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Thesis Abstract
Vision, body colouration and the visual environment of  an animal may be 
tuned to each other. This thesis aims at connecting the three entities by 
studying insect vision, physiological optics of  butterfly eyes and optics of  
butterfly wing colouration. 

Vision is an imaging sense, used for finding food, avoiding predators, seeing 
mates and rivals. Many insects detect colour and polarisation of  light. Body 
colouration may serve to conceal or reveal, or to communicate territoriality 
and gene quality. Butterfly wing patterns are formed by coloured scales. 
Colouration is due to pigments and due to periodic chitin structures.

First, we study the physiology of  light sensing in the fruitfly (Drosophila 
melanogaster). We show that the ratio of  the visual pigment rhodopsin to the 
controlling protein arrestin impacts the dynamic range of  phototransduction. 

Second, we study the physiological optics of  the eye of  the Clouded Yellow 
butterfly (Colias erate). We describe three types of  red pigment-lined rhabdoms. 
We classify the photoreceptors into nine classes with sensitivities peaking 
from ultraviolet to the far red. The expanded set may be used for colour 
vision in intraspecific interactions, foraging or host-plant identification. 

Third, we study the optics of  wings in purple-coloured, iridescent males from 
Coliadinae and Colotis groups (Pieridae). We relate the multilayer structure in 
the scales to the reflectance spectra. We measure the scattering patterns of  
single scales and wing patches with an imaging scatterometer. Scale curvature 
determines the spatial extent of  the iridescence patterns, which may influence 
the visibility of  the colouration signal.
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Avant-propos
This book is about physiology of  vision, about 
physiological optics of  the butterfly eye and about 
the optics of  butterfly wings. 

A big part of  this book has been seeded during 
my stay in Hayama. I remember seeing a poster 
there, with four kanji 生理光学. They stand for 
physiological optics. Physiology (seiri) consists of  
natural, live, raw, fresh 生 (nama) and general 
principle, logic 理 (ri). Optics (kougaku) consists 
of  light 光 (hikari) and knowledge, learning 学 
(gaku). The kanji for knowledge, 学, is based on 
an older kanji 學, showng a child 子 under the 
roof  of  a house where good manners xx are 
being embraced with both hands. University, 
not unexpectedly and historically correctly, is big 
knowledge 大学 (daigaku). Incidentally, the fourth 
and the first kanji of  physiological optics together 
represent a student 学生 (gakusei) – thus fresh 
knowledge. I sincerely hope that some of  it can be 
found on these pages.

I start the book with a general introduction 
which is divided into two parts: the eye and the 
wing. The general introduction should serve a 
non-specialist to understand better the (fresh) 
knowledge given in six core chapters. Each of  
the core chapters contains its own, more 
specialized introduction.

The first core chapter is about the physiology of  
phototransduction (light detection) in the light 
sensing cells – the photoreceptors – of  the fruitfly, 
Drosophila melanogaster. We describe the interplay 
between the light sensing protein, rhodopsin, and 
a controlling protein, arrestin, and the way how 
their concentrations determine the sensitivity of  
the photoreceptor. 

The next two chapters are dealing with the 
physiological optics of  the Eastern Pale Clouded 
Yellow Butterfly, Colias erate. First, we study the 
ultrastructure of  its compound eye, and describe 
three types of  elementary units of  the eye, the 
ommatidia, which use a red screening pigment to 
modify the spectral sensitivities of  the 
photoreceptors. Using intracellular electro-
physiological methods, we describe nine 
photoreceptor classes and their spectral and 
polarisation sensitivities. We show that the red 

screening pigment makes the inner layer of  
photoreceptors to see far into the red part of  
the spectrum. In fact, the spectral shift would be 
the largest found so far in insects.

In the following three chapters we are studying 
the optics of  the colouration of  a few iridescent 
pierid butterflies from the Colias and Colotis 
groups, where pigmentary colour is combined 
with structural colour that together provide 
purple colouration. We use scanning electron 
microscopy (SEM) and integrating sphere spectrometry 
to describe the ultrastructure of  their scales, and 
correlate the reflectance spectra with the 
structure. We describe an instrument, tailored 
for studies of  spatial and spectral patterns of  
colouration. The instrument, an imaging scatterometer 
(ISM), built around an ellipsoidal mirror, is 
being used for measuring spatial radiation 
patterns of  materials. We use the ISM, along 
with a more conventional goniometric device, 
the angle-dependent reflectance measurement 
setup (ARM) to characterize the angular 
dependency of  reflections from the iridescent 
wings. We find that the scale curvature influences 
greatly the spatial scattering pattern of  the 
iridescence reflections. 

I round up the book with an essay, which is not 
directly related to the core chapters, but is 
dealing broadly with imaging senses. In the short 
general discussion, I am briefly touching the 
field of  visual ecology, linking vision, colouration 
and the environment. 

New insights into the relations between colour, 
vision, ecology, behaviour, sexual selection, and 
evolution are emerging from combining 
colouration and vision studies. By taking 
advantage of  the diversity of  species and 
environments, using a diverse set of  experimental 
tools and being well aware of  the physics behind 
it, this may become integrative biology at its best. 
This book is not quite there, yet I do hope that 
it shows a valid direction to how integrative 
biology of  colouration could be studied.

Primož Pirih
Groningen, February 2011
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Chapter 1

General introduction

This chapter consists of  two parts. The first part is about insect vision. We 
describe phototransduction and the roles of  rhodopsin and arrestin in it. 
Then, we briefly describe the optics of  the apposition and superposition 
compound eye. We continue with the fly’s and butterfly’s eye and finish with a 
short primer on colour vision. 

The second part is about butterfly wing colouration. We start with the 
ecological significance of  colouration patterns. We describe the basic anatomy 
of  the wing scale and present two sources of  colours: pigments and structures. 
(photonic crystals, multilayers). We introduce the concept of  the far field 
scattering pattern, i.e. the spatial colouration pattern. We round up with the 
implications of  combined pigmentary and structural colouration. 

The eye
An eye is a sensory organ which preserves the directionality of  the light coming from the environment 
– it is an imaging device. An imaging device consists of  an array of  sensors and an image-forming 
optical system. There are two principal types of  eyes: simple eyes and compound eyes. A simple (single-
chambered or camera-type) eye consists of  a single optical system (a pinhole and/or a lens) that 
serves the whole photoreceptor array. In a compound eye, the sensor array is broken into units – the 
ommatidia, each having its own optical system and a few photoreceptors. Compound eyes are found 
in two big groups of  invertebrates – insects and crustaceans.

Phototransduction
Photoreceptor cells contain light-sensitive molecules. The most important light-sensitive molecule 
used by animals is rhodopsin – a membrane-bound protein opsin which engulfs a prosthetic group 
– a retinal pigment, related to vitamin A. There are two basic cell-biological types of  photoreceptors 
– ciliary and microvillar (rhabdomeric) photoreceptors. Vertebrates possess the former and 
invertebrates possess the latter. We here focus on the rhabdomeric photoreceptors of  insects.

The photosensitive part of  the photoreceptor is the rhabdomere, composed of  tens of  thousands 
elementary phototransduction units, microvilli, which contain the biochemical machinery of  the 
transduction chain. There is about a thousand visual pigment molecules in the membrane of  each 
microvillus. By absorbing photons, the visual pigment molecules flip between the two stable forms 
called rhodopsin and metarhodopsin. 

When a rhodopsin catches a photon, it changes into active metarhodopsin, activating a biochemical 
chain which leads to opening of  membrane channels and to the onset of  a small membrane 
depolarisation – a quantum bump. When multiple photons hit the photoreceptor, the bumps are 
being summed up, resulting in a graded electrical signal, proportional to the light flux entering the 
ommatidium. In the volume of  each microvillus, there are also a few hundred arrestin molecules, 
which serve to stop the phototransduction process and the depolarisation. If  the number of  arrestin 
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molecules is smaller than the number of  metarhodopsins, the electrical signal induced by light will 
continue even in the darkness as a spurious afterpotential. 

The most important property of  a photoreceptor, its spectral sensitivity, is mainly determined by the 
absorbance spectrum of  the visual pigment that is expressed in the photoreceptor. There are three 
groups of  insect visual pigments based on the peak sensitivity of  the rhodopsin: the ultra-violet 
sensitive class, the violet/blue sensitive class and the green class. The peak absorbance of  the 
metarhodopsin is for all three classes in the blue range. A special case is the higher Diptera (flies) 
which have evolved a special, blue-green rhodopsin with an orange-peaking metarhodopsin. 

We study the afterpotentials and the interplay of  fly blue-green rhodopsin, its orange metarhodopsin 
and the arrestin in Chapter 2.

The optics of the photoreceptor and the eye
The two other most important characteristics of  a photoreceptor are its angle of  acceptance and its 
absolute sensitivity. These characteristics are interrelated. The absolute sensitivity is proportional to 
the acceptance angle (the divergence angle of  the bundle of  rays that are able to enter the 
ommatidium) and to the entrance pupil (approximately the area of  the corneal lens). The acceptance 
angle of  an insect photoreceptor is determined by both the diffraction optics of  the lens and the 
wave-guide optics of  the rhabdom, and is between 0.5° and 5°. A photoreceptor with 1° acceptance 
angle receiving light via a facet lens with diameter 20 μm absorbs about 107 photons/s when looking 
into a white diffuse reflector on a bright sunny day. 

The ommatidia are multiplied into a faceted array that forms the compound eye. For optimal 
sampling, the interommatidial angle should be matched to the acceptance angle of  its photoreceptors. 
In reality, eyes are often oversampling (the angle between the receptors is smaller than their 
acceptance angle). Generally, both for simple and compound eyes, it holds that the bigger the eye, 
the more sensitive and accurate it can be; but in order to reach the same acuity as with a simple eye, 
the compound eye would need to be much bigger. Compound eyes are therefore an option only at 
minute sizes. They do have an important advantage: the field of  view of  the whole compound eye 
can easily be more than a full hemisphere, while camera eyes are usually limited to much smaller 
angles. Like our own camera-type eyes with their foveal acute zones, insect eyes are often regionalised: 
they have acute regions with smaller interommatidial angles, most often looking forward, upward or 
along the horizon. The ommatidia in acute zones have bigger facets with smaller acceptance angles. 
This comes at the expense of  reduced peripheral acuity, but this is for instance not critical when the 
insect is flying, because of  motion blur. 

Apposition and superposition
There are two main optical designs of  the insect compound eye: the apposition and the refracting 
superposition eye. In the apposition eye the ommatidia are optically isolated from each other by cells 
containing dark pigments, so that each ommatidium works as a separate unit with its own optical 
system and photosensitive part. This eye type can be very accurate, but it has an inherent low 
sensitivity due to the small entrance pupil of  individual ommatidia. This design flaw has been 
bypassed in the refracting superposition eye, which may be considered as a powerful tweak of  the 
basic apposition design, optimised for darker environments. There, the pigment-based optical 
isolation between the ommatidia has been lost, allowing the optics of  several ommatidia to work as 
an array of  small telescopes (refractors), relaying the light flux to the rhabdom, thus increasing the 
effective entrance pupil of  each photoreceptor. The acuity may be somewhat sacrificed for a 
substantial increase in sensitivity of  up to a few hundred times. 
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Fly’s eye
Flies (Diptera) have tweaked the apposition eye design by developing neural superposition. Their 
optical system is focal and their rhabdom is open, the rhabdomeres of  individual photoreceptor cells 
are sparse and act as separate wave-guides. This way, each ommatidium has six principal 
photoreceptors, each looking into a slightly different direction. Remarkably, the axons of  these 
photoreceptors are specially wired, so that the electrical signals from photoreceptors located in six 
adjacent ommatidia, but looking in the same direction, are added together. This increases the 
effective sensitivity by a factor of  six at no expense to the resolution. 

Butterfly’s eye
Within the Lepidoptera, moths are evolutionarily older than the butterflies. Moths, as most nocturnal 
insects, have refracting superposition eyes. The trachea below the photoreceptors, which primarily 
serve to bring oxygen to them, have formed a multi-layered tapetum which reflects the light that 
passed the layer of  photoreceptors. There is another absorption chance which can to some extent 
increase the absolute sensitivity of  the photoreceptor. Some of  the reflected light leaves the eye and 
can be appreciated as the eye-shine. 

A branch of  moths evolved into diurnal butterflies. Apart from the skippers (Hesperidae), which 
still retain the refracting superposition eye, all other butterflies possess a compound eye of  the afocal 
apposition design. Butterfly ommatidia are optically isolated from each other, but they have inherited 
the telescopic optics and a tapetum. Due to these two features, an apposition eye-shine can readily 
be observed in most butterfly families. In many species, dorso-ventral regionalisation with a subset 
of  ommatidia containing red screening pigments, can be inferred from the eye-shine.

We observe the ultrastructure of  the rhabdom and the regionalisation of  the eye-shine of  the 
Eastern Clouded Yellow butterfly in Chapter 3.

The Great Banded Grayling Brintesia circe looking at a rectangular grid. The eyeshine at different optical 
levels (top-left: deep pseudopil; centre image: corneal level; bottom-right: far field)
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Colour vision
The basis for colour detection is a set of  (at least two) photoreceptors with different spectral 
sensitivities. According to Kelber and Osorio (2009), there are different levels of  colour detection. 
The simplest level of  colour detection is colour-guided phototaxis. The second level entails spatial 
vision, emergence of  colour spaces (di-, tri-, tetrachromacy), colour constancy and innate preference 
for certain colours, resulting in colour-specific behaviour. The third level which includes the ability of  
learning, has been named true colour vision. So far, true colour vision in insects has been proven for 
foraging behaviour in honeybees (trichromats) and in swallowtail butterflies (tetrachromats). The 
fourth level of  colour detection, categorisation (hue classes, saturation classes), so apparent in 
humans, has been also shown to exist in birds. 

A standard example of  insect vision is that of  a trichromatic honeybee. Some insects, on the other 
hand, have extensive monochromatic eye regions, e.g. the neuropteran owlfly. While some butterflies 
are also trichromatic (e.g. Nymphalini), several groups seem to have evolved more complex, 
multichromatic vision. This has been achieved by several means, for instance by increasing the 
number of  rhodopsin genes, by co-expressing two rhodopsins in a single photoreceptor cell, by 
filtering with distal and rhabdomal screening pigments. The resulting spectral sensitivities can be 
very different from the broad-peaked absorption spectra of  rhodopsins. The sensitivity spectra can 
either become wider or narrower, or two-peaked. 

The range of  colour vision (that is, where the animal can discriminate the hues) is a subset of  the 
overall range of  visible wavelengths. The range of  colour vision in the honeybee is between mid-UV 
and yellow, 350 to 550 nm. The range of  visible wavelengths is between 300 and 650 nm. In some 
butterflies, using red screening pigments, the visible range has been extended to about 700 nm. 
Somewhat counter-intuitively, the extension of  the visible range into the red may be less related to 
seeing red flowers than to discriminating the shades of  green, as it appears that many insects that are 
laying eggs on fresh plants, have red receptors.

In Chapter 4, we use electrophysiological methods to study the spectral sensitivities in the 
photoreceptors of  the eye of  the Eastern Clouded Yellow butterfly. We describe an expanded set of  
nine photoreceptor classes which presumably form the basis of  colour vision.

The wing
The primary function of  the two pairs of  insect wings is to make the insect airworthy. In some insect 
groups, the wings have also taken other functions: in beetles and true bugs, for instance the fore-
wings are hardened to serve as a mechanic protection. In beetles, damselflies, dragonflies and 
butterflies, the wings may be prominently patterned. 

The coloured patterns on butterfly wings may go from very simple, uniformly coloured, to very 
complex, e.g. with spots, eyes, veins, tips or edges of  differing colours. Very often, the two wing sides 
may have a very different patterning: in the familiar European Peacock Butterfly (Inachis io), for 
instance, the lower side is for camouflaging and the upper is for scaring the predators away. In the 
owl butterfly (Caligo memnon), the upper side is blue, probably for intra-specific signalling, while the 
lower side pattern looks like the eye of  an owl, functioning as a scare. A similar situation with a blue 
upper side of  the wing and an eye-patterned underside exists in the notoriously flashy butterflies of  
the genus Morpho. The colour wing patterns may serve different forms of  mimicry, either to conceal 
(camouflage) or to reveal – to send a deterrent to the potential predators (causing direct scare, or 
signalling unpalatability or toxicity).
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The colour patterns are sometimes shared within several species in a ring of  mimicry. The more 
obvious function of  the colour wing patterns, however, is to serve intra-specific signalling. The patterns 
may be involved in species recognition, gender recognition, distance signalling or territoriality. Wing 
colour patterns may also serve as an honest signal of  the individual’s genetic and physiological state. 

Here is an account on how complicated ecology may get: in morphos, the under-wing eye pattern 
may function as a scare, the upper wing blue may serve as a recognition pattern and as an honest 
signal of  genetic and physiological health. As a distance signal, the blue flash may be involved in 
territoriality. Further, it is possible that morphos share a ring of  mimicry, where the blue colour 
signals to predatory birds that these butterflies fly too well and too erratically to be worth of  hunting 
effort, or that the blue flashes are confusing. 

The butterfly wing scale anatomy
The anatomical structure that underlies an individual pixel of  the butterfly wing pattern, is the wing 
scale, typically 150 μm long, 50 μm wide and up to a few micrometer thick. In the typical case, there 
are two layers of  scales on each side of  the wings – the cover scales and the ground scales. A scale 
is a dead cell, mainly made out of  chitin, a polymer of  acetylglucosamine. Very commonly, a significant 
addition to the chemical composition of  the scale are pigments, such as papiliochromes, ommochromes, 
pterins and melanins. These pigments are the basis of  chemical colouration.

A scale consists of  the upper and the lower lamina and the space between. The scale may be straight 
or curved. While the lower lamina is usually a continuous layer, the upper lamina may be perforated 
and elaborated. The outstanding feature of  the upper lamina are the ridges which run along the 
length of  the scale, typically about 2 μm apart. The ridges are usually connected with cross-ribs, 
typically about 1 μm apart. The windows between the cross-ribs may be more or less closed with a 
thin lamina. The two laminae are connected with pillars. 

A simple scale described above will reflect only a small portion of  incident light. In reality, most of  
the butterfly scales are doing remarkably well in being opaque and coloured, given their thinness. In 
order to achieve efficient colouration, the basic scale structure is elaborated with structures that 
reflect the light wave. The dimensions of  these structures may be well below the wavelength of  light 
and they may be quasi-periodic or random. Such structures are the basis of  physical colouration.

Two physical phenomena involved in the creation of  chemical and physical colour are absorption and 
scattering. In order to create colour (that is, a colour other than white or black), they must be wavelength-
dependent in the visual range. 

Physical or structural colouration
Physical colouration is due to scattering. The material basis for it are quasi-periodic structures – 
multilayers and photonic crystals. The difference between the two is that the former are periodic in one 
spatial dimension while the latter are periodic in two or three spatial dimensions. The characteristic 
wavelength of  physical colouration is related to the periodicity of  the structure, to the filling factor 
and the refractive index of  the material. Roughly, the periodicity of  chitin multilayers in butterfly 
wings is between 50 and 150 nm.

In the case of  morphos and pierid butterflies, structural colour is due to the multi-layered structure 
formed by stacks of  lamellae of  the ridges. In this case, a point light source will not be reflected 
specularly, but will be dispersed into a line, due to the fact that the multilayer structure has periodicity 
in the vertical dimension, continuity in one spatial dimension (along the ridges) and discontinuity in 
the other. The characteristic wavelength of  the multilayer reflections is in the case of  pierids usually 
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The Purple Spotted Swallowtail Graphium weiskei illuminated from above (top) and from below (bottom).
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Colotis regina
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in the UV and in the case of  morphos in the blue. The peak wavelength of  reflections depends 
heavily on the direction of  illumination and viewing. This dependence is a hallmark of  iridescence. 

In the case of  some lycaenids (and some other groups), the lumen of  the scale contains domains 
with a regular chitin lattice that form a three-dimensional photonic crystal. The resulting structural 
colouration does not noticeably change with the angle of  illumination. Possibly, the evolution has in 
this case been driven towards a constant colour. 

Strictly speaking, the term structural colouration is interchangeable with iridescence only when the colour 
(hue, peak wavelength) of  the reflection changes with the angle of  illumination and observation, but 
in practice, the two terms are often used as synonyms. 

Chemical or pigmentary colouration 
Chemical colouration is due to absorption. The two main pigment groups in pierid butterflies are 
brown-black melanins and nitrogen-rich organic compounds, the pterins (leucopterin, xanthopterin 
and erythropterin). These pigments act mostly as long-pass (long-wavelength passing) filters, 
producing white (UV-absorbing), yellow, orange and red colours. The corresponding main absorption 
peaks of  the pigments lie in the UV, blue, green and yellow wavelength range. The cut-on wavelength 
of  such a long-pass filter will be modulated by the effective concentration of  the pigment. 

Pterin pigments are in the case of  pierid butterfly scales deposited in small pigment granules in the 
lamina. This non-periodic structure enhances chemical colouration by extending the optical path 
through the scale due to scattering, greatly increasing the absorption efficiency of  the pigment in the 
scale.

We study the anatomy and colouration of  single scales of  selected iridescent pierid butterflies in 
Chapter 5.

Angle-dependent reflectance: the far-field
From the aspect of  a con-specific, the information may be held in the pattern of  stripes, eyes, veins. 
This is the near-field pattern. The following properties of  the wing pattern must be considered as 
potentially containing information: reflectance spectrum, polarisation, diffuseness or specularity, 
iridescence. 

