-polarized light, the long-wavelength reflectance band becomes more 
prominent with increasing angle of incidence (figure 9c). At angles above 70° (not shown), 
the blue-green peak diminishes and the long-wavelength side band becomes more 
prominent.

The filtering severely affects the reflectance peak wavelength (figure 9e). With normal 
illumination of the non-filtered layer, the peak wavelength is ~400 nm. This value decreases 
with increasing angle of incidence towards 300 nm. In the presence of the pigment filter, 
the peak wavelength is strongly shifted to longer wavelengths. For normal illumination the 
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peak wavelength is ~470 nm. This value only slightly decreases when the angle of incidence 
increases, leveling at ~455 nm for angles above 40°.

The filtering also affects the reflectance amplitude (figure 9f). Without the pigment filter, 
the amplitude of the TE-spectra increases with an increasing angle of incidence, but the 
amplitude of the TM-spectra decreases until the generalized Brewster angle (θB ≈ 60°); 
above this angle the amplitude increases. With the pigment filter in place, the amplitude of 
the TE-spectra remains virtually constant for angles of incidence up to ~40°, but the angle 
dependence of the amplitude of the TM-spectra is more prominent. A broad reflectance 
minimum occurs at ~60°. 

The modelled reflectance spectra (figure 9) are qualitatively in good agreement with the 
scatterometry (figure 7c,d) and the measured spectra (figure 8a,b). The filter strongly 
suppresses the shift in the reflectance peak wavelength, characteristically occurring when 
thin films or multilayers are illuminated from different angles, and thus the filter suppresses 
the scale iridescence. The absorption of the pigment filter reduces the reflectance for normal 
illumination by no more than a factor of ~2 (figure 9f). We conclude that the pigment in the 
upper lamina of the wing scales of the nireus group papilionids functions to achieve a more 
or less angle- and polarization-independent signal. 

Contribution of the fluorescence
Recently, Vukusic and Hooper [29] hypothesized that the fluorescence of wing scales is 
responsible for the directional colouration of butterflies. The scatterometry data presented 
here demonstrate, however, that only the back-scattering is very directional and that 
the fluorescent spatial signal behaves like that of an ideal Lambertian diffuser. We have 
assessed the contribution of the fluorescence emission to the reflectance peak by measuring 
the reflectance with an integrating sphere in two ways, namely without and with a long-
pass filter inserted between the xenon lamp and the illumination fibre. A filter with a cut-off 
wavelength of 465 nm was chosen so to block the excitation of fluorescence by short-
wavelength light. The fluorescence contribution appeared to be minor, about 3-5%. The 
emission of a xenon light source approximates that of daylight, and we therefore conclude 
that in natural conditions the contribution of the fluorescence to visual signalling compared 
to the reflection is negligible, and that the principal function of the fluorescent pigment is to 
act as a light absorber. Yet, wings illuminated with a bright and very directional light source 
(for instance, the sun), will emit fluorescent light in all directions, mostly differing from the 
direction of the reflected light. In such cases the fluorescence may enhance the visibility of 
the butterflies (see [37]).

Patterning of the wing
In the investigated papilionids, the blue-green coloured wing areas are framed by black wing 
areas. The reflectance spectrum of the margin of P. nireus, measured with an integrating 
sphere, is shown in figure 4. The scales in the black marginal areas are structured similar 
to the extremely black scales of the Blue Mountain Swallowtail, P. ulysses. The blackness 
of the latter scales is principally due to a high concentration of melanin pigment but the 
structuring of the scale enhances the black appearance [38]. As we have shown above, 
the colour of the green wing areas of the papilionids of the nireus group is nearly angle-
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independent. Therefore, the framing of the structurally coloured green wing areas with the 
deep-black margins will create an angle-independent, stable pattern contrast.

Concluding remarks

This study of the nireus group of papilionids has revealed a novel technique to create 
roughly angle- and polarization-independent blue-green wing colouration. Iridescence 
suppression in papilionids has been discussed before in the context of morphological 
changes [39]. Here, the highly angle- and polarization-dependent reflectance of the scales’ 
photonic structure is reduced by a strongly absorbing frontal filter. 

So far, a number of methods have been discovered that produce a green wing colouration. 
This is achieved, for instance, with sculpted multilayers in P. palinurus and P. blumei scales 
[40,41], with perforated multilayers in lycaenids [24], or with gyroid 3D-photonic crystals 
in the lycaenid Callophrys rubi and the papilionid Parides sesostris [25,42]. Butterflies can 
clearly employ a rich variety of optical tools to tune their colours.
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