When all the colours on the wing are diffuse, reflections are unpolarized and the direction of  viewing 
will not play a role. The information is contained solely in the reflectance spectra. This is very 
different when parts of  the wing patterns are specular or iridescent: the direction of  illumination 
and viewing then plays a major role. In order to describe the property of  a patch of  the wing, we 
must describe its far-field scattering pattern, i.e. the angular distribution of  reflectance. The near-field 
and the far-field patterns can be compared with photographs of  a bicycle torch and the wall being 
illuminated by the torch from afar. 

The scattering properties of  a material can be described with the bidirectional reflectance distribution 
function (BRDF), which has three parameters: the wavelength, the illuminant direction, the observation 
direction (spatial angles in the whole hemisphere). Measuring and using BRDFs is important for 
computer graphics and chemical industries. It is an extremely laborious process producing an 
avalanche of  data. The function may become even more complex, when polarisation, material 
translucency or object shape play a role. Luckily, with butterfly wings, at least the latter of  the three 
may be neglected. Sometimes, additional simplifications are possible, if  some symmetry or isotropy 
can be assumed.
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The most straight-forward, but also the most laborious way of  measuring the whole far-field 
scattering pattern is to use a double goniometer, where the illuminant and the spectrometer probe 
direction may be adjusted. The other possible way is to image the far-field scattering pattern (the 
angular distribution of  light reflected from a patch of  material) instead of  the near-field (i.e., 
focussing on the object surface). In an optical system, switching between the near-field and the far-
field may employ just a single lens change, e.g. inserting the Bertrand lens in a compound microscope. 
Indeed, a modified microscope can be used to document the far-field scattering pattern of  a material; 
however, the limitation of  such a system based on refracting optics will be the numerical aperture. 
It is impossible to document the whole scattering hemisphere with such a system. In order to 
overcome this limitation, we have developed a scatterometer based around an ellipsoidal mirror.

We describe the imaging scatterometer in Chapter 6.

The two colourations combined
In butterflies, pigments are involved in most of  the yellow, orange, red and brown-black colours (i.e. 
when there are only substantial reflections in the long wavelength range), while most of  the short-
wavelength reflections are due to structural colouration. While chemical colouration mostly produces 
angle-independent and non-polarized colouration, often very close to that of  an ideal Lambertian 
diffuser, structural colouration may produce reflections ranging from diffuse to specular, with 
distinct polarization or iridescence (angle-dependent change of  colour).

Structural and chemical colouration are often co-localised and work together to produce the desired 
colour. Iridescence may be emphasized by a dark-brown background, which is in the case of  
morphos due to melanin pigment. In some iridescent pierid butterflies, pigmentary and structural 
colouration together produce purple colouration, i.e., reflectance spectra with a notch in the blue-green 
wavelength region. Because of  the different mechanisms of  colouration, the far-field scattering 
patterns of  the short wavelength peak are narrower and more complicated than those in the long 
wavelength, diffuse part of  the spectrum.

In Chapter 7, we use the scatterometer and an angle-dependent reflectance measurement setup to 
describe the far-field scattering patterns of  several iridescent pierid butterflies.
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The white scales on the ventral forewing of the Angled Sunbeam Curetis acuta under oblique illumination.
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Chapter 2

Photoreceptor responses of fruitflies with normal and 

reduced arrestin content studied by simultaneous 

measurements of visual pigment fluorescence and 

ERG 

Abstract
We have simultaneously measured the electroretinogram (ERG) and the 
metarhodopsin content via fluorescence in white-eyed, wild-type Drosophila and 
the arrestin2 hypomorphic mutant (w−;arr23) at a range of  stimulus wavelengths 
and intensities. Photoreceptor response amplitude and termination (transition 
between full repolarization and prolonged depolarizing afterpotential, PDA) 
were related to visual pigment conversions and arrestin concentration. The 
data were implemented in a kinetic model of  the rhodopsin–arrestin cycle, 
allowing us to estimate the active metarhodopsin concentration as a function 
of  effective light intensity and arrestin concentration. Arrestin reduction in 
the mutant modestly increased the light sensitivity and decreased the 
photoreceptor dynamic range. Compared to the wild type, in the mutant the 
transition between full repolarization and PDA occurred at a lower 
metarhodopsin fraction and was more abrupt. We developed a steady-state 
stochastic model to interpret the dependence of  the PDA on effective light 
intensity and arrestin content and to help deduce the arrestin to rhodopsin 
ratio from the sensitivity and PDA data. The feasibility of  different 
experimental methods for the estimation of  arrestin content from ERG and 
PDA is discussed. 

Introduction
The phototransduction process of  animal photoreceptors starts with the absorption of  light by 
visual pigment molecules, which causes conversion of  the native rhodopsin state into an active 
metarhodopsin state, resulting, after several biochemical steps, in a change in the membrane potential 
of  the photoreceptor (Minke and Hardie 2000; Hardie and Raghu 2001). The temporal resolution 
of  the visual process depends on the speed of  the biochemical chain and on the lifetime of  the 
active metarhodopsin state, the trigger of  the phototransduction chain. Inactivation of  the 
metarhodopsin state occurs on binding of  an arrestin molecule. The arrestin binding constant and 
its concentration thus are crucial factors in determining the temporal resolution, as well as the time 
course and extent of  light adaptation of  the photoreceptor (Hardie 2001).

The metarhodopsin state of  vertebrate visual pigments is thermolabile, resulting in degradation of  
the metarhodopsin molecules and arrestin release. The metarhodopsin state of  invertebrate visual 
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pigments is, however, thermostable. This has led to the development of  a different strategy of  visual 
maintenance, as has become clear from extensive studies on the main photoreceptor class of  the 
fruitfly, Drosophila, the R1-6 photoreceptors. On photon absorption, their rhodopsin (Rh1), which 
absorbs maximally in the blue-green, converts into a metarhodopsin state that absorbs maximally in 
the orange wavelength range (Ostroy et al. 1974; Salcedo et al. 1999). Absorption of  a photon by the 
metarhodopsin causes the reverse process, namely conversion of  the metarhodopsin into the 
rhodopsin state. In Drosophila and other higher dipterans, the conversion direction from 
metarhodopsin to rhodopsin is under normal light conditions augmented by the red screening 
pigment (Stavenga 2002). Photoconversion of  the metarhodopsin is followed by arrestin release, 
after which the resulting native rhodopsin is ready for another round of  phototransduction (Byk et 
al. 1993; for a recent review, see Hardie and Postma 2008).

If  exposed to bright monochromatic blue light for a sufficiently long period, fruitfly R1-6 
photoreceptors remain depolarized in the dark for hours (Cosens and Briscoe 1972; Minke et 
al. 1975). The persisting electrophysiological signal, a special phenomenon in the phototransduction 
process of  Drosophila, has been named the prolonged depolarizing afterpotential (PDA). More 
recent studies on fruitfly mutants have clarified this finding: bright blue light creates more 
metarhodopsin molecules than can be blocked by the available arrestin, leaving a surplus of  active 
metarhodopsins that keep the phototransduction process going, even in complete darkness (Byk et 
al. 1993; Dolph et al. 1993). A PDA is readily created in white-eyed fruitflies, which lack the blue 
light-absorbing screening pigments, but it is realized also in red-eyed flies if  short-wavelength light 
of  sufficient intensity and duration is applied (Lo and Pak 1981).

A quantitative understanding of  the phototransduction process and its dependence on arrestin is 
strongly facilitated by the use of  Drosophila mutants. Drosophila photoreceptors express two arrestin 
forms, arrestin1 (Arr1) and arrestin2 (Arr2), originally identified as phosrestin 2 and 1, respectively 
(Matsumoto and Yamada 1991). Arrestin2 is approximately sevenfold more abundantly expressed 
than arrestin1 in the wild type. Arrestin2 is the functionally more important form for the inactivation 
of  metarhodopsin (Dolph et al. 1993). Compared to the wild type, arr2 mutants have a log unit lower 
threshold for entering the PDA state (Dolph et al. 1993; Vinós et al. 1997; rev. Hardie and 
Postma 2008). The residual arrestin in w−;arr23 is mostly arrestin1. In the absence of  arrestin2, 
arrestin1 can inactivate metarhodopsin, albeit less effectively, resulting in a slow course of  inactivation 
in the arr23 mutant (time constant of  current inactivation: wild type, τ = 20 ms, arr23 mutant, τ = 167 ms; 
Ranganathan and Stevens 1995). Using the arr11 mutant, the absence of  arrestin1 has not been 
shown to confer a deactivation defect. The role of  arrestin1 in metarhodopsin inactivation has been 
shown indirectly, through a severe deactivation defect in the double arr11;arr23 mutant (Dolph et 
al. 1993). A recent study by Satoh and Ready (2005) attributed an important intracellular trafficking 
role to arrestin1.

Arrestin2 translocates on the subcellular level between the microvilli and the soma in a light-
dependent manner (Lee et al. 2003). The assumption that its concentration in the subcellular 
compartment is variable and regulated raises several questions: for instance, what is the adequate 
arrestin concentration in wild-type flies under normal environmental conditions, and how does the 
arrestin concentration determine the temporal resolution of  fruitfly photoreceptors? Here, we 
analyse the role of  arrestin by comparing the electrical responses of  white-eyed fruitflies (w−), where 
the photoreceptors have the normal, wild-type phototransduction components, with the responses 
of  white-eyed hypomorphic arr23 mutants (w−;arr23), where the photoreceptors have a reduced 
arrestin2 content. We specifically study the transition to the PDA state in relationship with visual 
pigment conversions, which were measured with the aid of  metarhodopsin fluorescence.
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Material and methods

Optical and electrophysiological setup
The experimental setup for the light stimulation of  the eye and concurrent measurements of  the 
fluorescence and the electroretinogram (ERG) was built around a Leitz Orthoplan epi-illumination 
microscope. The objective was a 20× LWD, NA0.40 (Olympus, Japan). The light stimulator consisted 
of  a 75 W XBO lamp, a shutter and a monochromator (1/8 m, Newport Oriel, USA) with a bandpass 
(FWHM) of  about 15 nm. The measurement path for the fluorescence recordings consisted of  an 
adjustable field diaphragm, a red long-pass filter (>695 nm) and a photomultiplier (PMT; R928, 
Hamamatsu, Japan). The PMT signal was low-pass filtered at 10 Hz. The field diaphragm in the 
observation path was stepped down and positioned to coincide with the image of  the deep-
pseudopupil (DPP), to optimize the fluorescence signal to background ratio. For ERG measurements, 
we used a DAM-50 amplifier (WPI, USA) as the headstage. The amplifier was operated in single-
ended DC mode with 10× gain. The signal was further amplified and low-pass filtered at 100 Hz 
with an AM502 plug-in amplifier (Tektronix, USA). For the electrophysiological recordings, we used 
borosilicate glass microelectrodes pulled from capillaries (OD 1.5 mm, ID 0.7 mm, with filament) 
on a P97 puller (Sutter, USA). The electrodes were filled with Insect Ringer and had a resistance of  
<3 MΩ. The ERG magnitude at saturating light intensities was about 20 mV.

Stimulation protocol, acquisition and data analysis
The ERG and PMT signals were sampled at 1 kHz by a CED1401plus laboratory interface, operated 
under the control of  the software package WinWCP (Strathclyde Electrophysiology software version 
4.0.5; Dempster 2001), which also controlled the shutters and the monochromator. First stage off-
line analysis (measurements of  ERG magnitudes and fitting of  fluorescence decay exponentials to 
the PMT signals) was performed in the waveform measurement and curve fitting module of  
WinWCP. The fitted parameters were then transferred to Prism 4.0 (GraphPad, USA), where further 
analysis was performed.

Visual pigment photochemistry and metarhodopsin fluorescence measurements
The main visual pigment of  Drosophila (Rh1) has two thermostable states, rhodopsin (R) and 
metarhodopsin (M), which are photointerconvertible. The photochemistry of  fruitfly visual pigment, 
therefore, is described by the scheme R ↔ M, with rate constants kR and kM for the photoconversions 
of  R to M and of  M to R, respectively (see e.g., Stavenga and Schwemer 1984). The rate constants 
are kR = βR I and kM = βM I, where I is the light intensity, and βR and βM are the photosensitivities of  
the R and M state, respectively. For the photosensitivity β = γα holds, where γ is the quantum 
efficiency for photoconversion and α is the molecular absorption coefficient. The quantum 
efficiencies are probably wavelength independent for both the R and M state; photosensitivity and 
absorption spectra are then proportional. The molecular absorption coefficient and quantum 
efficiency of  fruitfly visual pigment is unknown, but presumably they are similar to the values known 
for bovine rhodopsin, for which at the peak wavelength (498 nm) αmax = 1.56 × 10−16 cm2, and 
γ = 0.65, yielding a photosensitivity of  β = 0.01 nm2 (Dartnall 1972; Kim et al. 2001). Illumination 
of  bovine rhodopsin causes photoconversion and bleaching with an exponential time course, with 
time constant τ = 1/(βI), meaning that a light flux of  1016 photons cm−2 s−1 (at the peak wavelength) 
results in a time constant of  1 s.

When a population of  Drosophila visual pigment molecules, initially in the rhodopsin state, is 
irradiated by monochromatic light, the time course of  the photoconversion process is described by:
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Figure 1
Spectral properties of the main visual pigment, 
Rh1, of Drosophila. a The photosensitivities (β) of 
the two thermostable states, rhodopsin (R) and 
metarhodopsin (M), normalized to the rhodopsin 
peak, the relaxation spectrum (sum of 
photosensitivities βR + βM), and the metarhodopsin 
fraction in the photosteady state created by 
monochromatic stimuli with wavelength λ. The 
spectra were calculated with the template functions 
of Govardovskii et al. (2000) using peak wavelength 
values 486 and 566 nm for R and M, respectively. b 
Time course of the metarhodopsin fraction due to 
irradiating a visual pigment population, where 
initially all molecules are in the rhodopsin state with 
monochromatic light (490–550  nm, 15  nm steps; 
left, 5 s pulse at t = 0 s), and the time course of the 
different reconversions due to subsequent red light 
of 600 nm (right, 5 s pulse at t = 8 s). The intensity 
of the pulses is identical and set so that the time 
constant of the photoconversion resembles the 
time constants in the experiment of Fig. 3a. Since 
the sum of photosensitivities βR  +  βM hardly 
changes within the wavelength range presented, 
the photoconversions show almost identical time 
courses.
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Figure 3
Metarhodopsin fluorescence as a function of 
wavelength. a Fluorescence signals induced by a 
number of monochromatic light pulses 
(wavelengths 490–550  nm) followed by a red 
(600 nm) light pulse (Drosophila, w−). The values of 
the initial red-induced emission due to the 
metarhodopsin, A, and the background value, B, 
were measured. b The ratio Φ of A and B as a 
function of the wavelength of the adapting light 
pulse (red symbols w−;arr23; black symbols w−; 
error bars SEM). Curves expected for fM in the 
photosteady state (Fig. 1a) were fitted to the data, 
yielding the two right-hand ordinates.
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Figure 2
Simplified diagram of the primary light-induced visual pigment 
processes in Drosophila. Ra is the native, active rhodopsin, which on 
photoconversion yields the active metarhodopsin state, Ma; this state 
triggers the phototransduction chain resulting in a receptor potential. 
By phosphorylation and binding of arrestin, Ma is transformed into the 
inactive metarhodopsin state, Mi. Photoconversion of Mi results in the 
inactive rhodopsin state, Ri, which transforms back to the active 
rhodopsin state after arrestin release and dephosphorylation (Hardie 
and Postma 2008). The rate constants for the photoconversions are kR 
and kM, and those for arrestin binding and dissociation are kb and kd, 
respectively.

Figure 4
The ERG during a stimulus sequence similar to that 
in Fig. 3a measured in (a) the wild type (w−) and (b) 
the arrestin mutant (w−;arr23). A number of 
monochromatic light pulses, indicated by their 
peak wavelengths, duration 5 s, were followed by 
7-s darkness and a 5-s red (600 nm) pulse. Note the 
slow return to the dark level of the ERG in the 
arrestin mutant. The arrow in a marks the time 
point at which the afterpotentials were measured.

Figure 5
The dependence of the afterpotential on adapting 
wavelength and metarhodopsin fraction. a The 
normalized afterpotential at the end of the 7-s dark 
period with respect to the ERG level in darkness 
(see Fig.  4), as a function of the adapting 
wavelength. b The normalized afterpotential values 
as a function of the created metarhodopsin fraction, 
derived by using Fig. 3b, fitted with Hill functions 
(error bars, SEM)
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(Eq. 1) 
where fM(t) is the fraction of  molecules in the metarhodopsin state at time t; fM(∞), the fraction of  
metarhodopsin molecules in the photosteady state, at t = ∞, is a function of  the ratio of  the 
photosensitivities of  R and M: 

(Eq. 2) 
The rhodopsin and metarhodopsin of  the main visual pigment of  Drosophila (Rh1) absorb maximally 
at 486 and 566 nm, respectively (Fig. 1a; Salcedo et al. 1999). At the isosbestic wavelength, λiso = 505 nm, 
the absorption coefficients of  rhodopsin and metarhodopsin are equal, αR = αM. When the quantum 
efficiencies are also equal, i.e., γR = γM, then βR = βM, and hence in the photosteady state established 
by 505 nm light, fM(∞) = 0.5 (Stavenga and Schwemer 1984). In the blue wavelength range, βM/βR is 
small, and thus illumination with blue light results in a photosteady state with a high metarhodopsin 
content. In the red wavelength range βM/βR is large, and therefore prolonged red light results in a 
minimal metarhodopsin fraction, or, a virtually 100% rhodopsin fraction (Fig. 1a). 

The time constant of  the photoconversion process, 

(Eq. 3)  
is inversely proportional to the illumination intensity and the sum of  the photosensitivities of  R and 
M, βrel = βR + βM (Stavenga and Schwemer 1984; Stavenga et al. 2000). βrel(λ) is called the relaxation 
spectrum (Fig. 1a, trace βR + βM). Its value is virtually constant in the range 490–550 nm, and 
therefore the time courses of  metarhodopsin creation, fM(t), in Fig. 1b (left) are very similar. 

The conversion processes due to various light intensities I applied for a fixed period t0 result in 
metarhodopsin fractions relative to the maximal value (Eq. 1):

(Eq. 4) 
where c = t0/βrel. When a population of  visual pigment molecules has initially a metarhodopsin 
fraction fM(0), illumination with red light yields a time course of  the metarhodopsin fraction described 
by

(Eq. 5)  
where τr is the time constant for the red light (Fig. 1b, right). The time course of  the metarhodopsin 
conversions can be quite conveniently studied via fluorescence measurements. Whereas the 
fluorescence of  Drosophila rhodopsin is negligible, the metarhodopsin strongly fluoresces, with a 
high emission in the red wavelength range (Stavenga 1983; Stavenga et al. 1984). The fluorescence 
measurements are preferably applied in white-eyed mutants and are performed with a 
microspectrophotometer where a diaphragm isolates the fluorescence from the deep pseudopupil 
(Lee et al. 1996; Stark and Thomas 2004). Other pigments than Rh1 metarhodopsin contribute to 
the emission signal, especially with blue excitation light. A substantial part of  the blue-induced 
fluorescence originates from pigments in the corneal facet lenses and flavoproteins in the 
mitochondria (Stavenga 1995). Their contribution creates a virtually constant background, on which 
exponential changes are superimposed, reflecting the visual pigment conversions. The changes in 
mitochondrial flavoprotein fluorescence, which occur on photoreceptor stimulation (Stavenga 1995), 
amount to less than 1% of  the fluorescence signal (Zupančič personal communication).

The kinetic scheme of the rhodopsin/arrestin photocycle
There are two different states for both rhodopsin and metarhodopsin, namely the native, active state 
Ra, which photoconverts into the active metarhodopsin state Ma, and the inactive states Ri and Mi, 
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which bind arrestin (Fig. 2). Rapidly after the photoconversion of  a native rhodopsin molecule to 
the metarhodopsin state, it binds to arrestin. While the arrestin–metarhodopsin complex is stable, 
the rhodopsin–arrestin complex dissociates after several seconds (Fig. 2).

Clearly, the fraction of  metarhodopsin molecules in the Mi state is limited by the availability of  
arrestins. The Ma state triggers the phototransduction process, and therefore the phototransduction 
cascade will run continuously when the concentration of  metarhodopsin exceeds that of  arrestin. 

Results

Visual pigment photochemistry measured via metarhodopsin fluorescence
Using the property of  metarhodopsin that it brightly fluoresces under red light excitation, we 
estimated the relative visual pigment concentration in the intact eyes of  two strains of  fruitflies, the 
white-eyed wild type, w−, and the white-eyed mutant, w−;arr23. We measured the emission above 
695 nm induced by 600 nm excitation light. Pre-adaptation with intense light stimuli at wavelengths 
between 490 and 600 nm resulted in various steady-state metarhodopsin fractions, depending on the 
ratio of  the rhodopsin and metarhodopsin photosensitivities (Eq. 2), and subsequent illumination 
with 600 nm yielded a decreasing emission due to photoconversion of  the previously created 
metarhodopsin (Fig. 3a).

The final emission value, B, is due to background fluorescence emerging from fluorescing non-visual 
pigments. The difference between the initial and the final value of  the red-induced emission, A(λ), 
is proportional to the previously created metarhodopsin fraction, fM(λ); formally, A(λ) = p fM(λ). The 
proportionality constant p depends on the amount of  visual pigment contributing to the fluorescence 
signal, and thus on pigment concentration and measurement aperture. The relative size of  the 
aperture, which slightly varied among the experiments to optimize the signal, was estimated from the 
background signal B. Thus, we have normalized the metarhodopsin-dependent fluorescence signal 
as Φ(λ) = A(λ)/B as an estimate for the relative metarhodopsin content in individual specimens of  
wild-type w− (n = 5) and w− ;arr23 fruitflies (n = 4). The obtained values for Φ(λ) indicate that the 
visual pigment content of  the arrestin2 mutant was about 75% of  the visual pigment content of  the 
wild type (Fig. 3b).

The dependence of  the metarhodopsin fraction in the photosteady state on adapting wavelength 
can be calculated by noting that isosbestic wavelength light (λiso = 505 nm), results in fM(λiso) = 0.5, 
so that A(λiso) = 0.5p. The metarhodopsin fraction created by a pre-adaptation wavelength λ therefore 
can be calculated from A(λ) with fM(λ) = 0.5A(λ)/A(λiso); see Fig. 3b. The fM spectra for the wild type 
and mutant Drosophila then appear to be identical within the measurement error.

ERG and metarhodopsin fluorescence elicited by bright monochromatic light at a 
range of wavelengths
To correlate the visual pigment conversions with the elicited electrophysiological signal, we measured 
the ERG simultaneously with the fluorescence, using the same protocol as in Fig. 3a. The ERG 
responses elicited by the adapting pulses at a range of  wavelengths (490–600 nm) were all 
approximately the same and about maximal (Fig. 4), and the photochemical equilibrium state was 
always reached.

The ERG during the subsequent darkness (the afterpotential) strongly varied, however, clearly 
dependent on the amount of  metarhodopsin created by the adapting pulse, and not on the effective 
light intensity. Therefore, the experimental paradigm allowed to determine the dependence of  the 
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afterpotentials on the metarhodopsin fraction, fM. The response to the adapting pulses at long 
wavelengths, which created a low metarhodopsin fraction, was followed by a repolarization, i.e., the 
afterpotential returned to the dark level (Fig. 4a). This no longer occurred after short-wavelength 
stimuli that created a high fM. The ERG did not repolarize after the response, but was followed by a 
prolonged depolarizing afterpotential (a PDA), which could be reset with the subsequent red 
stimulus.

The PDA was quantified by measuring the amplitude of  the afterpotential at the end of  the dark 
period, just before the beginning of  the red pulse, with respect to the ERG level in the dark prior to 
the adapting pulse (arrow, Fig. 4a). The time point of  measurement, 7 s after the adapting pulse, 
allowed for reasonably short experiments, which avoided amplitude changes due to long-term 
adaptation of  photoreceptors during the afterpotential.
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Figure 6
Simultaneous measurements of the metarhodopsin fluorescence (a, b) and electroretinogram (c, d) from 
the eyes of a wild-type Drosophila, w− (a, c) and the arrestin mutant w−;arr23 (b, d) elicited by 
monochromatic blue pulses of 490  nm followed by red pulses (600  nm). Blue pulses with intensities 
logI > −3 created a measurable metarhodopsin fraction as witnessed by the red-induced fluorescence 
signal (fluorescence decay induced by the 600 nm pulse).
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Figure 5a shows the normalized amplitudes for both the white-eyed wild-type Drosophila (w−, Fig. 4a) 
and the mutant (w−; arr23 ; Fig. 4b), plotted as a function of  the adapting wavelength. The same data 
are presented in Fig. 5b, however, as a function of  the created metarhodopsin fraction, derived by 
using the data of  Fig. 3b. The values of  the afterpotential amplitude as a function of  fM were fitted 
with a Hill sigmoid:

(Eq. 6)  
where fM,50 is the metarhodopsin fraction needed for a half-maximal response. The transition to the 
PDA state (10–90% PDA) occurred at a distinctly higher fM in the wild type (0.16 < fM < 0.29) than 
in the arrestin2 mutant (0.01 < fM < 0.07). The fM values corresponding to a half-maximal PDA are 
fM,50 = 0.23 for the wild type (w−) and fM,50 = 0.022 in the arrestin2 mutant (w−;arr23). 
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Figure 7
a Normalized metarhodopsin fraction, fM*, as a 
function of the intensity of the blue pulse. Data 
points (error bars, SEM) from both strains virtually 
coincide and are fitted with a single exponential 
function of the light intensity, I. The fit allows 
calculation of the fM in the low light intensity. b 
Amplitudes V of ERG responses (ERG) and 
afterpotentials (PDA) elicited by the blue light 
(490 nm) pulses of Fig. 6, for both the wild type (w−) 
and the arrestin mutant (w−;arr23); error bars, SEM. 
The ERG responses and PDA functions are fitted 
with Hill functions. c Afterpotential as a function of 
fM created by the graded blue pulses. The fM value 
was calculated from the exponential fit in a.
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ERG and metarhodopsin fluorescence at graded intensities of blue light
The dependence of  the electrophysiological response on the adapting light intensity at a fixed 
wavelength was investigated by applying a graded series of  blue stimuli (490 nm) in both the white-
eyed wild type (w−) and the arrestin2 mutant (w−;arr23 ; Fig. 6). To monitor the created metarhodopsin 
fraction, each blue stimulus (intensity between −6 < log I < 0) was followed by a five second bright 
red stimulus (600 nm), which reconverted the metarhodopsin molecules into the rhodopsin state. 
The metarhodopsin fluorescence signal A (Fig. 6a, b), measured as before, was normalized, plotted 
as function of  log I (Fig. 7a) and fitted with Eq. 4. At saturation fM* = 1, which corresponds to the 
equilibrium value for 490 nm light, fM = 0.62. The fits for fM*(I) were identical for both strains within 
experimental error.

We evaluated the blue light-induced ERG by measuring the response value at the end of  the 5-s 
stimulus with respect to the baseline in the dark (Fig. 7). The slope of  the stimulus–response curve 
in the arrestin2 mutant was steeper and shifted toward lower light intensities (Fig. 7b; w−;arr23, Hill 
slope h = 0.62, logI50 = −3.44) than in the wild type (Fig. 7b; w−, Hill slope h = 0.49, logI50 = −3.04). 
This corresponds to an about 2.5-fold increase in light sensitivity in the mid-intensity range in the 
mutant.

The stimulus–afterpotential curves (analogous to the stimulus–response curve) of  the two strains 
were spaced further apart (PDA in Fig. 7b; w −, logI50 = −0.84; w −;arr2 3, logI50 = −2.2, a more than 
20-fold intensity difference) than the stimulus–response curves. In the wild type, the intensities to 
reach half-ERG response and half-PDA were 2.2 log units apart, while in the mutant the difference 
was 1.2 log units.

Finally, we plotted the dependence of  the afterpotential on the metarhodopsin fraction created by 
the graded intensity blue pulse. We plotted the normalized afterpotential, V, as a function of  the 
metarhodopsin fraction, fM. We fitted the data with a Hill function (Eq. 6; Fig. 7c). Here, the 
fM,50 values for the two strains also differed strongly (w−: fM,50 = 0.29; w−;arr23 : fM,50 = 0.01).

Kinetic model of the rhodopsin cycle 
According to Eq. 1, the normalized metarhodopsin fraction after an illumination period t0 is 
described by fM* (t0) = fM(t0) / fM(∞) = [1 − exp(−t0/τ)]. With t0 = 5 s and using τ = 1/(βrel I) a fit to 
the fluorescence data of  Fig. 7a yielded βrel = βR + βM = 1.73 (in inverse normalized intensity units). 
We can use this value to assess the rate of  visual pigment conversions associated with the measured 
ERG values. It follows from the template values (Fig. 1) that for 490-nm 
light fM(∞) = βR / (βR + βM) = 0.61, and thus βR + βM = 1.73 yields βR = 1.05 and βM = 0.68. The 
conversion rate of  active rhodopsin to metarhodopsin is given by (Fig. 2): 

(Eq. 7) 
where fRa is the fraction of  visual pigment molecules in the active rhodopsin state. We thus obtain 
that ρ = 1.05fRa I. Figure 7 shows for intensities where logI < −2, fM ≈ 0, or fRa ≈ 1, i.e., virtually all 
visual pigment molecules are in the rhodopsin state. Then ρ ≈ 1.05I, or, the Ra → Ma conversion 
rate ρ and the applied normalized light intensity I (in inverse normalized intensity units) have about 
the same numerical value. It thus follows that at logI = −3.04, where the ERG of  the wild type (w−) 
is half-maximal, the Ra → Ma conversion rate is 9.6 × 10−4 s−1, meaning that in a microvillus with 
1,000 visual pigment molecules on average, one Ra → Ma conversion occurs per 1.04 s. In the 
arrestin2 mutant, a half-maximal response is reached at logI = −3.44 (Fig. 7b), corresponding to an 
Ra → Ma conversion rate of  3.86 × 10−4 s−1. The arrestin2 mutant has 75% of  the visual pigment of  
the wild type and, therefore, in a microvillus with 750 visual pigment molecules, at half-maximal 
ERG response, one Ra → Ma conversion occurs per 3.5 s.
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In the next step, we assessed the active (unarrested) metarhodopsin (Ma) concentrations present 
during the ERG responses of  Fig. 6. The created active metarhodopsins are short-lived, because of  
rapid binding to arrestin, if  available. The time constant of  metarhodopsin inactivation is 1/kb[A], 
where kb is the binding constant of  arrestin to metarhodopsin, and [A] is the arrestin concentration 
(see Fig. 2). In the wild-type fruitfly, for weak light pulses, this time constant is 23 ms (Liu et al. 2008), 
or kb[A] = 43 s−1. At the end of  the 5 s of  illumination applied in our experiments (Figs. 3, 4, 6), a 
steady state will therefore be fully reached. In the steady state, the active metarhodopsin fraction is 
constant, or dfMa/dt = kR fRa – kb[A]fMa = 0. At low intensities, where fRa ≈ 1, then fMa = kR/
(kb[A]) = βR I/(kb[A]) = 1.05I/43 = 0.024I. This means that at an intensity I = 10−3.04, which creates 
a half-maximal ERG response in the wild type, fMa = 2.2 × 10−5. A wild-type Drosophila R1-6 
photoreceptor contains 30,000 microvilli with 1,000 visual pigment molecules, or, the number of  
visual pigment molecules in a photoreceptor is ~3 × 107 (Hardie 2001). At half-maximal ERG 
response, ~2.2 × 10−5 × 3 × 107 ≈ 660 molecules of  visual pigment, thus, are in the active 
metarhodopsin state. Assuming a Poisson distribution of  photon catch among the microvilli 
(Hochstrate and Hamdorf  1990), this results in 650 active microvilli at half-maximal depolarization, 
i.e., of  the 650 microvilli, ten received double photon hits.

In the arrestin2 mutant, the time constant of  metarhodopsin inactivation, mediated by arrestin1, has 
not been measured directly, but can be estimated from the current deactivation in isolated w−;arr23 

ommatidia, τ = 167 ms (Ranganathan and Stevens 1995); or, kb[A] = 6 s−1. At half-maximal response, 
where logI = −3.44, we obtain that fMa = βR I/(kb[A]) = βR Iτ = 1.05 × 10−3.44 × 0.167 = 6.1 × 10−5. 
Because the number of  visual pigment molecules in the mutant is ~2.25 × 107, the corresponding 
number of  active metarhodopsin molecules at half-maximal depolarization is ~6.1 × 10−5 × 2.25·107 
≈ 1,370, residing in 1,350 active microvilli.

The steady-state PDA model
According to a deterministic view of  the phototransduction process, a single-compartment 
photoreceptor would abruptly enter a PDA state as soon as the number of  metarhodopsin molecules 
surpassed the number of  arrestin molecules. However, our measurements showed that the 
afterpotential is not a stepwise, but a smooth function of  the metarhodopsin fraction (Figs. 5b, 7c). 
Several factors can be accounted for the smoothing: the stochastics of  photon absorption, that of  
the molecular distribution and the compartmentalization of  the photoreceptors into microvilli. To 
quantitatively investigate the smoothing process, we have developed a steady-state stochastic model, 
based on binomial statistics, using the same logic as applied to ion channel clutter noise.

We treated four cases with different arrestin concentrations, where the mean number of  arrestin 
molecules per microvillus was <NA> = 20, 100, 200 and 300, respectively (the bracket notation in 
this section denotes ensemble means). The cases <NA> = 20 and 200 correspond roughly to 
the w−;arr23 mutant and the wild-type w−, respectively. We modelled 5,000 microvilli, with the mean 
number of  visual pigment molecules per microvillus, in all four cases set to <NP> = 1,000. To 
account for the dispersion of  microvillar size and other stochastic factors that influence the number 
of  visual pigment and arrestin molecules in each microvillus, both counts were drawn from a Poisson 
distribution. The count of  visual pigment molecules in the metarhodopsin state for each 
microvillus, NM, was then determined using binomial statistics.

The important parameter for the creation of  a PDA is the amount of  microvilli where the 
metarhodopsin molecules outnumber the arrestins, that is the amount of  microvilli with a 
metarhodopsin surplus ΔN = NM − NA > 0. In the four cases in our model, a microvillus 
with NP = 1,000 visual pigment molecules reached the threshold ΔN = 0 at fM = 0.02, 0.1, 0.2 and 
0.3, respectively (because NM = NA yields fM = NM/NP = NA/NP). The steady-state probability 
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Figure 8
The steady-state PDA transition model and 
comparison with experimental data. a The number 
of microvilli, M, as a function of the metarhodopsin 
surplus, ΔN, for a population of 5,000 microvilli with 
an average 1,000 visual pigment molecules per 
microvillus. The horizontal bin size is set to 1. Left 
histograms for an average number of arrestin 
molecules per microvillus <NA>  =  20 and mean 
metarhodopsin fractions <fM>  =  0.0, 0.02 and 
0.04. Right <NA> = 200 and <fM> = 0.18, 0.20 and 
0.22. The area of the histograms with ΔN  >  0 
represents the fraction of microvilli in the PDA 
state. b Two-dimensional histograms of the 
distribution of ΔN as a function of <fM>. The four 
streaks correspond to four cases with average 
arrestin content <NA>  =  20, 100, 200 and 300, 
respectively. Microvilli with ΔN > 0 are in the PDA. 
Note the narrowing of the histogram at low <NA>. 
c The PDA function P(<fM>). Blue circles show the 
modeled fractions of microvilli in the PDA state as a 
function of <fM>. The blue lines are cumulative 
beta distribution function fits. At P = 0.5 (horizontal 
dashed line) half of the microvilli are active. d The 
afterpotential function V(<fM>) obtained by a 
sigmoidal transformation of P(<fM>). The blue 
curves are Hill fits of V(<fM>). The horizontal 
dashed black line indicates that half of the 
microvilli are active at about 95% of the normalized 
afterpotential. The black and red curves are Hill 
function fits of the experimental obtained data for 
V(<fM>) in the wild type and arrestin2 mutant 
arr23, respectively. The solid and dashed curves 
are the ERG and PDA data taken from Figs. 5b and 
7c.

Figure 9
The arrestin to visual pigment ratio, <fA>, as a 
function of the metarhodopsin fraction needed for a 
half-maximal afterpotential, fM,50. Values obtained 
from Hill function fits to the modeled afterpotential, 
P(<fM>), curves of Fig. 8d are given by open circles, 
together with a power function fit <fA> = (fM,50)0.87 
(blue line). The vertical dashed lines are at the fM,50 
values following from the experimentally obtained 
curves of Fig. 5b, and the horizontal dashed lines 
then yield the corresponding <fA>-values (wild 
type black; arrestin2 mutant; red lines).
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distributions of  ΔN following from our model for the population of  5,000 microvilli are shown in 
Fig. 8a for two cases where the mean metarhodopsin fraction, <fM> = 0.02 and 0.2. Figure 8b shows 
the distributions as a function of  <fM> in the range 0.1–0.4 for the four cases of  <NA>. Figure 8c 
presents the fraction of  microvilli with a surplus of  active metarhodopsin, P, as a function of  the 
mean metarhodopsin fraction, <fM>. For instance, when <NA> = 200, the transition range is 
0.15 < fM < 0.25, and the value P = 0.5 (half  of  the microvilli have a metarhodopsin surplus) is 
reached at <fM> ≈ 0.2. We note that all four curves of  Fig. 8c could be tightly fitted with a cumulative 
beta distribution function, a general, two-parameter continuous distribution defined in the range 
[0,1] (Weisstein 2009).

The metarhodopsin molecules activate the phototransduction process, which results in a receptor 
potential described by a Hill function. Accordingly, we transformed the P(<fM>) function with the 
sigmoid function 

(Eq. 8) 
where s is the slope parameter, and P50 is the fraction of  non-arrested microvilli yielding a half-
maximal afterpotential; the normalization constant C = 1 + P50

s is introduced here to achieve 
V(1) = 1. We implemented s = 0.5, a value commonly found forV(logI) curves in ERG experiments 
(h = 0.49; Fig. 7b) and P50 = 0.022, because of  650 active microvilli at half-maximal depolarization. 
The afterpotential function V(<fM>) following from Fig. 8c with Eq. 8 could be well fitted with a 
Hill function (Fig. 8d). We note that the sigmoidally transformed cumulative beta distribution fits 
were virtually indistinguishable from the Hill function fits (not shown). The model results show that 
the afterpotential function becomes steeper when the arrestin fraction decreases. The same trend 
was observed in the experiments with monochromatic light stimuli (Fig. 5b) and varying intensities 
of  490 nm light (Fig. 7c).

We have included the experimentally obtained V(<fM>) curves in Fig. 8d, for direct comparison. 

Discussion

Visual pigment content
We estimated the relative visual pigment content of  wild-type flies and arrestin mutants in vivo by 
measuring the metarhodopsin fluorescence and found that the visual pigment content of  the arrestin 
mutant was about 75% of  that in the wild-type flies (Fig. 3). This difference may be attributed to the 
age, 1 day (w−;arr23) and 5 days (w−), respectively. Alternatively, the difference may be related to the 
mutation, because the visual pigment content measured in various Drosophila ninaC mutants with the 
same fluorescence method yielded distinctly lower visual pigment contents, depending on the mutant 
isoform (Hofstee et al. 1996).

Kinetics of visual pigment conversions
For a receptor with 3 × 107 visual pigment molecules, the Ra → Ma conversion rate of  ρ = 9.6 × 10−4 s−1, 
derived above for a half-maximal ERG response in the wild type, means per photoreceptor 
2.9 × 104 rhodopsin conversions per second. From measurements of  quantum bumps with 
intracellular recordings in R1-6 photoreceptors in white-eyed Drosophila, Wu and Pak (1978) derived 
a rhodopsin conversion rate of  ca. 104 s−1 at half-maximal depolarization. Our value, obtained from 
ERG measurements, is thus about a factor 3 higher. The main cause for the discrepancy is probably 
due to the different electrophysiological methods. While the previous authors recorded from single 
photoreceptor cells and calibrated their response according to single bumps in dim light, we have 
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recorded from a population of  many thousands of  photoreceptors, which were not uniformly 
illuminated, because we used a 0.4 numerical aperture objective, which means that only part of  the 
photoreceptors had their visual field within the illumination aperture, while the rest was stimulated 
by light scattered in the eye. The stimulus–response curves, thus, were obtained from a large 
population of  non-equally excited photoreceptors. Indeed, while intracellular recordings reveal that 
Drosophila R1-6 receptors operate over a 4–5 log unit intensity range (Wu and Pak 1978; Juusola and 
Hardie 2001), we find for the ERG that about 5–6 log units separate the threshold from saturation.

Arrestin and phototransduction
The ERG stimulus–response curve of  the arrestin2 hypomorphic mutant arr23 is shifted toward 
lower intensities over 0.4 log units with respect to the stimulus–response curve of  the wild type 
(Fig. 7). Taking into account the difference in rhodopsin content, this yields a 3.3-fold difference in 
light sensitivity. Assuming that an ERG response in the mid-intensity range (around log I50) is fully 
determined by the number of  active metarhodopsin molecules in both the wild type and the arrestin 
mutant, this shift would mean that the arr23 mutant has 3.3 times less functional arrestin than the 
wild type. This value seems to be in conflict with previous biochemical data, which indicated that in 
the arr23 mutant arrestin 2 is reduced 100-fold (Dolph et al. 1993). Considering that in the wild type 
the arrestin1 to arrestin2 ratio is 1:7 (Dolph et al. 1993), and that metarhodopsin deactivation by 
arrestin1 is less effective than by arrestin2 (Ranganathan and Stevens 1995), the deactivation 
in arr23 should be at least eightfold less effective. Our findings of  a 3.3-fold increased light sensitivity 
in the mutant could therefore indicate that the mutation has been partially compensated by an 
increased amount of  arrestin1.

While the response curve of  the arrestin2 mutant is steeper and its midpoint value indicates an 
increased sensitivity, the mutant and the wild-type responses coincide in the low intensity range, 
meaning that at low intensities, the photoreceptor sensitivity is arrestin independent. This is in 
agreement with a recent study by Liu et al. (2008), who demonstrated that in dim light, where 
sporadic single photon absorptions dominate the receptor potential generation, arrestin will not 
bind to metarhodopsin unless the latter triggers the signalling cascade.

Arrestin2 binding to metarhodopsin is calcium dependent (Liu et al. 2008). With increasing light 
intensity, [Ca2+]i increases (Hardie and Postma 2008) and therefore arrestin will progressively reduce 
phototransduction gain. This feedback action explains the steeper stimulus–response curve in the 
arrestin mutant compared to the wild type. The shift of  the stimulus response curve of  0.4 log unit 
is quite moderate, which suggests that the variation in arrestin content only modestly contributes to 
light adaptation in Drosophila photoreceptors.

Relating the model to the experimental data
We have shown in the model that the functional arrestin fraction, <fA>, numerically coincides with 
the <fM> that activates half  of  the microvilli. As follows from Eq. 8, with s = 0.5 and P50 = 0.022, 
half  activation of  the microvilli (P = 0.5) almost saturates the receptor potential at ~95% of  the 
maximal amplitude. To estimate <fA> from <fM> at near saturating levels of  the receptor potential 
with a reverse Hill transformation is, however, quite inaccurate and thus impractical.

We, therefore, applied an alternative approach, which uses the parameter fM,50, the metarhodopsin 
fraction needed for a half-maximal response, of  the Hill function (Eq. 6) fitted to the V(<fM>) 
curves of  Fig. 8d. Figure 9 presents the values of  the functional arrestin fraction, <fA>, which 
correspond to the four modelled V(<fM>) curves as a function of  the fM,50 values following from the 
Hill function fit (open circles) to the modelled data. The relation was well fitted by a power function 
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<fA> = (fM,50)
0.87 (Fig. 9). The experiment with the saturating light pulses with different wavelengths 

(Figs. 5b, 8d) yielded fM,50 = 0.23 for the wild type and fM,50 = 0.022 for the w−;arr23 mutant. We thus 
read from Fig. 9 that <fA> = 0.28 for the wild type and <fA> = 0.036 for the mutant. In other words, 
the 1,000 visual pigment molecules per microvillus in the wild type are accompanied by about 280 
functional arrestins, and the 750 visual pigment molecules per microvillus in the mutant are assisted 
by 27 functional arrestins. We thus conclude that the arrestin2 mutant, arr23, compared to the wild 
type, contains about one-tenth of  functional arrestin, in line with previous results (Dolph et al. 1993; 
Ranganathan and Stevens 1995; Vinós et al. 1997).

Comparison of experimental paradigms
In the present study, we examined three paradigms of  fruitfly electroretinography that can be used 
to assess the rhodopsin–arrestin ratio. In the first paradigm, which is based on the assumption that 
the light sensitivity is a function of  the arrestin content, the photoreceptor sensitivity is measured. 
The arrestin content estimated with this method deviated strongly from biochemical data 
(Dolph et al. 1993). We suggest that this is due to intensity-dependent, Ca2+-mediated activation of  
arrestin, which essentially renders the wild type and the arrestin strain much more alike under dim 
than under bright illumination. We assume that comparing the light sensitivity of  the wild type and 
the arrestin mutant is not fully reliable, since it does not allow proper control of  the rhabdomeric 
arrestin content during the experiment.

The other two paradigms used were the assessment of  the transition to PDA with experimentally set 
metarhodopsin fractions. The PDA paradigms yielded a rhodopsin–arrestin ratio similar to values 
derived previously (Dolph et al. 1993; Ranganathan and Stevens 1995; Vinós et al. 1997). The 
transition to PDA was elicited at extreme light intensities, where most of  the, if  not all available, 
arrestin was concentrated in the rhabdomere as well as fully activated by Ca2+; its activity remained 
maximal throughout the entire transition window. Therefore, we suggest that the two PDA paradigms 
are more reliable than the sensitivity measurement.

The first PDA paradigm where a series of  blue pulses of  graded intensity was applied, to monitor 
the transition from full repolarization of  the ERG to the PDA, has been extensively used before 
(Dolph et al. 1993; Ranganathan and Stevens 1995; Vinós et al. 1997), but only in conjunction with 
the measurement of  M-potential (Minke and Kirschfeld 1979). In the second paradigm, the 
metarhodopsin fraction was set by saturating monochromatic light pulses. Compared to the 
experimental results of  the first paradigm, the results of  the second paradigm conform more closely 
with the predictions of  the model, which suggest that the latter method is less sensitive to adverse 
adaptation and feedback effects. We also note that the second, wavelength paradigm will in general 
be more easily adapted to non-white-eyed fruitflies and other insect species where measurements of  
metarhodopsin fluorescence may be cumbersome.
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Chapter 3

Rhabdom constriction enhances filtering by the red 

screening pigment in the eye of the Eastern Pale 

Clouded yellow butterfly, Colias erate (Pieridae)

Abstract
Here we report the remarkable anatomy of  the eye of  the Eastern Pale 
Clouded yellow butterfly, Colias erate. An ommatidium of  C. erate bears nine 
photoreceptors, R1–9, which together form a tiered and fused rhabdom. The 
distal tier of  the rhabdom consists of  the rhabdomeral microvilli of  R1–4 
photoreceptors, R5–8 photoreceptors contribute the proximal tier, and the 
R9 photoreceptor adds a few microvilli at the base. In transverse sections, 
four spots of  red pigment surrounding the rhabdom are evident in the ventral 
region of  the eye. The red pigment acts as a strong red filter for the proximal 
photoreceptors. The arrangement of  the pigment spots distinguishes the 
ommatidia into three types: trapezoidal (type I), square (type II) and rectangular 
(type III). In all types of  ommatidia, the distal and the proximal tiers of  the 
rhabdom are divided by a strong constriction, clearly to enhance the filtering 
effect of  the red pigment. The ommatidial heterogeneity can also be observed 
by optical measurements. The eye shine, resulting from tapetal reflections, 
peaks in type I ommatidia at 660 nm, and in type II and III ommatidia at 730 
nm. The far-red peaking eye shine indicates that C. erate has far-red-sensitive 
photoreceptors. Type I ommatidia fluoresce under violet excitation, implying 
the presence of  a violet-absorbing pigment that acts as a short-wavelength 
filter.

Introduction
When viewed with an epi-illumination microscope, butterfly eyes commonly exhibit colourful 
reflections, the so-called eye shine, whose colour varies between ommatidia (Bernard and Miller, 
1970; Stavenga et al., 2001; Qiu et al., 2002; Stavenga, 2002). The reflections are due to a tapetum, 
created by a tracheolae located in each ommatidium at the proximal end of  the rhabdom. Incident 
light that has travelled through the rhabdom without having been absorbed reaches the tapetum, and 
there it is reflected by the tapetum back into the rhabdom. Part of  the reflected light, after having 
travelled back through the rhabdom, leaves the eye and is visible as the eye shine. The different 
colours of  the individual ommatidia indicate that the ommatidia have different spectral properties.

The spectral heterogeneity of  ommatidia is very common in compound eyes (Ribi, 1978; Franceschini 
et al., 1981; Hardie, 1986; Arikawa and Stavenga, 1997; Briscoe, 2008). In the Small White butterfly, 
Pieris rapae crucivora, the heterogeneity is directly seen from the eye shine: the ommatidial reflections 
are pale red or deep red, with spectral peaks at 635nm and 675nm light, respectively (Qiu et al., 
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2002). This difference is attributed to different pigments surrounding the rhabdom. The 635 nm-
reflecting ommatidia contain a pale-red pigment, and the 675 nm-reflecting ommatidia have a deep-
red pigment. The pale-red and deep-red pigments act as spectral filters for the proximal 
photoreceptors, which in all ommatidia express a visual pigment absorbing maximally in the yellow–
green, at 563 nm. The spectral sensitivities of  the proximal photoreceptors thus are strongly 
modified, resulting in two classes of  red receptor, with peak wavelengths at 620 and 640 nm, 
respectively (Qiu and Arikawa, 2003; Wakakuwa et al., 2004).

Interestingly, the spectral organisation of  butterfly eyes largely differs between species (Bernard, 
1979; Stavenga et al., 2001). For example, the papilionid Papilio xuthus has only one class of  red 
receptor, whose sensitivity peaks at 600 nm (Matic, 1983; Arikawa et al., 1987; Arikawa et al., 1999b), 
and in the nymphalids Sasakia charonda and Polygonia c-aureum no red receptors have been found 
(Kinoshita et al., 1997). In order to understand the biological meaning of  the species-specific eye 
organisation, it is important to distinguish the retinal properties common among species and those 
restricted to certain species. We therefore have surveyed several butterfly species to see how their 
ommatidial heterogeneity can be recognised through their eye shine (Stavenga et al., 2001). We 
encountered two peculiar pierid species, the yellow tip Anthocharis scolymus, which completely lacks 
eye shine due to the absence of  the tapetal mirror (Takemura et al., 2007), and the Eastern Pale 
Clouded yellow Colias erate, which under white light epi-illumination exhibits a bright-red eye shine 
only in the dorsal eye region.

How have such variable visual systems evolved in insects? With this specific question in mind, we 
have investigated the anatomy of  the eye of  C. erate. Colias erate is an open grassland species occurring 
widely in Asia. The adults are rapid flyers that live in open grassland and frequently, but not 
exclusively, feed on red flowers (Tanaka, 1991). We found in C. erate that tapetal reflections do exist 
in all ommatidia including those in the ventral eye region. The majority of  ventral ommatidia have a 
peak reflectance at a wavelength above 700 nm, due to a strongly absorbing red pigment. Based on 
extensive anatomical work and optical studies of  the tapetal reflections, we identified three distinct 
types of  ommatidia in the ventral eye region. The rhabdoms in all ommatidial types appear to have 
a strongly constricted region between the distal and proximal tiers. The constriction clearly has the 
effect of  enhancing the filtering effect of  the red perirhabdomal pigment.

Materials and methods

Animals
We used reared adults of  the Eastern Pale Clouded yellow butterfly, Colias erate Esper. We collected 
females around the Sokendai Hayama campus, Kanagawa, Japan, and let them lay eggs on clover. We 
fed the hatched larvae with fresh leaves of  their food plant (red clover Trifolium pratense) at 25°C 
under a light regime of  14h light:10 h dark.

Anatomy
For electron microscopy, isolated eyes were prefixed in 2% paraformaldehyde and 2% glutaraldehyde 
in 0.1mol.l–1 sodium cacodylate buffer (CB, pH 7.3) for 30 min at 20–25°C. After a brief  wash with 
0.1mol.l–1 CB, the eyes were postfixed in 2% osmium tetroxide in 0.1mol.l–1 CB for 2h at 20–25°C. 
Following dehydration with a graded series of  acetone and infiltration with propylene oxide, eyes 
were embedded in Quetol 812 (Nisshin EM, Tokyo, Japan). Ultrathin sections, cut with a diamond 
knife, were stained with uranyl acetate and lead citrate, and observed in a transmission electron 
microscope (H7650, Hitachi, Tokyo, Japan). For light microscopy, the prefixed eyes were dehydrated 
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and embedded in Quetol 812 without being postfixed with osmium tetroxide. The tissues were cut 
into 5 μm sections and observed with a light microscope (BX60, Olympus, Tokyo, Japan).

To correlate the ommatidial fluorescence with the tapetal reflection and the pigment around the 
rhabdom, we first photographed the fluorescence of  an intact eye under 420nm excitation from a 
large number of  ommatidia using a modified epi-illumination telemicroscopic optical setup 
(Stavenga, 2002) equipped with an objective lens of  large numerical aperture and long working 
distance (Olympus MPLFLN20, NA 0.45, WD 6.6 mm). We then photographed the tapetal reflection 
with the same setup, applying epi-illumination at wavelengths of  660nm and 730nm using interference 
filters. The eyes were subsequently processed for light microscopic histology as described above.

Using a series of  electron micrographs obtained from a single eye, we quantified the pigment 
position and the rhabdom area. We counted the number of  pigment granules per ommatidium in 
photoreceptors R5–8. The rhabdom areas were measured using iTEM software (Soft Imaging 
System, Riverside, CA, USA).

Imaging microspectrophotometry
For imaging microspectrophotometry (IMSP), we used a monochromatic camera (Roper Scientific, 
Tucson, AZ, USA). Illumination was provided by a computer-controlled monochromator (Delta 
Scan 4000, PTI, Birmingham, NJ, USA) with a 75W xenon arc lamp. The monochromator output 
was coupled to a 1 mm diameter quartz light guide for IMSP of  tapetal reflections, and to a 6 mm 
diameter liquid light guide for IMSP of  histological sections. The fibre output, collimated with a 
quartz condenser, served as the light source. For IMSP of  the eye shine, we positioned an intact 
butterfly under the telemicroscope optical setup equipped with a Leitz LM32 NA 0.60 objective lens 
(Stavenga, 2002). The spectra of  ommatidial reflections were recorded in five spectral runs from 550 
nm to 850 nm in 5 nm steps. The five runs were as follows: two reflection runs (up and down the 
spectrum), a calibration run with a MgO-coated surface on the stage instead of  a butterfly, and their 
two respective background measurements, which served to correct for lens reflections. The time 
interval between the monochromatic flashes, 5 s, was sufficiently long to avoid light adaptation.

For IMSP of  histological sections, we investigated a plastic section of  5 μm thickness of  non-
osmicated eye tissue at a depth of  330μm with a Zeiss Axiovert microscope equipped with an 
Olympus 100x NA 1.30 immersion objective lens and illuminated the section with monochromatic 
light in the trans-illumination mode. We recorded the images in the wavelength range from 380nm 
to 730nm in 10 nm steps. We corrected the images for wavelength-dependent magnification (an 
inherent property of  all microscope objectives tested) by affine transformation. We subsequently 
selected regions of  interest around the clusters of  red and black pigment granules and calculated the 
transmittance using clear areas of  the section as the reference.

Results

Eye regionalisation
The eye of  C. erate consists of  about 6500 ommatidia. The length of  the dioptric apparatus (the 
cornea and crystalline cone) is about 100 μm. In the middle region of  the eye, the length of  the 
ommatidia, including the dioptric apparatus, is about 800 μm, while the ommatidia become shorter 
near the ventral and dorsal edges (Fig. 1A).

An ommatidium contains nine photoreceptors, R1–9, as in other butterflies. Photoreceptors R1–4 
contribute the rhabdomeric microvilli to the distal tier of  the rhabdom, whereas the rhabdom in the 
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Figure 1
Compound eye structure of Colias erate. (A) Unstained plastic section of a whole compound eye along the 
ommatidial axis. Right side is dorsal. The boxes (c and d) indicate the areas magnified in C and D. (B) 
Schematic diagram of a Colias ommatidium. Longitudinal (left) and transverse views at three depths 
(right). 1–9, photoreceptor classes; T, tracheolae. Photoreceptors 5–8 contain red perirhabdomal pigment. 
Red arrows indicate the rhabdom constriction. (C) Longitudinal view of ommatidia in the middle region. (D) 
Longitudinal view of dorsal ommatidia. BM, basement membrane. Scale bars: 500 μm for A, 100 μm for C 
and D (shown in D).
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Imaging microspectrophotometry (IMSP) of tapetal reflections. (A) Tapetal reflection under 660 nm 
illumination. D, dorsal; V, ventral. (B) Reflectance spectra of the three eye shine types from an IMSP 
measurement of an individual: dorsal-red (DR, blue, N=104), ventral-red (VR, green, N=273), far-red (FR, 
red, N=323). Spectra are shown as medians with interquartile ranges. a.u., arbitrary units. (C) Classification 
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Figure 3 
Tapetal reflection, ommatidial fluorescence and pigmentation. White frames indicate the same set of 
ommatidia. (A) Tapetal reflection at 660 nm light. (B) Tapetal reflection at 730 nm. (C) Fluorescence under 
420 nm epi-illumination. BV-excited, blue–violet excited. (D) Unstained section through the same region of 
the eye. The fluorescing ommatidia reflect 660 nm and have perirhabdomal pigment clusters trapezoidally 
arranged around the rhabdom. Scale bars: 100 μm for A–C (shown in C), 20 μm for D.



42

proximal tier consists of  the rhabdomeres of  the R5–8 photoreceptors. R9 adds a few microvilli at 
the base of  the rhabdom.

Proximal to the basement membrane, a trachea forms the tapetal mirror (Fig. 1B). The cell bodies 
of  the R5–8 photoreceptors in the distal half  of  the retina have long and narrow extensions, which 
contain red pigment. The pigment can be clearly seen as red lines in unstained longitudinal sections 
of  non-osmicated tissue only in the main, ventral eye region (Fig. 1C). The pigmentation is absent 
in the ommatidia in the dorsal one-third of  the eye (Fig. 1A,D).

Figure 4 
The same set of ommatidia at six different levels. (A–F) Sections are at 210 μm (A), 280 μm (B), 320 μm 
(C), 400 μm (D), 480 μm (E) and 520 μm (F) from the corneal surface. (G) Low magnification electron 
micrograph at 280 μm, showing the three ommatidia marked in B. The three diagrams below indicate a 
transverse view of the pigment and the rhabdom of the type I, II and III ommatidia. Scale bars: 10 μm for 
A–F (shown in D), 5 μm for G.
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Figure 5 
Transmission electron micrographs of the rhabdoms (R) of the three ommatidial types, I (trapezoidal, 
A–C), II (square, D–F) and III (rectangular, G–I), at three levels (A,D,G at 190 μm from the corneal 
surface; B,E,H at 280 μm; C,F,I at 400 μm). (J) Rhabdom at the proximal tier, 600 μm depth. (K) Basal 
region with R9 at 720 μm depth. (L) Structure around the basement membrane (BM). 1–9, photoreceptor 
number; n, nucleus; T, tracheolae; Tp, tapetum. Scale bars: 1 μm in A–K (shown in A), 5 μm for L.
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IMSP of the tapetal reflection
We observed the tapetal reflection of  the eye of  C. erate eye using a telemicroscopic optical setup 
(Stavenga, 2002). To measure the reflectance spectra by the IMSP method, we illuminated the eye 
with a series of  monochromatic lights. Fig. 2A is a sample picture with 660 nm illumination. We 
analysed the reflectance spectra of  2300 ommatidia from five specimens and classified the ommatidia 
into three distinct types, dorsal-red (DR, peak reflectance at 670nm), ventral-red (VR, 670 nm) and 
far-red (FR, 730 nm). Fig.2B shows the median spectra for the three types (continuous curves) 
together with the interquartile spread of  the spectra (lightly coloured areas).

Ommatidial fluorescence, tapetal reflection and pigment
Some of  the butterfly species studied so far have fluorescing ommatidia (Arikawa et al., 1999a; 
Arikawa et al., 2005; Takemura et al., 2007). This also appears to be the case for C. erate. We found 
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(A–C) Rhabdom areas (thick line) and rhabdomere 
areas of R1–9 photoreceptors in type I (A), II (B) 
and III (C) ommatidia. The rhabdomere areas are 
rhabdom areas multiplied by rhabdomere fractions 
at each depth estimated from typical electron 
micrographs. (D) Distribution of perirhabdomal 
pigment granules along the longitudinal axis of the 
ommatidia. Numbers of pigment granules in R5–8 
photoreceptors per ommatidium are plotted 
against the distance from the corneal surface. In 
the region deeper than 550 μm, ommatidial types 
could not be discriminated. Data in A–D are means 
± s.d.

Figure 7 
Transmittance spectra of pigments measured by 
IMSP. The spectra are means of four type I (blue 
line), seven type II (green line) and five type III 
ommatidia (red line, inset a) and 19 brown pigment 
granules (black line, inset b). The transmittance 
values of the pigments were estimated directly as 
an average grey value of the pixels passing the 
mask area indicated by black lines in the insets, 
normalised to the average grey value of 11 
separately measured non-pigmented areas. The 
shaded areas represent the standard deviations.
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in the ventral region of  the eye that the VR ommatidia (Fig. 3A), but not the FR ommatidia (Fig. 3B), 
emit fluorescence under excitation by 420 nm light (Fig. 3A). The fluorescence characteristics 
appeared to be identical in the two sexes, in contrast with Pieris rapae where the female eyes lack 
fluorescing ommatidia (Arikawa et al., 2005). After taking the eye shine and fluorescence photographs 
(Fig. 3A–C), we processed the eyes for light microscopic histology, to see whether the two populations 
of  ommatidia are also histologically different. As expected from our studies on P. rapae, we found 
that the fluorescing/670 nm-reflecting ommatidia have perirhabdomal pigments arranged 
trapezoidally around the rhabdom (enclosed in the white frames in Fig. 3), while the FR ommatidia 
have pigment clusters arranged in a square or rectangular pattern (Fig. 3D).

Structural heterogeneity of ommatidia
To describe the ommatidial heterogeneity in detail, we analysed serial sections of  the ventral part of  
an eye with both light and electron microscopy. Fig. 4 shows a set of  pictures of  an eye at different 
depths (Fig. 4A–F). At a depth of  280μm from the corneal surface, three types of  ommatidia are 
evident (Fig. 4B): here, pigment clusters are arranged in a trapezoidal (type I), square (type II) or 
rectangular (type III) pattern. Type I contains two subtypes: the shorter side is oriented either 
dorsally or ventrally. The length of  the sides of  the trapezoid corresponds to the size of  the cell 
bodies of  the R1 and R2 photoreceptors (see Fig. 1B). The cell body on the longer side of  the 
trapezoid is larger than the cell body on the shorter side at the middle level (e.g. Fig. 4C, arrows), but 
this is reversed at the distal level (Fig. 4A, arrows). Fig. 4G is an electron micrograph at 280 μm 
depth, showing the same set of  ommatidia marked as I, II and III in Fig. 4B, with their diagrammatical 
sketches below. Type II and III can be distinguished not only by the pigment arrangement but also 
by the shape of  the rhabdom (Fig. 4G).

Although the discrimination of  type II and III ommatidia in the light micrographs appeared not to 
be easy at all depth levels, the shape and size of  the rhabdom are nevertheless remarkably different 
between the three ommatidial types (Figs 5 and 6). Nine photoreceptors contribute their rhabdomeres 
to form the rhabdom, but not uniformly. For example, at the 280μm depth level photoreceptors 
R1–4 bear microvilli in all three ommatidial types (Fig. 5B,E,H), but at 400μm the rhabdoms of  type 
I, II and III ommatidia are composed of  the rhabdomeres of  R2–4 (Fig. 5C), R1–8 (Fig. 5F) and 
R5–8 (Fig. 5I), respectively. To quantify the rhabdom’s entire shape, we measured the rhabdom 
cross-sectional area, and also estimated the relative contribution of  each photoreceptor at a given 
depth on representative electron micrographs. We thus calculated the size of  the rhabdomeres along 
the longitudinal axis of  the rhabdom (Fig. 6A–C). The thickest part of  the rhabdom is at a depth of  
350–400μm (type I) or 250–350 μm (type II, III); the rhabdom cross-sectional area here is about 
8 μm2.

A peculiar feature of  the C. erate rhabdoms is that they have a constriction (red arrows in Fig. 1B) at 
a depth of  around 500 μm (type I) or 450 μm (type II, III), and they become fatter again proximally. 
The cross-sectional area of  the transitional region is about 1 μm2 (meaning a very small diameter of  
ca. 0.6 μm; Fig. 6A–C), and the rhabdom is there almost entirely encircled by pigment granules in the 
cell bodies of  R5–8 photoreceptors (Fig. 5I). In the dorsal eye region, we have not found any clear 
sign of  such rhabdom constrictions. 

We also quantified the distribution of  pigment granules around the rhabdom. There are maximally 
about 60 spherical granules, with a diameter of  0.1–0.2 μm, as estimated from ultrathin sections (see 
Fig. 5). The granules are accumulated in the cell bodies of  R5–8 photoreceptors in the close vicinity 
of  the rhabdom. The length of  the rhabdom part surrounded by the pigment is about 200 μm in all 
types of  ommatidia, with the distribution of  pigment slightly displaced proximally in type I 
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ommatidia. The pigment covers the constricted rhabdom region in all types of  ommatidia. The 
region deeper than 550 μm is pigment free (Fig. 6D).

The rhabdomeral microvilli are either straight or curved. In all three ommatidial types, the microvilli 
deriving from R1–4 photoreceptors curve in two directions. When we define the animals’ dorso-
ventral axis as 0 deg., which is parallel to the vertical edge of  the pictures in Figs 2–5, the R1–4 
microvilli curve towards about 45 and 135 deg., suggesting that the polarisation sensitivity of  the 
R1–4 photoreceptors is reduced. On the other hand, the microvilli of  R5–8 photoreceptors are 
straight and parallel to the 45 deg. (R5 and R7) or 135 deg. (R6 and R8) directions (Table 1).

Pigment absorption spectra
In transverse sections of  the retina, it is easy to identify four reddish pigment clusters surrounding 
each rhabdom and brown pigment granules in the screening pigment cells between the ommatidia 
(Fig. 4B,G). We measured the transmittance spectra of  the pigment clusters and the surrounding 
cytoplasm by IMSP in a transverse section at a depth of  330 μm of  non-osmicated tissue (Fig. 7). 
The colour of  the perirhabdomal pigment appears to be very similar in all types of  ommatidia when 
visually inspecting the histological sections (Fig. 3D), and indeed the measured transmittance spectra 
are virtually indistinguishable (Fig. 7).

Table 1
Three types of ventral ommatidia in Colias erate

Type Fraction 
(%) Fluorescence Reflection peak 

(nm) Orientation of rhabdomal microvilli

R1-4 R5, 7 R6, 8 R9
I 47 + VR 670 nm curved,

45 & 135°
straight, 

45°
straight, 

135° ?II 38 − FR 730 nm
III 14 − FR 730 nm

Discussion

Constricted transitional region of the rhabdom
The fused rhabdom of  butterfly eyes is a long and thin cylinder acting as an optical waveguide. Part 
of  the light propagating along a rhabdom travels outside of  it as the boundary wave, which is 
absorbed by pigment surrounding the rhabdom (Land and Osorio, 1990; Stavenga, 2006). The 
perirhabdomal pigment of  C. erate has a high transmittance above 600 nm (Fig. 7), so that the 
pigment acts as a long-pass, short-wavelength-absorbing spectral filter. Typically, a butterfly rhabdom 
smoothly tapers from the distal towards its basal end (Gordon, 1977; Kolb, 1977; Kolb, 1985; Qiu 
et al., 2002). However, the rhabdom of  C. erate appears to be unique, as it has a severe constriction 
in the middle of  the retinal level (red arrows in Fig.1B). The rhabdom of  C. erate proximal to the 
constriction is made up of  rhabdomeres of  R5–8 photoreceptors (Fig. 6), or the constriction is 
located exactly between the distal and the proximal tier. To the best of  our knowledge, a similar 
constriction in the middle of  the rhabdom has never been described for any other compound eye.

The fraction of  the light flux propagated in the boundary wave increases when the rhabdom 
diameter decreases (Snyder, 1979). Therefore, in the presence of  clusters of  pigment lining the 
rhabdom, the constriction of  the rhabdom results in an increased absorption of  the light propagating 
along the rhabdom. In other words, the filtering effect of  the pigment clusters is strongly enhanced 
in the area of  the rhabdom constriction. It may be thought that this could be for saving visual 
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pigment production, but a more likely reason is that the constriction functions in a similar way to the 
intra-rhabdomal pigmentation of  the midband ommatidia of  stomatopod eyes (Marshall et al., 
1991). Inevitably, in C. erate the rhabdom constriction and the enhanced filtering by the red pigment 
result in a reduction of  the absolute sensitivity of  the proximal photoreceptors, but this price is 
probably paid by achieving a sensitivity peak in the far-red wavelength range. For a diurnal butterfly 
that is only active in bright light conditions and has 500 μm long rhabdoms, the reduction in 
sensitivity is most probably not a serious problem, simply because there is enough light available.

Possible variability of short-wavelength receptors
In addition to the red perirhabdomal pigment, type I ommatidia contain fluorescing pigment (Fig. 
3). The pigment fluoresces under 420 nm excitation light, which is similar to the fluorescence 
measured in the eyes of  P. rapae (Qiu et al., 2002) and Anthocharis scolymus (Takemura et al., 2007).

Females of  P. rapae have three short-wavelength receptors, UV, violet (V) and blue (B), each 
expressing specific visual pigments, PrUV, PrV and PrB, respectively. They are localised either in R1 
and or in R2 photoreceptors in three fixed combinations: UV–B, V–V and UV–UV. Males share the 
expression pattern, but the ommatidia with two PrV-expressing cells also contain a pigment 
fluorescing under violet light. By acting as a violet filter, the fluorescing pigment turns the V receptors 
into double-peaked blue (dB) receptors. Male P. rapae thus have a set of  three short wavelength 
receptors, UV, dB and B, which differs from the set of  receptors in the female (Arikawa et al., 2005).

The eyes of  P. xuthus have two short-wavelength-absorbing visual pigments, UV and B type, 
expressed in R1 and R2 receptors, also in three fixed combinations: UV–B, UV–UV and B–B. The 
UV–UV type ommatidia also contain 3-OH retinol, which functions as a 320 nm-absorbing spectral 
filter for the photoreceptors. The screening effect of  3-OH retinol shifts the sensitivity of  the UV 
opsin-bearing photoreceptors to the long wavelength side, making them 400 nm-peaking V receptors 
(Arikawa et al., 1999a). The PxUV-expressing cells in the non-fluorescing type I ommatidia are UV 
receptors. Therefore, the eye of  P. xuthus is also furnished with UV, V and B receptors.

What is the situation in C. erate? We recently found that eyes of  C. erate express three opsins of  short-
wavelength-absorbing visual pigments in the R1 and R2 photoreceptors (Awata et al., 2009). The 
opsin expression pattern is, however, quite different from that of  P. rapae. The short wavelength 
opsin of  C. erate, a UV type, is an orthologue of  the Pieris UV opsin, and two V opsins are both 
orthologues of  the Pieris V opsin; we could not find any orthologues of  the Pieris B opsin. This 
phylogenetic relationship indicates that at the early stage of  evolution of  the Pieridae an ancestral B 
opsin gene duplicated in the common ancestor of  the Pierinae and the Coliadinae, eventually 
forming B and V receptors in P. rapae. In the lineage of  Coliadinae, the ancestral form of  the Pieris B 
opsin was lost, yet that of  the Pieris V opsin independently duplicated. This trait has to be confirmed 
by comparative studies on other pierid species.

In the retina of  C. erate, the two V opsins seem to be always expressed together. They are in three 
fixed combinations in R1 and R2: UV–V1/V2 (type I), V1/V2–V1/V2 (type II), and UV–UV (type 
III) (Awata et al., 2009). Although the spectral sensitivities of  these receptors have yet to be precisely 
measured, the UV- and V1/V2-bearing photoreceptors are most probably UV and V receptors, 
respectively. If  the fluorescing pigment in the type I ommatidia (Fig. 3) has a function similar to that 
of  P. rapae, the ‘UV’ receptors and ‘V’ receptors in type I ommatidia are modified by the filtering 
effect of  the fluorescing pigment. The type II and III ommatidia will bear simple V and UV 
receptors. The richness of  short wavelength receptors thus may enhance the wavelength 
discrimination ability of  C. erate in the short wavelength range, in a similar way to that in the males 
of  P. rapae.
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Eye shine and tapetum
The apparent absence of  tapetal reflections in the ventral eye region stimulated us to initiate the 
present study of  the C. erate eye. It turned out that the ventral ommatidia do have tapetal reflections. 
However, because of  the strong pigment filters, the reflection is weak and strongly shifted towards 
the far-red, so that the white light epi-illumination that we used for the initial survey was insufficient 
to reveal the tapetal reflections. Monochromatic illuminations and long exposure times clearly 
demonstrated three distinct tapetal reflections, two peaking at 670 nm (DR and VR) and one peaking 
at 730 nm (FR; Fig. 2).

The tapetal reflection peaking at 730 nm suggests that the FR ommatidia in the eye of  C. erate eye 
are sensitive to far-red light. In P. rapae, the deep-red tapetal reflection peaks at 675 nm (Qiu et al., 
2002). The R5–8 photoreceptors of  the type II ommatidia of  P. rapae are deep-red receptors peaking 
at 640 nm, while the visual pigment absorbs maximally in the yellow–green wavelength range 
(absorption peak wavelength 563 nm). The difference between the visual pigment absorption 
spectrum and the photoreceptor sensitivity spectrum is caused by the red, perirhabdomal pigment 
filter (Wakakuwa et al., 2004). In type II and III ommatidia of  C. erate, the reflectance peaks at 730 
nm (Figs 2 and 3), having a larger long wavelength shift than that in P. rapae. We recently found that 
C. erate, similar to P. rapae, has one long-wavelength-absorbing visual pigment expressed in all R3–8 
photoreceptors in all ommatidia (Awata et al., 2009), and we therefore expect that at least part of  the 
R5–8 receptors of  C. erate will have a red spectral sensitivity with a peak wavelength longer than that 
of  the deep-red receptors of  P. rapae. In fact, we have repeatedly encountered 660nm-peaking deep-
red receptors in the eye of  C. erate in preliminary spectral sensitivity measurements with intracellular 
recordings. In Pieris brassicae, red receptors seem to play a role in reproductive behaviour (Scherer and 
Kolb, 1987) and in P. xuthus they are a part of  the colour vision system (Koshitaka et al., 2008). In 
C. erate, the function of  red receptors has not been elucidated: they may be related to the possible 
preference for feeding on red flowers (Tanaka, 1991) or to host plant quality assessment.

Additional Figure A1 
Properties of ommatidial reflections shown with a 
scatterplot of the peak wavelength (x-axis) versus 
the short and long wavelengths and half-maximum. 
(y-axis). Each ommatidium (N=908 from 5 
specimen) is represented by one dot above and 
one below the diagonal line. The parameters were 
obtained from fits of gaussian peaks to the 
individual ommatidial reflectance spectra. The blue 
cloud represents the DR670 ommatidia, the green 
cloud the VR670 ommatida and red cloud FR730 
ommatidia. In the latter ommatidial type, there is 
possible subgrouping based on the wavelength of 
half-maximum reflection on the short-wavelength 
side. The means±s.d. of the fitted parameters for 
DR670 (N=908), VR670 (N=673), FR730 (N=700), 
respectively, are: 672±6 nm, 673±5 nm, 730±7 for 
peak wavelength; 628±5 nm, 650±5 nm, 688±8 
nm for short wavelength at half-maximum, 698±11 
nm, 690±4 nm, 755± 8 nm for long wavelength at 
half-maximum. 
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Chapter 4

An expanded set of photoreceptors in the Eastern Pale 

Clouded Yellow butterfly, Colias erate 

Abstract 
We have studied the spectral and polarisation sensitivities of  photoreceptors 
of  the butterfly Colias erate by using intracellular electrophysiological recordings 
and stimulation with light pulses. We have developed a method of  response 
waveform comparison (RWC) for evaluating the effective intensity of  the 
light pulses. We have identified one UV, four violet-blue, two green and two 
red photoreceptor classes. We have estimated the peak wavelengths of  four 
rhodopsins to be at about 360, 420, 460 and 560 nm. The four violet-blue 
classes are presumably based on combinations of  two rhodopsins and a 
violet-absorbing screening pigment. The green classes have reduced sensitivity 
in the ultraviolet range. The two red classes have primary peaks at about 650 
and 665 nm, respectively, and secondary peaks at about 480 nm. This peak 
shift, so far the largest among insects, is presumably achieved by tuning the 
effective thickness of  the red perirhabdomal screening pigment. Polarisation 
sensitivity of  green and red photoreceptors is higher at the secondary peak 
than at the main peak. We found a twenty-fold variation of  sensitivity within 
the cells of  one green class, implying possible photoreceptor 
subfunctionalisation. We propose an allocation scheme of  the receptor classes 
into the three ventral ommatidial types. 

Introduction
The standard model for insect colour vision is a trichromatic system based on a set of  ultraviolet (UV), blue 
(B), and green (G) receptors, as in the honeybee (Menzel and Backhaus 1989; Land and Nilsson 2002) and 
also in some Lepidoptera (Hamdorf  1979; Kinoshita et al. 1997; White et al. 2003). The model is paralleled 
by the genetic analysis of  opsins, where UV (peak wavelength, λp = 330~380 nm), violet/blue (λp = 
420~500 nm) and green (λp = 500~570 nm) opsin clades have been identified (Briscoe 2008). Recent 
research has demonstrated that several butterfly species have diversified the spectral properties of  the 
photoreceptors, by visual pigment gene duplication and/or applying spectral filtering, resulting in a visual 
system with up to eight different spectral classes (Arikawa et al. 1987; Briscoe and Chittka 2001; Sison-
Mangus et al. 2006; Stavenga and Arikawa 2006; Briscoe 2008).

Each ommatidium in the butterfly compound eye contains nine photoreceptor cells, R1-R9 (Ribi 1978; 
Arikawa 1999). The light-sensing organelles of  these photoreceptors, the rhabdomeres, are joined into a 
fused rhabdom, which acts as an optical waveguide. The rhabdomeres consist of  microvilli containing 
the visual pigments, the rhodopsins. The absorption spectrum of  the rhodopsin is the main determinant 
of  a photoreceptor’s spectral sensitivity, but distinct deviations can occur due to optical filtering, either 
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resulting from light absorption by the other rhodopsins in the rhabdom or by screening pigments within 
or surrounding the light-guiding rhabdom (review Stavenga 2006). 

The spectral organization of  the butterfly eye has been extensively studied in two species, the Japanese 
Yellow Swallowtail, Papilio xuthus, and the Small White, Pieris rapae crucivora, and the localisation of  the 
various photoreceptor types has been identified with a wide range of  techniques, e.g. anatomy, molecular 
biology, optics, and electrophysiology (Ribi 1978; Bandai et al. 1992; Arikawa and Uchiyama 1996; 
Arikawa and Stavenga 1997; Kitamoto et al. 2000; Qiu et al. 2002; Qiu and Arikawa 2003a; for review, 
see Arikawa 2003, Wakukawa et al. 2007). In order to gain insight into the evolution of  pierid butterflies 
(Stavenga and Arikawa 2006), we have started to investigate the visual system of  the Eastern Clouded 
Yellow butterfly, Colias erate. So far, we have studied the molecular organization (Awata et al. 2009) and 
ultrastructure of  the eye of  this species (Arikawa et al. 2009). Here, we report the spectral and polarisation 
sensitivities of  photoreceptors of  C. erate.

The compound eye of  C. erate has a distinct dorsal area and a larger ventral area. The ommatidia in the 
ventral area contain a red screening pigment, which is concentrated in four clusters near the rhabdoms 
(Arikawa et al. 2009). The arrangement of  the pigment clusters designates three ommatidial types. In the 
ommatidial types I, II, and III, the clusters are arranged in a trapezoidal, square, and rectangular manner, 
respectively. All ommatidia have a three-tiered fused rhabdom, where the distal and proximal tier consist 
of  the rhabdomeres of  photoreceptors R1-4 and R5-8, respectively; the very short basal tier contains the 
rhabdomere of  photoreceptor R9.

There are four opsin-encoding mRNAs expressed in the retina of  C. erate: CeUV, CeV1, CeV2 and CeL. 
The two sequence-wise similar opsins, CeV1 and CeV2, are always expressed together. In type I 
ommatidia, one of  the distal R1 and R2 photoreceptors expresses CeUV, and the other coexpresses CeV1 
and CeV2. In type II ommatidia both R1 and R2 coexpress CeV1 and CeV2, and in type III ommatidia, 
both R1 and R2 express CeUV. The distal R3 and R4 as well as the proximal R5-R8 photoreceptors express 
CeL in all ommatidia (Awata et al. 2009). 

Light that enters the eye is channelled by the dioptric system into the rhabdom, where it can be absorbed 
by the rhodopsins. Part of  the light travels outside the rhabdom boundary; in the ventral eye area this 
light fraction can be absorbed by the red screening pigments. The light that escapes absorption reaches 
at the proximal end of  the rhabdom a tracheolar tapetum, which acts as a multilayer reflector. The light 
reflected by the tapetum and channelled again into the rhabdom has a second chance to be absorbed by 
the rhodopsins and screening pigment. Still, a small light fraction remains unabsorbed, leaves the 
ommatidium, and is observable as the eye shine (also called eye glow; Miller and Bernard 1968; Stavenga et 
al. 2001; Briscoe and Bernard 2005).

The eye shine phenomenon allows in vivo optical characterization of  individual ommatidia (Qiu et al. 
2002; Vanhoutte et al. 2003). By performing imaging microspectrophotometry we found that C. erate exhibits 
three classes of  eye shine (Arikawa et al. 2009). The ommatidia in the dorsal eye area all have the same, 
rather bright red eye shine with a broad reflectance spectrum (630 to 690 nm, peak at 670 nm). In the 
ventral eye area, the ommatidia with so-called ventral-red (VR) eye shine (spectral band from 650 to 690 
nm, peak at 670 nm) correspond to ommatidial type I. These ommatidia additionally fluoresce in the 
green under violet excitation light (Arikawa et al. 2009). The fluorescent pigment presumably modifies 
the spectral sensitivity of  distal photoreceptors, as in Pieris rapae males, where a receptor expressing a 
violet rhodopsin is modified into a double-peaked blue (dB) receptor (Arikawa et al. 2005). The ommatidia 
with far-red (FR) eye shine in the ventral area (spectral band from 690 to 750 nm, peak at 730 nm) 
correspond to ommatidial types II and III (Arikawa et al. 2009). The short-wavelength cut-off  of  
the eye shine is due to the red screening pigment, which in addition presumably red-shifts the spectral 
sensitivity of  the proximal photoreceptors, as in Pieris rapae (Qiu and Arikawa 2003b). 
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From the molecular, anatomical and optical evidence collected from C. erate, following the concepts 
revealed by previous work on Pieris and Papilio, we were expecting several types of  modified short-
wavelength photoreceptors and possibly two subclasses of  red receptors with large sensitivity shifts. In the 
present study, we classified the photoreceptors of  C. erate into nine classes by virtue of  their spectral 
and polarisation sensitivities. We have developed a new method (RWC, Response Waveform 
Comparison) for the estimation of  effective intensities of  light pulses, which is based on comparing the 
waveform of  the voltage response with interpolated waveforms from the intensity-response calibration, 
and finding the most similar response waveform. We show that this method has distinct advantages over 
the more conventional measurement of  response voltage amplitudes and estimation of  effective 
intensities using the reverse transformation of  the intensity-response curve. Additionally, we have 
measured the intensity-response characteristics of  the measured photoreceptor classes. We discuss the 
mechanisms leading to the unusual spectral sensitivities of  some of  the photoreceptor classes, the 
function of  red receptors and the evolution of  multiple photoreceptor classes in butterflies.
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Figure 1
Intracellular recording from a cell classified as a UV receptor. A The sequence starts with a spectral scan of 23 
approximately isoquantal light pulses from 300 to 740 nm spaced 20 nm apart. This is followed with a scan 
going back from 740 to 300 nm. The responses in the green wavelength region are slightly hyperpolarising, 
possibly due to an ERG artefact or due to electrical crosstalk from neighbouring green receptors. The intensity 
calibration scan consists of responses to light pulses at 380 nm, covering an intensity range of 4 log units, 
increasing in 0.25 log unit steps. The polarisation sensitivity scan was also performed at 380 nm. It starts with 
five adaptation prepulses, which are followed by 36 pulses with the polariser being rotated in 10 degree steps. 
The duration of each of the three protocols was ~40 seconds. B Estimation of effective intensity of the light 
pulses. The background waterfall plot is showing the root mean square difference (RMSD) profiles (see Fig. 2E,F). 
The RMSD minima are estimates of effective intensities obtained by the RWC method (black circles). Open 
squares show the estimates obtained by reverse transformation of a Hill sigmoid.
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Materials and methods 

Experimental animals and preparation
The experiments were performed on butterflies caught around the Sokendai-Hayama Campus, Shōnan 
Village, Kanagawa Prefecture, Japan. The butterflies were kept for up to ten days in the laboratory and fed 
daily with sucrose solution. 

Light stimulation and electrophysiological recording
We used a computer-controlled light stimulator consisting of  a 500 W XBO arc lamp source, a 
shutter, four quartz neutral density filters with optical densities 1, 2, 3 and 4, respectively, a quartz 
grey wedge covering 2 log units, and a wheel with 23 interference filters (Asahi Spectra, full-width 
at half  maximum (FWHM) 10 nm) going from 300 to 740 nm in 20 nm steps. The light beam was 
focused on one end of  a quartz optical fibre, whose other end was clamped on a perimeter device. 
The latter end was at a distance of  ~10 cm from the animal’s eye, and had an apparent aperture of  
~3o. We used a radiometer (Sanso, model 470MD) to measure the unattenuated fluxes and to 
determine grey wedge positions needed for isoquantal stimuli.

For electrophysiological recordings, we fixed the animals to a stage using a mixture of  beeswax and 
resin. We made a small triangular hole in the dorsal part of  the eye using a razor blade sliver. The hole was 
immediately covered with a drop of  saline in order to prevent clotting. We subsequently transferred the 
animal to the recording cage, placed it in the rotation centre of  the perimeter device and oriented the 
eye’s sagittal axis vertically. 

A glass micro-electrode filled with 1 M KCl solution (resistance 50-70 MΩ) was inserted into the retina 
through the hole. A chloridised silver wire (diameter 0.1 mm), inserted into an obliquely cut antenna, 
functioned as the indifferent electrode. Electrical potentials were transduced with a Nihon Kohden bridge 
amplifier and were sampled at 1 kHz rate with a laboratory interface (BioPac Systems, model MP-150) 
controlled with the software package AcqKnowledge (BioPac Systems). The micro-electrode was then 
slowly advanced until a drop in the potential to about -40 to -60 mV indicated cell impalement. The visual 
axis of  the impaled cell was determined using dim white test flashes delivered from the light guide 
attached to the perimeter device. We selected 73 out of  about 200 recordings, where a stable resting 
potential, saturating responses of  at least 25 mV above the resting potential at the highest intensity and 
a hyperpolarising component of  less than a few mV demonstrated that the recordings were from viable 
single cells. Usually we were able to hold a cell for about 5 to 30 min. The hyperpolarising component in 
the green part of  the spectrum, which was either due to an ERG artefact or due to crosstalk from 
neighbouring cells (Matić, 1983), was most pronounced in the recordings from UV (Fig. 1) and red cells. 

Three different stimulation protocols were employed: a spectral scan with roughly isoquantal stimuli, 
an intensity calibration, and a polarisation scan. In all protocols, light pulses of  30 ms duration were used 
(Figs. 1, 2). After impaling the photoreceptor, the 23 wavelengths were scanned, from 300 to 740 nm and 
back, with light pulses spaced 1 s apart. The position of  the grey wedge was adjusted for each stimulus 
so that at all wavelengths photon fluxes were approximately equal. Usually we recorded two or three 
spectral scans in the same cell. Subsequent to the first spectral scan, an intensity calibration protocol 
was run at a wavelength close to the main sensitivity peak of  the impaled photoreceptor. In case the cell 
had a pronounced secondary peak, we carried out a second run at a wavelength close to that secondary 
peak. The intensity calibration protocol started at 4 log unit attenuation and continued in steps of  quarter 
log unit increments until the maximal intensity was reached, yielding a total of  17 intensity stimuli. Pulse 
intervals were shorter with low-intensity stimuli and longer with high-intensity stimuli in order to 
minimise adaptation effects (see Fig. 1). In the third, polarisation scan protocol, a UV-capable polariser 
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was inserted in front of  the light guide, starting in the vertical e-vector position. The protocol consisted of  
41 pulses spaced 1 s apart. After the first five pulses, which were ignored in the analysis, the polariser 
started rotating counter-clockwise from the eye’s aspect in 10° steps and eventually finished again in the 
vertical e-vector position. Each protocol took ~40 seconds to finish.

Data analysis
Data were imported into Matlab using the routine loadacq.m (by Mihai Moldovan, available at the 
Matlab Central site), and were further analysed using our own routines. The voltage responses 
were temporally aligned to the shutter opening time, and the baseline was calculated as the average 
of  the hundred samples in the first 100 ms before the stimulus. The response amplitude was 
measured as the difference between the baseline and the 95% quantile of  100 samples around the 
peak response. The curve of  response amplitudes V(I) was then fitted with a Hill sigmoid 
V(I) = Vp I

h / (Rh  + Ih) using the least squares optimisation method; here the independent variable 
I is the light intensity, the parameter Vp is the peak response, h is Hill’s slope and R (or I50) is the 
intensity where the response is half-maximal (Laughlin 1981). The effective intensities I(V) of  tested 
stimuli (evoking response amplitudes in the range [0..Vp]) were then estimated with the inverse 
function I(V) = R [V/(Vp–V)]1/h. 

The RWC method
As an alternative for the estimation of  effective intensities of  light pulses (that is, the intensities of  light 
pulses that would elicit the same response as during the calibration run) we developed the response 
waveform comparison (RWC) method, in which the whole response to a test stimulus is compared to an 
array of  interpolated responses from the intensity calibration protocol; the effective intensity of  the 
tested stimulus is estimated as that of  the most similar interpolated response in a least-squares sense. We 
created the interpolated array from the 17 measured calibration responses (Fig. 2A), by fitting a ninth 
degree polynomial to the instantaneous intensity-response curve V(I; t = ti) at each of  the hundred sample 
points ti where the voltage responses were significant. The calibration responses were interpolated to 0.01 
logI steps over the range logI = -4..0, thus yielding an array with a size of  401*100 points (Fig. 2B,C). The 
tested response was compared to each of  the interpolated responses (Fig. 2D,E). The effective 
intensity of  the test response was estimated to be the one of  the most similar response from the array, 
that is, of  the interpolated response having the minimal root mean square sample-per-sample difference 
with the tested response (RMSD; Fig. 2E,F). We note that in the given example (Fig. 2D,E,F), we 
perform self-validation of  the method by estimating the effective intensities of  the responses that 
were used in the calibration run proper.

The accuracies of  the RWC and the conventional Hill-fit method were compared by rerunning the 
calibration data as the tested data (Fig. 2E,F) and performing linear regression between the applied and 
estimated pulse intensity. We concluded that the RWC method outperforms the conventional method 
with reverse transformation, especially in the low and high intensity range (Fig. 1B, Fig. 3), and we 
therefore used the RWC method in the calculations of  the spectral and polarisation sensitivities. 

Fitting of spectral and polarisation sensitivity profiles
In the case of  spectral scans, the estimated effective intensity of  the tested response was corrected for any 
remaining flux differences. The estimated effective intensities were anti-log transformed, the values from 
the forward and the backward scan were averaged, and the spectra from each cell were each normalised to 
unity area in order to give equal weights to all measured cells.
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Figure 2
The Response Waveform Comparison (RWC) method. Panes A, B, C show the interpolation of the calibration 
responses. Panes D, E, F show the principle of estimation of effective intensities of the responses. As an example, 
we estimated the effective intensities of the responses from the same calibration run, in order to perform self-
validation of the method. A Measured calibration responses to light pulses with intensity increasing in 0.25 log 
unit steps over a range of 4 log units (from -4 to 0). The response at logI = -2 is shown in red, and the responses 
at logI = -4, -3, -1 and 0 are given in blue. The black line marks the shutter opening. B Waterfall plot of the 
interpolated response array. The measured responses are shown interlaced at their nominal intensities. C 
Comparison between the measured and interpolated responses. Interpolated responses (spaced 0.05 log 
unit apart) are shown in black. The measured responses are shown as in panel A. The inset below the 
responses shows the difference between the measured and interpolated responses. D Waterfall plot showing 
the absolute sample-wise difference between the measured response to a light pulse at intensity logI = -2 (red 
trace in C) and the interpolated response array (shown in B). As expected, the sample-wise difference is close 
to zero (black colour) in the region around logI = -2 (see also the red RMSD profile in E). E RMSD profiles (root 
mean square sample-wise difference between the measured response and each of the interpolated responses) 
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Figure 3
Self-validation comparison of the RWC and Hill 
method. Comparison of the accuracy of the effective 
stimulus estimation based on retesting the 
calibration stimuli. The RWC estimates (blue circles, 
linear regression y = 1.014x + 0.018; thick blue line) 
are closer to the ideal 1:1 relation between the 
applied and estimated intensity than the estimates 
obtained via the inverse Hill transformation (red 
squares, y = 1.302x + 0.484; thick red line). The Hill 
sigmoid fit to the intensity-response curve (not 
shown) was tight, with Vp  =  37.0  ±  0.6 mV, 
logR = -1.65 ± 0.03 and h = 0.75 ± 0.03 (mean±SE)). 
The red and blue crosses show the estimates obtained 
from a second intensity-response series (not shown in 
Fig. 1), compared with the calibration stimuli. The 
regression lines for these two series are shown with 
thin blue and red lines. Again, the RWC estimates are 
closer to 1:1 relation than those obtained from inverse 
Hill transformation.
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Figure 4
Spectral sensitivities. A Spectral sensitivities of the 
set of the nine photoreceptor classes of C. erate 
normalized to their area. The area between the faint 
lines represents standard deviations. B Spectral 
sensitivities normalized to the peak, with a 
logarithmic ordinate. Error bars are omitted here for 
the sake of clarity. Number of measured cells (n) and 
individuals (m) for all classes is given as (n, m) : UV 
(13, 9); V (4, 4); nB (6, 6); bBb (6, 5); bBs (6, 3); nG 
(9, 9); bG (21,10); nR (6, 5), fR (2,2)

for some of the calibration stimuli. The positions of the minima of the RMSD profiles were used as the estimators 
of the effective intensities of the applied stimuli. The red curve presents the RMSD profile for the response to a 
light pulse at logI = -2 (compare with D). The RMSD minimum for the measured response (0.47 mV) is reached at 
logI = -2.04 (red circle). Blue curves, showing the RMSD profiles for the measured responses at logI = -4, -3, -1 
and 0, and the black thin curves (responses to intensities at half log units in between) have their minima close 
to the applied intensities. F Waterfall plot of the RMSD profiles of all the measured responses from the calibration 
run. The white crosses, representing the minima of RMSD curves for each stimulus (repeated as solid blue circles 
in Fig. 3), show a close correlation between the applied and estimated intensity. 
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Spectral sensitivities of  green, violet, narrow-blue and UV receptor classes were fitted with a 
rhodopsin template (Govardovskii et al. 2000), which requires a single parameter (the peak 
wavelength, λp). When the spectral sensitivity curve deviated from the rhodopsin template in the 
short wavelength range, we fitted only the long-wavelength part of  the sensitivity spectrum, because 
the slope of  the long wavelength tail of  the rhodopsin absorption spectra is not very sensitive to 
optical filtering effects but critically depends on the rhodopsin peak wavelength (Wakakuwa et al. 
2004; Arikawa et al. 2005). Additionally, since the peak wavelengths and bandwidths of  the receptor 
classes may well be different from those obtained from template fitting, we also fitted the spectral 
sensitivity curves with a heuristic template, based on the asymmetric Gaussian function S(λ) = ap exp{[-
4ln(2)] [(λ–λp)/δ]2 [1 + ε(λ– λp)/δ]-2}, where ap is the peak amplitude, δ the bandwidth (FWHM), and 
ε the asymmetry factor; the function was modified from Peak Fitter software (written by Marcus 
Karolewski). We used a single asymmetric Gaussian function for single-peaked cell classes (UV, 
violet). A sum of  two Gaussian functions was used for fitting double-peaked receptor classes 
(green, red). The parameter subscripts 1 and 2 in Table 2 designate the primary and the secondary 
peak, respectively. The fitting was done either with linear- or logarithmically-transformed sensitivity 
data. For the red classes, we further derived two parameters: the relative amplitude of  the secondary 
peak, a2/a1, and the left cut-off  wavelength (wavelength at the left half-maximum, WLHM) of  the 
main peak, λ1–δ1/2. For the linear fit of  double-peaked receptors, the secondary peak wavelength 
was fixed to λ2 = 363 nm and its bandwidth to δ2 = 110 nm.

The effective sensitivities measured in the polarisation scan were fitted with the function S(θ) = 
am K[1 + ψ ( 2cos2 (ζ – θ) –1)]; here θ is the angular orientation of  the polarizer. The parameters are ζ, 
the polarisation sensitivity (PS) axis angle (the angle of  maximal sensitivity to linearly polarized light, 
range between 0º and 180º), and ψ, the relative polarisation sensitivity amplitude (a dimensionless 
quantity between 0 and 1, describing the modulation around the mean response am). The polarisation 
sensitivity ratio Ps is calculated from ψ as Ps = (1+ψ)/(1-ψ). The correction factor, K = 1 + kN 
describes a linear adaptation trend, depending on the pulse count, N. Parameter indices 1 and 2 
(Table 2) designate the parameter estimates for the primary and secondary peak, respectively. We 
note that it has been shown that the orientation of  microvilli determines the PS axis angle, ζ, of  the 
photoreceptor (Bandai et al. 1992). 

The peak wavelength estimators obtained from template and heuristic fitting to the spectra obtained 
from all the cells in a receptor class are reported with 95% confidence intervals. The estimators for 
polarisation sensitivity for single cells are reported with their standard errors (SE). Group averages 
of  these estimators are reported with standard deviations (SD) without error propagation. 

Results

Spectral sensitivity classes
We analysed 73 cells and classified their spectral sensitivities into nine classes (Fig. 4), based on the shape 
of  the spectral sensitivity curve and its peak wavelength, λs. The spectral sensitivities of  four classes 
resembled the template spectrum of  rhodopsin (Govardovskii et al. 2000), namely the ultraviolet (UV, 
λs ≈ 360 nm), violet (V; λs ≈ 420 nm), broad-green and narrow-green (bG and nG; λs ≈ 560 nm) 
receptors. The shape of  the sensitivity spectra of  the remaining photoreceptor classes distinctly 
deviated from the rhodopsin template. The following classes were single-peaked: the narrow-blue (nB; 
λs ≈ 460 nm), the blunt broad-blue (bBb; λs ≈ 500 nm) and the sharp broad-blue (bBs; λs ≈ 500 nm). 
The red receptors (λs ≈ 640~680 nm) had a clear secondary peak of  10%~50% at ~480 nm. The peak 
wavelength of  the red receptors varied considerably, which suggested that this class contains more than 
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one receptor type, which is also supported by the anatomy (Arikawa et al. 2009), and thus we have divided 
the red receptor class into a near-red (nR) and a far-red (fR) class.

Spectral sensitivities are commonly presented normalized at their peak value, but Fig. 4A presents 
the sensitivities normalized to their area, so that more spectrally selective receptor classes with narrow 
bandwidths have higher peaks. The most spectrally selective receptor classes were nB, nR and fR, with 
FWHM (full-width at half  maximum) of  the main peak at ~50 nm. The most broadband receptor is 
bB, covering a wide wavelength range (FWHM ≈ 140 nm, from 300 to 540 nm). A semi-logarithmic 
representation of  the sensitivity spectra (Fig. 4B) reveals for the nG class a deep trough in the 440-460 
nm range, while the bG class has an extremely low UV sensitivity. 

In the next step, we estimated the peak absorption wavelengths of  the expressed rhodopsins. The 
sensitivity spectra of  the UV, V, bG and nG classes resemble rhodopsin templates, but there are 
considerable deviations, especially in the UV range. We therefore limited the template fit to the peak and 
the long-wavelength limb range. In addition to fitting the sensitivity spectra in the linear domain, we fitted 
the log-transformed spectra as well, thus giving a higher weight to the values in the long wavelength limb 
of  the spectra. We note that when fitting in the logarithmic domain, the rhodopsin estimates were biased 
towards shorter wavelengths in all but the UV class (Table 1; ranges are given for symmetric 95% 
confidence intervals).

Fitting the sensitivity spectra of  the UV receptor class yielded 355 nm (logarithmic fit: 362 nm) for the 
peak wavelength of  the UV rhodopsin (Fig. 5A). Similarly, fitting the spectra of  the V receptor class 
yielded the peak wavelength of  a violet/blue rhodopsin to be 422 nm (logarithmic fit: 413 nm; Table 1). 
A very similar value was obtained from fitting the right limb of  nB spectra (Fig. 5C). This suggests that at 
least one of  the CeV1 and CeV2 rhodopsins peaks in the violet range around 420 nm.

Although the sensitivity spectra of  the bBb and bBs receptor classes strongly deviated from predictions by 
the rhodopsin template, the long wavelength limbs of  the spectra, when fitted with the rhodopsin 
template, gave similar estimates for the underlying rhodopsin: 461 and 467 nm, respectively, for the linear 
fit; 457 and 453 nm, respectively, for the logarithmic fit (Fig. 5E). This suggests that one of  the CeV1 or 
CeV2 rhodopsins peaks in the blue, around 460 nm.

The estimates for the rhodopsin peak wavelength of  the nG and bG classes were similar (Fig. 5B,D), in 
line with the finding that C. erate expresses only a single green rhodopsin, CeL (Awata et al. 2009). The 
joint estimate for the peak wavelength of  CeL was assessed to be around 560 nm (linear estimate 563 nm; 
logarithmic estimate 559 nm). 

Table 1: Rhodopsin template fits. 
The ranges of estimators are given as 95% confidence intervals. 
Class Linear fit Log fit

λlin ± λlog ± n Fit range λlin-λlog

[nm] [nm] [nm]
UV 355 1.6 362 1.3 13 340-400 -7
V 422 3.9 413 3.3 4 400-500 9
nB 421 7.8 413 6.7 5 460-500 8
bBb 461 4.9 457 4.1 6 500-560 4
bBs 467 6.0 453 6.4 6 500-560 14
nG 568 1.7 558 1.9 9 520-680 10
bG 562 1.3 560 1.3 20 520-680 2
nG+bG 564 1.1 559 1.1 29 520-680 5
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Figure 5
Fits to the sensitivity profiles of UV, nB, bBs, nG, bG and nR classes. The measured log sensitivity spectra 
(black dots; black line shows the average) were fitted with the rhodopsin templates (blue lines) and 
heuristic asymmetric Gaussian functions (red lines). The fitting was performed both in the logarithmic 
domain (solid lines) and in the linear domain (dashed lines). The vertical lines designate the peak 
wavelengths obtained with different fits. The horizontal bars designate the interval of data used for fitting 
the template spectra (blue lines) and heuristic fits (red lines). The UV, nB, and bBs sensitivity spectra in the 
left-hand column (panels A, C, E) yielded predictions for rhodopsins peaking in the UV, violet and blue, 
respectively (see Table 1). The magenta line in E, showing the template of a rhodopsin peaking at 420 nm, 
was fitted by eye. In the right-hand column, the nG and the bG spectra (Panels B and D) yielded predictions 
for a rhodopsin absorbing maximally at 560 nm (see Table 1). The green line in F, showing this rhodopsin 
spectrum, was fitted to the sensitivity profile of the nR class by eye (E). The numerical fitting results for all 
classes are shown in Tables 1, 2, and 3. Fits to classes V and bBb are not shown. Individual fits to nR and fR 
classes are shown in Figure 10.
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Heuristic fitting of the spectral sensitivities
The fitting procedure with a rhodopsin template may have well predicted the underlying rhodopsins, but 
the sensitivity profile are not described accurately by the template spectra. We therefore decided to find 
heuristic fits that would accommodate the measured spectra in the whole wavelength range. Figure 5 
shows heuristic fits in the linear (dashed red curves) and in the logarithmic domain (solid red curves). 
Table 2 summarises the results of  the heuristic fitting in the logarithmic domain for UV, V, nB, nG and 
bG receptor classes; the estimators obtained by fitting in the linear domain were essentially the same. 

An asymmetric single Gaussian function (see Methods) fitted to the sensitivity spectra of  the UV class (Fig. 
5A) yielded a peak wavelength around 345 nm, somewhat shorter than the estimate from the rhodopsin 
template fit. An asymmetric Gaussian function fitted to the sensitivity spectra of  the V class yielded a peak 
wavelength around 425 nm both in the logarithmic domain (Table 2) and in the linear domain (not 
shown), close to the result of  the linear rhodopsin template fit. 

For heuristic fitting of  the sensitivity spectra of  the nB, bG and nG classes, we used a sum of  an asymmetric 
and a symmetric Gaussian function, to fit the main and the secondary peak, respectively (see Methods). 
In most cases, the asymmetricity of  the main peak was negligible. The main peak wavelength for the nB 
class was estimated at ~456 nm, with a very narrow bandwidth (FWHM, δ1) of  39 nm (Fig. 5C). We were 
unable to find a sensible heuristic fit for the sensitivity profiles of  bBb and bBs classes. 

The main peak wavelength (λ1) of  the nG class was ~567 nm (Fig. 5B), somewhat longer than the 559 
and 563 nm of  the template fits. The relative β-peak sensitivity (0.08) was substantially lower than that 
predicted by the rhodopsin template (0.25). Because of  a reduced sensitivity in the blue range (Fig. 4B), 
the bandwidth (FWHM) of  the main peak was narrower than that of  the template for L560 (Table 2). 

The main peak wavelength (λ2) of  the bG class was at ~550 nm, somewhat shorter than the template 
fit values, while the bandwidth (FWHM) was close to the one predicted by the template. In this class, 
the relative sensitivity of  the second peak (a2/a1) was ~0.02 (Fig. 5D), even lower than that of  the 
nG class (Fig. 5B). We noticed that the distribution of  a2/a1 in this class was bimodal, with about 
half  of  the cells (bG1) having a2/a1 ≈ 0.05 and the other half  (bG2) virtually at the detection 
threshold of  the RWC method (Table 2). In our further analyses, we however have considered these 
two subclasses together.

Table 2: Heuristic fits of UV, blue and green classes. 
The ranges of estimators are given as 95% confidence intervals.The last line shows a fit to a rhodopsin 
template peaking at 560 nm.

Class λ1,log δ1 ε1 a2/a1 λ2 δ2 n Fit range λ1,lin-λ1,log

Log. fit [nm] [nm] [nm] [nm] [nm]
UV 343 85 0.08 13 300-440 1
± 2 5 0.07
V 426 78 0.33 4 300-500 0
± 8 6 0.10
nB 458 36 0.19 0.18 366 152 5 300-500 -2
± 5 6 0.24 0.05 10 22
nG 567 85 -0.02 0.08 364 92 9 300-680 0
± 5 3 0.05 0.02 4 9

bG1 552 111 0.00 0.05 351 95 10 2
± 3 3 0.04 0.01 4 12

bG2 550 96 -0.03 0.01 349 148 10 5
± 4 3 0.04 0.00 13 62

Rh560 558 112 0.12 0.25
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Red cells
We fitted the spectral sensitivity profiles of  red cells with a double Gaussian function. We divided the 
eight measured red cells into the near-red class (nR, 6 cells, Fig. 5F, Fig. 10, Table 3), with the main peak 
(λ1) at ~651 nm and cut-off  (λ1–δ1/2) at ~629 nm, and the far-red class (fR, 2 cells, Fig. 10, Table 3), with 
the main peak at 664 nm and cut-off  at 648 nm. All nR and fR cells had a secondary peak (λ1) at ~480 
nm. In the Discussion, we substantiate the division into two classes, despite low cell numbers, by further 
analysing the sensitivity profiles of  individual cells and relating their main peak and cut-off  wavelengths 
to the relative amplitudes of  the secondary peaks (a2/a1).

Table 3: Heuristic fits for the red receptors in the linear domain.
The ranges of estimators are given as 95% confidence intervals.

 λ1 δ1 a2/a1 λ2 δ2 λ1-δ1/2 n
Class [nm] [nm] [nm] [nm] [nm]

nR 651 44 0.27 489 57 629 6
± 1 3 0.06 6 14 3
fR 664 32 0.06 487 45 648 2
± 2 5 0.11 38 90 5

Polarisation sensitivity
We have determined the relative polarisation sensitivity amplitude (PS amplitude, ψ) and the angle of  
maximal polarisation sensitivity (PS axis angle, ζ) for all receptor classes (Fig. 6). For the UV, V and bG 
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Figure 6
Analysis of polarisation sensitivities (PS). A Relative polarisation sensitivity amplitudes (ψ). B Angles of 
maximal polarisation sensitivity (PS axis angles, ζ). The panels are sorted by the receptor class and ζ. Black 
points represent the estimators ζ1 and ψ1 measured close to the primary sensitivity peak (380, 420, 460, 500, 
560 and 640 nm). Grey points represent the estimators at the secondary sensitivity peak, ζ2 and ψ2 (380 and 
480 nm for the green and red receptor classes, respectively). Thin bars indicate the standard errors of the 
estimators. Asterisks mark the nB and nG groups, where the polarisation axis estimates are unreliable. Thick 
bars (A) show group averages (± SD) ζ for the receptor classes.
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classes, we obtained ψ = 0.15~0.20 (Fig. 6A), and thus a polarisation sensitivity ratio Ps ≈ 1.3~1.5 (see 
Methods). The most polarisation-sensitive receptor classes were bBb, bBs and R: ψ ≈ 0.30~0.50, so 
that Ps ≈ 1.8~3.0. The polarisation axes of  four classes (UV, V, bBb, bBs) appear to be aligned 
around the vertical axis, ζ ≈ 0º or 180º (Fig. 6B). The PS axis angles of  the R and bG receptor classes 
appear to be oriented at diagonal positions, ζ = 135° and ζ = 45°, both at the primary and the 
secondary sensitivity peaks (Fig. 6B, black and grey points, respectively). The nG and nB receptor 
classes had very low polarisation sensitivities (ψ ≈ 0.10, or Ps ≈ 1.2; Fig. 6A). Consequently, the 
estimates of  the polarisation axis ζ in these classes mostly have large standard errors and we consider 
them to be unreliable (asterisks in Fig. 6B); we show them for the sake of  completeness. 

In some cells of  the bG and R classes we were able to measure the polarisation sensitivity at the 
primary as well as at the secondary spectral peak (black and grey points in Fig. 6, respectively). For 
the bG class, the polarisation sensitivities for the primary and secondary peak were measured at 560 
and 380 nm, respectively, and for the nR and fR cells at 660 and 480 nm, respectively. In both 
classes, the relative polarisation sensitivity amplitude at the primary peak (ψ1) was slightly lower than 
the one at the secondary peak (ψ2; Fig. 7A), while the PS axis angles for the primary peak (ζ1) and the 
secondary peak (ζ2) were very similar (Fig. 7B).

Intensity-response characteristics
We analysed the intensity calibration series of  50 cells where response saturation was reached and the 
estimated parameters converged with acceptable errors. We fitted a Hill sigmoid to the response series. 
The two intensity-independent parameters of  the Hill sigmoid, peak amplitude Vp and slope h, did not 
systematically depend on the receptor class (Fig. 8). For individual intensity response curves, Vp was in 
the range 26-63 mV (n = 50). The grand average over all cells for the peak amplitude was Vp = 41 mV 
(SE = 0.95 mV) and for the Hill slope h = 0.73 (SE = 0.01; ranging from 0.55 to 0.92 for individual cells). 
There was a weak negative correlation (r2 = 0.24) between Vp and h, relating a higher peak amplitude 
with a shallower slope of  the intensity-response function.

Figure 7
Correspondence of PS amplitude and axis of bG and nR cells. A The relative polarisation sensitivity 
amplitudes of primary (ψ1) and secondary peaks (ψ2) of some bG (open circles) and nR cells (solid circles). B 
The respective PS axis angles (angles of maximal polarisation sensitivity, ζ). Error bars represent standard 
errors of the estimates. Angles ζ show good correspondence, while ψ2 is on average bigger than ψ1.
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For all analysed cells, the intensity needed for a half-maximal response, R, ranged between logR = -2.55 
and -0.50 (not shown). Within one receptor class (bG, n = 18), the logR range was quite large, over 1.30 
log units (not shown), despite optimally adjusting the azimuth and elevation of  the optical fibre output 
throughout all experiments.

Discussion 
This study describes the set of  photoreceptor classes in the eye of  the Eastern Pale Clouded Yellow, 
Colias erate. We have classified the cells into nine receptor classes: ultraviolet (UV), violet (V), narrow-blue 
(nB), two broad-blue subclasses covering the spectrum from the UV to blue-green, one of  them 
having a blunt sensitivity profile (bBb) and another having an additional sharp peak at ~500 nm (bBs), 
two green classes (nG and bG), and two red classes (near-red, nR, and far-red, fR).

We were able to fit the long-wavelength limbs of  six photoreceptor classes (UV, V, bG/nG and bBb/
bBs) with the Govardovskii rhodopsin template (Govardovskii et al. 2000). We have obtained 
estimates for one UV rhodopsin (λp ≈ 360 nm), two violet/blue rhodopsins (λp ≈ 420 and λp ≈ 460 nm) 
and one green rhodopsin (λp ≈ 560 nm), which presumably correspond to the four rhodopsins found by 
mRNA hybridisation (CeUV, CeV1, CeV2 and CeL; Awata et al. 2009). Using these data and the eye 
anatomy data (Arikawa et al. 2009), we discuss our results. We compare the so far assembled data on C. erate 
with the more extensive knowledge of  Pieris rapae.

The UV receptor class
The PS axis angle of  the UV receptor class was found to be around the vertical axis, ζ ≈ 0º (180º). 
The peak wavelength of  the CeUV rhodopsin following from the Govardovskii template fit to the 
sensitivity profile,  ~360 nm, coincides with the peak wavelength of  the PrUV rhodopsin of  Pieris 
rapae (Arikawa et al. 2005). The in situ hybridisation study of  Awata et al. (2009) suggests that the UV 
cells are located in the position of  the distal R1,2 photoreceptors of  type I and type III ommatidia.

The V and B receptor classes
The vertical orientation of  maximal polarisation sensitivity puts the V cells safely into the position of  the 
R1,2 photoreceptors in the distal tier of  type II ommatidia. The spectral sensitivity of  the V receptor 
suggests the expression of  a violet rhodopsin peaking at ~420 nm. This value is similar to the peak 
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Parameters of the intensity-response curve. A 
scatter plot of the two parameters of the Hill function, 
Vp (abscissa), and the slope, h (ordinate). Black dots 
represent estimates for 50 individual cells where the 
function fit converged well. Solid circles with crosses 
are group averages (mean ± SD; number of cells in 
classes: UV 4, V 3, nB 5, bBb 3, bBs 5, bG 18, nG 8, R 
4). The thick solid cross is the grand average 
calculated from individual cells (mean ± SD): Vp = 
41.1 ± 6.8 mV and h = 0.73 ± 0.09. The regression 
line, based on individual cells (h = 0.99 – 0.00642 Vp; 
r2=0.24), shows a weak correlation between a lower 
maximal response and a steeper slope. The edge 
histograms show the distributions of the two 
parameters.
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wavelength 425 nm of  the violet rhodopsin of  Pieris rapae, PrV (Arikawa et al. 2005). The alternative is that 
the V class expresses two violet/blue rhodopsins (CeV1 and CeV2; Awata et al. 2009), which then must 
have very similar absorption spectra. In this case, in order to modify the sensitivity of  the violet rhodopsin-
based receptor to that of  bB cells, a very dense distal filter would be needed (see Fig. 5). 

The V class has a somewhat lower spectral sensitivity in the short wavelength limb than what is predicted 
by the template (not shown). This may be caused by lateral screening of  the β-peaks of  the apposed R3,4 
receptors (presumably nG in type II ommatidia), by the corneal facet lens, acting as a UV-filter, or, the 
reduced sensitivity is due to electrical coupling (Matić, 1983).

The spectral sensitivity of  the nB receptor class strongly deviates from a rhodopsin template. 
Furthermore, the nB receptors have lower polarisation sensitivity than the other violet/blue rhodopsin-
based classes. Curiously, the two cells with apparently reliably estimated PS axes are oriented at ~90°. At 
present, we do not have an explanation for this deviation from the expected PS axis angle 0°. A heuristic 
fit estimated the peak sensitivity at ~455 nm, with a narrow bandwidth (FWHM) of  ~35 nm, while the 
template fit to the LW limb of  the sensitivity spectra estimated the rhodopsin peak to be at ~420 nm, which 
suggests that the nB class is based on the same opsin(s) as the V class. In Pieris rapae, the double-peaked 
blue receptor class (dB), present only in the fluorescent type II ommatidia of  males, is based on a single 
violet rhodopsin peaking at 425 nm; its spectral sensitivity peak is shifted to 460 nm due to screening 
by a violet-absorbing, fluorescing pigment (Arikawa et al. 2005). We hypothesize that in the fluorescent 
type I ommatidia of  C. erate a similar mechanism modifies V receptors into nB receptors. Under this 
assumption we have calculated the difference between the log spectral sensitivities of  the V and nB 
classes and thus estimated that the fluorescing pigment absorbs maximally at ~420 nm (Fig. 9), in line with 
the excitation used to elicit fluorescence in our previous study (Arikawa et al. 2008).

The bBb and bBs receptor classes are the hardest to interpret. We fitted the rhodopsin template to the long 
wavelength limbs, above 500 nm. The peak wavelength estimates from fitting both in the logarithmic 
and linear domain were in the range 453-461 nm, similar to the 453 nm peak wavelength of  the blue 

Figure 9
Absorbance difference spectra. The 
difference between the log sensitivity 
spectra of the nB and V classes (V  –  nB) 
yields a spectrum peaking at ~420 nm as 
the estimate of the absorbance spectrum of 
the fluorescing pigment (magenta line with 
circles). The absorbance difference spectra, 
calculated as the difference between the 
rhodopsin 560 template and the spectral 
sensitivity profiles of nR (red) and fR (black) 
receptors have peaks (~3 and ~4 log units, 
respectively) at around 560 nm. The 
absorbance spectrum of a 5 μm slab of the 
red pigment (blue line with circles) has been 
calculated from the thin layer transmittance 
spectrum measured by Arikawa et al. (2009) 
under the assumption that the red pigment 
has negligible absorption at 700 nm. The 
cyan lines show a simulated effective optical 
thickness increase of 4.5-, 9- and 18-fold 
(dotted, dash-dotted and dashed blue lines, 
respectively). The latter factor has been 
chosen to fit the LW limb of the absorbance 

difference spectrum for the nR class (red).
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rhodopsin of  Pieris rapae, PrB. The spectral sensitivity of  the bB classes could in principle be explained 
with the violet rhodopsin peaking at 420 nm, but this would imply the presence of  an excessive filter in 
the distal tier (density >2 log units in the range 300-450 nm; see Fig. 5D), which seems to be unlikely. We 
hypothesize that the spectral shapes of  the bBb and bBs classes are a consequence of  lateral screening 
and the co-expression of  the blue (λp ≈ 460 nm) and the violet (λp ≈ 420 nm) rhodopsin. The difference 
between the bBb and bBs spectral sensitivities can have various causes. First, assuming that bBs is located 
in type I ommatidia and bBb in type II ommatidia, the difference could be due to spectral filtering by the 
fluorescing pigment. Second, the difference could be due to polymorphic expression of  two violet/blue 
rhodopsins within the C. erate population. Third, it might be that R1,2 cells in type I and III ommatidia 
do contain both CeV1 and CeV2 mRNAs transcripts, but only one of  them is being translated into the 
opsin, e.g. via RNA interference. Fourth, the relative content of  the two rhodopsins could differ among 
the photoreceptors, but this difference could not be detected with hybridisation (Awata et al. 2009). 
Simple modelling (not shown) suggests that if  two rhodopsins are expressed in a single receptor in 
different mixing proportions, then the rhodopsin template fitting, as used here, would yield an estimate 
for λp between the two rhodopsin peaks. In this case, the nB and V receptor classes could contain 
predominantly the violet rhodopsin, while bBb and bBs cells would contain a mixture of  blue and violet 
rhodopsins.

The nG and bG receptor classes
Fitting a rhodopsin template to the combined sensitivity spectra of  the bG and nG classes yielded that 
the green rhodopsin (CeL) has a peak wavelength at 559-565 nm, corresponding well to the peak at 563 nm 
of  the green rhodopsin of  Pieris rapae (PrL; Wakakuwa et al. 2004). Both classes had a lower sensitivity in 
the short-wavelength range than the rhodopsin template (25%). The reduction of  UV sensitivity of  the 
two receptor classes may be due to lateral screening by the UV and violet/blue rhodopsins in the apposed 
R1 and R2 cells and, in type I ommatidia, additionally due to screening by the distal fluorescent pigment. 

The UV sensitivity of  the nG class was ~10%, relative to the main peak. The difference between the 
green rhodopsin template and the measured sensitivity of  nG class photoreceptors points to strong 
attenuation at ~450 nm (Figs. 4, 5B). Consequently, nG had a narrower bandwidth (FWHM ≈ 100 nm) 
than the green rhodopsin template (FWHM ≈ 110 nm, Table 2). The attenuation is probably due to 
lateral screening by the blue rhodopsins (λp ≈ 460 nm) of  the R1 and R2 cells in type II ommatidia. 

The cells of  the bG class had an even lower UV sensitivity than those of  the nG class. The bG cells are 
probably localised in type I and type II ommatidia. The absorbance difference spectrum between the bG 
sensitivity profile and the L560 template suggests ~1 log unit attenuation in the range 300-420 nm (not 
shown). The UV sensitivity of  the nG and bG classes of  C. erate seems to be more reduced than in the 
corresponding classes in Pieris rapae, where the L560 receptor class follows closely the rhodopsin 
template, while the L560-II class has about half  a log unit reduced sensitivity between 350 and 450 nm 
(Wakukawa 2004, Fig. 4A). 

While the polarisation sensitivity of  the nG class was very low, probably due to non-uniformly oriented 
microvilli, it was stronger in the bG class (ψ ≈ 0.2). The PS axis angle corresponds to the diagonal 
orientation (ζ ≈ 45º, 135º). This orientation is usually indicative of  the proximal cells, but we favour the 
interpretation that most of  the recorded bG and nG cells were actually the distal R3,4 receptors and that 
the diagonal orientation results from the curving of  microvilli in the R3,4 rhabdomeres shown 
anatomically (Arikawa et al. 2009). We have compared the PS for the main and secondary (UV) peak of  
bG cells (Fig. 7). The PS axis angles, ζ, were virtually identical while the relative amplitudes, ψ, were in 
most cells slightly higher for the secondary peak. A similar phenomenon was observed in the double-
peaked green photoreceptors R3,4 of  Papilio xuthus (Bandai et al. 1992), where the higher PS of  the 
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secondary peak was explained by polarisation-dependent screening by neighbouring receptors R1,2. This 
explanation may be also valid for the bG and R cells of  C. erate.

At present we propose that the nG cells are R3,4 photoreceptors located in type II ommatidia and that 
the bG cells are those in type I and III ommatidia. Considering the variability in the data we suspect that 
the classification into bG and nG receptors is somewhat arbitrary, as it seems likely that more subclasses 
could exist, for instance for the bG cells (bG1 and bG2 in Table 2). In this light, we mention the possibility 
that a few of  the recorded bG and nG cells were actually proximal R5-8 photoreceptors in the dorsal part 
of  the eye, where there is no perirhabdomal red pigment, so that the CeL-containing proximal R5-8 
photoreceptors presumably retain a peak in the green (Arikawa et al. 2009). In order to conclusively 
identify all the green receptor classes, spectral sensitivity measurements should be combined with dye 
injection (Qiu and Arikawa 2003).

The B and G receptors of  the honeybee and other Hymenoptera have an almost unattenuated β-peak 
sensitivity and consequently the colour discrimination ability in the UV range is much lower than that at 
longer wavelengths (Backhaus 1991; Peitsch et al. 1991). It seems that C. erate has developed a mechanism 
that strongly reduces the β-peak sensitivity of  the green receptors. This could potentially lead to an 
enhancement of  colour discrimination in the UV wavelength range. A strong β-peak sensitivity reduction 
has also been measured in the single-peaked green class of  Papilio xuthus (Bandai et al. 1992; Koshitaka 
et al. 2008). We note that the low UV sensitivity of  the green receptors also opens up the possibility of  
using selective adaptation in the short wavelength range as a tool to interpret extracellular recordings 
(Goldsmith 1986). Indeed, early extracellular recordings on a similar species from North America, C. 
eurytheme (Post and Goldsmith 1969), yielded a sensitivity peak at ~560 nm while using selective UV 
adaptation. Interestingly, the red peaks in the American species were hinted to be at ~600 and ~630 nm, 
somewhat shorter than in our study.

The R receptor classes
The photoreceptors from the R class had a diagonally oriented PS, implying that they are located 
in the proximal tier of  the eye. The PS axis angles for the main peak and secondary peak at ~480 
nm were very similar, while the relative polarisation sensitivity amplitudes were in most cells slightly 
higher for the secondary peak, similarly as in the bG receptors (Fig. 7). We individually fitted the eight 
red cells with symmetric double Gaussian functions (Fig. 10A). The linear estimates for the main 
peak wavelength, λ1, were between 646 and 667 nm, with narrow bandwidths (FWHM, δ1) of  25-50 
nm. The wavelength of  the secondary peak, λ2, was ~490 nm. We have noticed that the two cells 
with the lowest secondary peak amplitude had the left cut-off  (WLHM, λ1–δ1/2) of  the main peak 
shifted farthest into the red. These two cells also had the lowest secondary peak relative amplitude 
(a2/a1). We have used this to support the division of  red cells into the nR and fR classes. The 
estimated cut-off  wavelengths (WLHM) were ~630 nm for the nR and ~650 nm for the fR class 
(Table 3). The main peak values of  the nR and fR classes were at ~650 and ~665 nm, respectively. 

The possibility for the existence of  the separate nR and fR classes is corroborated by the eye shine 
measurements, which showed that, although there is only one type of  red perirhabdomal pigment, the 
optical filtering was substantially stronger for the FR730 than for VR670 ommatidia (Arikawa et al. 2009). 
The alternative is that C. erate possesses a continuum of  R receptors. In any case, our data indicate that 
the effective optical density of  the perirhabdomal red pigment is variable. A larger number of  spectral 
measurements from red receptors, with smaller steps between the stimulating wavelengths, will be 
necessary to substantiate the division into the fR and nR classes. 

In comparison, Pieris rapae has two classes of  proximally located long wavelength receptors, L620 and 
L640, which are localized in the ommatidia with pale red and deep red perirhabdomal screening 
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Figure 10
Analysis of individual red receptors. A Fits of the sum of double Gaussian functions to the sensitivity 
profiles of the eight receptors from the red class with the provisional division into the nR subclass (black) 
and fR subclass (red). Dots show the experimental data. Thin lines show fits to individual cells and thick 
lines show the fits to the joined data from six nR cells (black) and two fR cells (red). B The relation between 
the peak position estimates (circles), the left cut-off estimates (WLHM; crosses) and the relative amplitude 
of the secondary peak at 480 nm (y-axis).

pigment, respectively. A blue secondary peak can also be seen in the spectral sensitivity curve of  the L640 
receptors of  Pieris rapae (see Fig. 4B in Wakakuwa et al. 2004). The estimated peak wavelengths in C. erate 
(~650 and ~665 nm) are more strongly red-shifted compared to those of  Pieris. To our knowledge, C. 
erate has farthest red-shifted green receptors found in insects so far. For comparison, in the multi-
spectral system of  the mid-band in the eye of  the mantis shrimp (stomatopod) Neogonadactylus oerstedii, 
the farthest red receptor peaks at ~700 nm (Marshall et al. 2007). 

Several components could contribute to the modification of  the sensitivity spectrum of  the proximal 
receptors. The most important absorber is the red screening pigment, while distal visual and screening 
pigments may also absorb significantly in the short wavelength range (300-450 nm). Minor spectral 
contributions may also be due to the corneal transmission, waveguide launching or tapetal reflection 
(Wakukawa et al. 2004). We have calculated the effective rhabdom absorbance from the absorbance 
difference between the green rhodopsin template (λp = 560 nm) and the spectral sensitivities of  the nR 
and fR classes. The peak of  the effective absorbance coincides with the green rhodopsin peak and 
suggests extremely efficient filtering (3 and 4 log units of  attenuation, for the nR and fR class, respectively, 
over the pigment layer length of  ~300 μm). The effective absorbance in the blue range at ~480 nm is less 
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severe, ~1.5 to ~2 log units, resulting in the blue sensitivity peak of  the red receptors. A similar, albeit less 
strong rhabdom absorbance has been calculated for the deep red pigment-containing L640 receptors of  
Pieris rapae, where the absorbance difference spectrum peaks of  ~2 log units are at 420 nm and 580 nm, 
while at 480 nm, the absorbance difference dips at ~1 log unit (Wakukawa et al. 2004). 

The simulated thick-layer spectrum of  the red pigment in C. erate was calculated on the basis of  the 
transmittance spectrum of  red pigment granules measured from 5 μm-thick tissue slabs (Arikawa et 
al. 2009). In order to match the long wavelength limb of  the absorbance difference spectrum for the 
nR class receptors, we had to increase the effective optical thickness of  the red pigment to about 
eighteen-fold (Fig. 9). We note that this factor should be taken with caution, bacause the assumption 
of  full effective transmittance in the long wavelength range (at 700 nm) may not be fully valid, as the 
light may be scattered out of  the waveguide without absorption, since the red pigment granules may 
also scatter the light out of  the waveguide without absorption, due to differences in the refractive 
index. Still, the shapes of  the simulated and measured effective absorbance spectra are clearly very 
different. We hypothesize that the effectiveness of  the red screening pigment is being diminished 
below ~550 nm, because at shorter wavelengths a smaller proportion of  light energy is travelling 
outside the rhabdom where it can be absorbed by the pigment granules (Stavenga 2006). In the short 
wavelength range (300-450 nm), the effective absorption could be mostly due to distal screening by 
rhodopsins in R1-4 receptors and/or the fluorescing pigment. The combined effect is a dip in the 
absorbance spectrum, resulting in the secondary peak of  red receptors at ~480 nm. Further 
modelling of  the rhabdom will however be necessary to substantiate this hypothesis.

Intensity-response characteristics
The intensity-response characteristics of  photoreceptors could be well described with a Hill sigmoid. 
The Hill slope parameter varied among the recorded cells, with grand average for all cells h = 0.73. We 
found a weak negative correlation between the Hill slope parameter, h, and peak voltage, Vp.

The rather broad range of  the Hill slope (0.55-0.92) may be an artefact due to shunting, crosstalk from 
neighbouring receptors or ERG contamination (see Fig. 1), but it may also be an intrinsic property of  
the receptors (Heimonen et al. 2006). The latter possibility is supported by the finding that in the case of  
the bG receptor class, logR, the characteristic parameter describing the cell sensitivity, ranges over 1.3 log 
unit. We suggest that this variation is due to the intrinsic variation in cell properties, because the stimulus 
and recording conditions were always optimally adjusted and could hardly result in a 20-fold difference in 
sensitivity. Different receptor classes with different contrast coding functions may maximise the 
information capacity of  the retina and the visual system (e.g. UV receptors may have a steeper contrast for 
looking skywards), but as yet we have no firm evidence for this. 

The RWC method
In order to estimate the effective intensity of  light applied in the spectral and polarisation sensitivity 
scans, we compared the responses from the test run to the calibration run with a new method based on the 
comparison of  response waveforms (RWC). The responses to a series of  test stimuli were compared 
(using the least squares approach) to an array of  interpolated responses from the calibration run. The 
standard method for the analysis of  pulse responses is to fit a Hill equation to the amplitudes of  the 
responses from the calibration series. The response amplitudes are usually measured either as peak or 
plateau values; a small part of  the trace where the signal is stationary is then averaged. In comparison, the 
RWC method offers two principal advantages. First, more independent information is extracted from the 
measurement without averaging, thus reducing the estimation noise. Second, the estimator errors of  the 
modelled function are not back-propagated via the reverse transformation – a major problem with the 
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standard method, especially near the threshold and saturation levels of  the Hill sigmoid (Fig. 1B). 
Third, because there is no model assumed, there is no danger of  using the wrong model. Fourth, the 
method can in principle also be used with bipolar or hyperpolarising stimuli, while the Hill sigmoid method 
can only deal with unipolar responses. The advantages of  the RWC method can be appreciated from the 
better self-test result (Fig. 3). 

The current implementation of the RWC method, using a polynomial for the interpolation, has two 
shortcomings. First, sometimes there may be ripple in the flat parts of  the intensity-response curves; this could 
be improved by using a different interpolation method, e.g. kernel filtering (Matić, 1983). Second, the 
current implementation cannot reliably estimate effective intensities outside the calibrated range. This could 
be improved by extrapolating with a model function, but in practice, it seems much easier to simply 
calibrate the whole range of  interest. The method could be further improved by pre-filtering of  the 
signals and by weighing the least-squares comparison based on the relative information content of  individual 
samples. Another possible improvement that could estimate and correct for the contribution of  the 
hyperpolarising cross-talk component (see Fig. 1) would be to measure a second intensity-response 
curve in the hyperpolarising region and use non-linear minimisation of  the RMSD value in the second 
pass, in order to find the best linear mixture of  the two intensity-response curves.

Comparison between Colias and Pieris
The molecular and anatomical studies of  C. erate (Awata et al. 2009; Arikawa et al. 2009) showed that C. 
erate employs four opsins, CeUV, CeV1, CeV2 and CeL, of  which CeV1 and CeV2 were always 
coexpressed. Furthermore, a single red perirhabdomal screening pigment occurs in all ommatidia of  the 
ventral area, and a distal, violet-absorbing fluorescing pigment exists there in a subset of  ommatidia. Of  the 
three ommatidial types identified, the trapezoidal type (I) is fluorescing and has one cell expressing CeUV 
and one coexpressing CeV1 and CeV2, the square type (II) contains two photoreceptors coexpressing CeV1 
and CeV2, and the rectangular type (III) contains two CeUV-based UV receptors. The opsin expression 
pattern is retained in the dorsal region, where the red pigment is absent (Awata et al. 2009). The situation 
is similar in Pieris rapae, which expresses PrUV, PrV, PrB and PrL in three types of  ventral ommatidia, 
resulting in eight receptor classes altogether (Qiu and Arikawa 2003a; Wakakuwa et al. 2004; Arikawa et al. 
2005; Stavenga and Arikawa 2006; Wakakuwa et al. 2007). 

In C. erate, we have so far found nine receptor classes: one UV class, four violet/blue rhodopsin-based 
classes (V, nB, bBb, bBs), two green classes (nG and bG) and two red classes (nR and fR). Table 4 and 
Figure 11 summarise the proposed ommatidial localisation of  the photoreceptor classes in the ventral 
eye part. Taking the absorbance spectrum of  the fluorescing pigment into consideration (Fig. 9), we suggest 
a possibility that type I ommatidia contain another UV rhodopsin-based receptor, which may have a reduced 
quantum efficiency and a reduced relative sensitivity in the violet range. At this point, due to lack of  firm 
evidence, we also cannot unequivocally identify the localisation of the bBb and bBs classes. We also expect 
further subclassification of  green receptors and possible additional receptor classes in the dorsal area of  
the eye. 

The absorption spectrum of  the red pigment of  C. erate (Arikawa et al. 2009) is similar to that of  the deep-
red pigment of  Pieris rapae (unpublished). In both species, R1,2 receptors expressing violet/blue opsins 
have a larger rhabdom cross section than those expressing UV opsins. Another similarity is that in both 
species, the dorsal areas are devoid of  perirhabdomal pigments, indicating that no photoreceptors in the 
dorsal area are especially tuned to red wavelengths, presumably because the sky does not have much 
useful information contained in the red wavelength band.

Interestingly, Colias and Pieris use different combinations of  red and fluorescing pigments in order to 
implement additional photoreceptor classes. We note that in Anthocharis scolymus, a pierid species 
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evolutionarily between the Colias erate and Pieris rapae (Braby et al. 2006), the fluorescing pigment is, as in 
Colias, expressed in trapezoidal ommatidia (Takemura et al. 2007). It also seems that the red pigment found 
in Anthocharis is similar to the red pigment of  Colias and the deep red pigment of  Pieris. Since Coliadinae 
are primordial to Pierinae (Braby et al. 2006), it could be that the pale-red pigment is a recent evolutionary 
development. In this case, however, it remains unclear, why a second, paler pigment would evolve in order 
to cause a smaller red shift, while the same effect can also be achieved by reducing the effective optical 
thickness of  the deep red pigment, as is the case in Colias nR and fR receptor classes.

Conclusions
Butterflies are using gene duplication and rhabdomal filtering as the two principle mechanisms for expanding 
their photoreceptor sets. Opsin gene duplication has been shown in most butterfly families: violet/blue 
opsin duplication has been found in Pieridae and Lycaenidae, UV opsin duplication in Nymphalidae and 
green opsin duplication in Papilionidae and Riodinidae. Pierid butteflies seem to be using filtering as the 
main strategy of  photoreceptor set expansion into the red wavelength range, while Papilionids combine 
filtering with opsin duplication (Arikawa et al. 2005; Arikawa et al. 2009; Sison-Mangus et al. 2006; Briscoe 
2008, Awata et al. 2009; Briscoe et al. 2010). On the other hand, retention of  the basic trichromacy plan 
has been electrophysiologically demonstrated in some species of  the nymphalid subfamily Nymphalinae 
(Kinoshita et al. 1997), where some (but not all) species have a uniform eye shine that hints to the absence of  
red screening pigments (Stavenga 2002a; Briscoe and Bernard 2004); red screening pigments may also be 
missing in some members of  the nymphalid subfamiliy Satyrinae (unpublished), but they are present in the 
closely related subfamily Heliconiinae (Zaccardi et al. 2006). Judging from the heterogeneity of  the eye 
shine (Stavenga et al. 2001; Stavenga 2002a; Stavenga 2002b), it is quite likely that a majority of  species 
belonging to different butterfly families have an expanded set of  photoreceptors in the long wavelength 
range. 

In this study, we have shown that Colias erate possesses an expanded set of  long wavelength receptors, 
with their sensitivity maxima between 645 and 670 nm. What the advantage is to have additional red 
colour channels remains an intriguing, but unanswered question. So far, it has been shown that the 
red receptor in Papilio xuthus is being used for tetrachromatic colour vision in foraging behaviour 
(Koshitaka et al. 2008). A pioneering study of  colour-specific behaviours of  Pieris brassicae, which 
presumably has similar red receptor classes as P. rapae, has shown that the feeding response behaviour 
is elicited by monochromatic stimuli in the blue-green range (420-520 nm) and in a narrow red range 
(590-610 nm), hinting at a green-red opponency mechanism (Scherer and Kolb 1987). A similar 
mechanism may also exist in Colias erate. Possibly, the red receptors of  C. erate, having their sensitivity 
peaks close to the red absorption maximum of  chlorophyll, are enhancing the visibility of  
conspecifics and the contrast of  flowers against the foliage. Another possibility would be that the 
red receptors are used for the detection of  the host plant or its quality. Indeed, red receptors have 
been implied to play a role in oviposition behaviour, and it has been suggested that those insects that 
are interested in foliage (e.g. butterflies, some hymenopterans), may benefit from having red receptors 
(Kelber 1999). Yet, the evolutionary drive, that pushes the red sensitivity of  C. erate further away 
from the rhodopsin peak, remains unexplained.

We conclude that further comparative studies of  butterfly physiological optics (eye shine and 
electrophysiology), supported by molecular biology and anatomy, will provide important insights 
into the evolution of  this diverse insect group, especially when the findings will be related to visual 
ecology and behaviour, with the focus on colour contrasts between the wings, flowers, host plants 
and the environmental background.
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Figure 11
Provisional scheme of the three proposed ventral ommatidial types in C. erate. A Only Type I ommatidia 
fluoresce under violet (<420 nm) excitation. B CeV1 and CeV2 mRNA are co-expressed in R1 and R2 cells 
of Type I and II ommatidia (Awata et al., 2009). Receptor R9 (always expressing CeL) has been omitted for 
the sake of clarity. C The size and orientation of arrows depicts the polarisation sensitivity (PS) of the 
various receptor classes. The relative size of the coloured slabs depicts how much microvilli each receptor 
class contributes to the rhabdom. Colour coding is consistent with receptor classes in Figure 4.
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Table 4: Proposed combinations of ventral ommatidial types.

Ventral Type I II III
Fraction 0.48 0.39 0.13
Geometry Trapezoidal Square Rectangular
Red pigment Deep red Deep red Deep red
Fluorescence Exc. <420 nm. Emm. green - -
Eye shine VR670 FR730 FR730
R1 opsin CeUV

CeV1 + CeV2 CeUV
R2 opsin CeV1 + CeV2
R1 rhodopsin 360

420 (+460) 360
R2 rhodopsin 420 (+460)
R1 class UV’ (?)

V, bBb, bBs UV
R2 class nB, bBb, bBs
R3-8 opsin CeL CeL CeL
R3-8 rhodopsin 560 560 560
R3-4 class bG nG bG
R5-8 class nR fR fR
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Chapter 5

Spectral reflectance properties of iridescent pierid 

butterfly wings

Abstract 
The wings of  most pierid butterflies exhibit a main, pigmentary coloration: 
white, yellow or orange. The males of  many species have in restricted areas of  
the wing upper sides a distinct structural coloration, which is created by stacks 
of  lamellae in the ridges of  the wing scales, resulting in iridescence. The 
amplitude of  the reflectance is proportional to the number of  lamellae in the 
ridge stacks. The angle-dependent peak wavelength of  the observed 
iridescence is in agreement with classical multilayer theory. The iridescence is 
virtually always in the ultraviolet wavelength range, but some species have a 
blue-peaking iridescence. The spectral properties of  the pigmentary and 
structural colouration are presumably tuned to the spectral sensitivities of  the 
butterflies’ photoreceptors. 

Introduction
Butterflies are among the most colourful terrestrial beings. Their colouration and patterning of  the 
wings can function for display and/or for concealment (Nijhout 1991), and where the colouration is 
sex-specific, it can serve for intersexual recognition (Kemp et al. 2005; Rutowski et al. 2007a,b; 
Giraldo 2008; Meadows et al. 2009). The two main colouration mechanisms, pigmentary and 
structural, often simultaneously contribute to the wing colouration (Vukusic and Sambles 2003; 
Kinoshita et al. 2008). Pigmentary (or chemical) colouration is due to pigments that selectively 
absorb light in a restricted wavelength range. Structural (or physical) colouration is due to interference 
of  light scattered in nanostructured wing elements. 

The colouration pattern of  butterfly wings is due to the tapestry of  scales, where each scale often 
has a unique colour. A scale commonly consists of  two laminae; a lower lamina, which is approximately 
flat and solid, and an upper, more elaborate, lamina. The upper lamina is structured by parallel, 
longitudinal folds, the ridges, which are connected by orthogonal struts, the cross-ribs (Ghiradella 
2010). The ridges are composed of  lamellae and feature so-called microribs. The lower and upper 
laminae are joined by pillar-like trabeculae (Ghiradella 1998; Vukusic et al. 2000). 

The components of  the upper lamina, i.e. the ridges and cross-ribs, 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 (Mason 1926; Gilbert et al. 1988; Stavenga et al. 2010). 
In the presence of  pigments that absorb in a restricted wavelength range, the wavelength-selective 
suppression of  scattered light results in coloured wings. The pigments colouring the wings of  pierid 
butterflies are the pterins. The main pterins are leucopterin, xanthopterin and erythropterin. 
Leucopterin is commonly present in the wings of  cabbage butterflies (Yagi 1954). These wings are 
white, because leucopterin absorbs exclusively in the ultraviolet. However, the wings are distinctly 
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coloured for the butterflies themselves, because they have ultraviolet-sensitive photoreceptors 
(Arikawa et al. 2005). Xanthopterin and erythropterin absorb up into the blue and green wavelength 
ranges, respectively, and thus colour the wings yellow and orange or red (Descimon 1975; Morehouse 
et al. 2007; Wijnen et al. 2007). Interestingly, the pterin pigments are deposited in small pigment 
granules that enhance the reflectance in the long wavelength range by increased scattering, thus 
creating a brighter wing colour (Stavenga et al. 2004; Stavenga et al. 2006; Morehouse et al. 2007). 

When the scale components have a regular, periodic arrangement, structural colours arise. The 
structural colouration of  pierids is located in the so-called cover scales, where the ridge lamellae are 
elaborated into a multilayered structure, which creates an iridescent coloration (Ghiradella et al. 
1972; Ghiradella 1989). The scale modification is classified as the Morpho-type (Ghiradella 1998; 
Vukusic et al. 2000) after the striking, in cross-section, Christmas-tree-like structures that are 

Figure 1 
Photographs of the upper sides of the wings of four pierid butterfly species; left column: RGB; right column: 
UV (ultraviolet). a Gonepteryx cleopatra, b Gonepteryx rhamni, c Hebomoia glaucippe, d Colotis 
regina. The first three species have wing areas that strongly reflect in the UV. The wing tips of C. regina 
reflect strongly in the blue wavelength range and little in the UV (bars: 1 cm).
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encountered in the scale ridges on the upper side of  the wings of  the neotropical genus Morpho. In 
most Morpho species, illumination of  the upper wings with white light creates a blue iridescence, but 
the iridescent, structural colour of  most pierid species virtually always peaks in the ultraviolet 
wavelength range. In the wings of  Morpho’s, the iridescent colours are usually intensified by a basal 
layer of  strongly light-absorbing melanin pigments (Vukusic et al. 1999; Kinoshita et al. 2002; 
Stavenga et al. 2009; Vukusic and Stavenga 2009). A similar intensification of  the iridescence is 
realized in pierid wings by the short-wavelength-absorbing pterins.

The distribution of  iridescence in the wings of  pierids varies among the species. Commonly 
iridescence is restricted to the males, but in some species also females are iridescent. In members of  
the subfamily Coliadinae, parts of  both the forewing and hindwing may be iridescent (Kemp et al. 
2005; Rutowski et al. 2005; Kemp and Rutowski 2007; Rutowski et al. 2007a, b). In the Colotis group, 
belonging to the subfamily Pierinae, but evolutionarily closest to the Coliadinae (Braby et al. 2006), 
iridescence is co-localised and literally superimposed on the pigmentary colouration in the tips of  
the forewings (Stavenga et al. 2006; Stavenga and Arikawa 2006). However, among the different 
butterflies of  the pierid family little is known of  the interplay of  the structural and pigmentary 
colours and specifically of  their role in signalling. In order to gain understanding into the topic, we 
have initiated a comparative study of  iridescent pierids. Here we compare the males of  two Gonepteryx 
species, the Cleopatra Brimstone (Gonepteryx cleopatra) and the Common Brimstone (Gonepteryx 
rhamni), with two members of  the Colotis group, the Great Orange Tip (Hebomoia glaucippe) and the 
Queen Purple Tip (Colotis regina). We particularly consider the structure and colouration of  single 
scales. We applied scanning electron microscopy, to determine their ultrastructure, and (micro)
spectrophotometry, to characterize the spectral properties of  the wing scales. We found that the 
scale structures vary among different pierid species and that the iridescence, i.e. the dependence of  
the colouration on the angle of  illumination, can be well understood with the interference condition 
for multiple layers. 

Figure 2
Organization of the scale array. a Dark-field epi-illumination microscopy of the orange area of the forewing 
of G. cleopatra. A few cover scales are lacking, revealing the yellow ground scales (white arrowhead). b 
Purple wing tip of C. regina. One cover scale is lacking, revealing a ground scale (white arrowhead; bar: 
100 μm). Additionally, a blue tinted line is visible on the scales (black arrowheads).
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Materials and Methods

Animals 
Specimens of  Gonepteryx cleopatra were caught near Argelliers (France), Gonepteryx rhamni in 
Groningen (the Netherlands) and around Ljubljana (Slovenia), Hebomoia glaucippe in Taiwan; Colotis 
regina was obtained from the RMCA (Tervuren, Belgium). Small pieces were cut from the wings 
using a razor blade and fine scissors. Single scales or wing patches were glued to the tip of  a glass 
micropipette as described previously (Wilts et al. 2009). 

Photography
Samples were photographed using a Nikon D70 MkI camera equipped with an F70 macro objective 
and a UV-filter (combined Schott glasses UG3 and BG17). Details of  the scale arrangement on the 
wings and single scales were photographed with a Zeiss Universalmikroskop equipped with dark-
field optics and a Kappa DX-40 digital camera. 

Spectrometry
Reflectance spectra of  the wings were measured with an integrating sphere, with a bifurcated probe, 
and with an angle-dependent reflectance measurement setup (ARMs). We used an Avantes USB1 or 
USB2 spectrometer (range 180-1100 nm) equipped with full quartz optics and fibres and a diffuse 
white reference standard (Avantes WS-2). The light source was a deuterium-halogen lamp or a 
xenon arc lamp. Reflectance spectra of  single scales were measured with a microspectrophotometer 
(MSP) consisting of  a Leitz Ortholux microscope connected with an Avantes spectrometer. The 
objective was an Olympus 20x (NA 0.46) (for further methods details, see for instance Vukusic and 
Stavenga 2009).

Scanning electron microscopy 
A Philips XL-30 ESEM was used for scanning electron microscopy (SEM). Prior to observation, 
samples were sputtered with a thin layer of  palladium or gold to prevent charging. For structural 
analysis of  each species, layer thickness and periodicity were measured at minimally ten different 
spots of  different electron micrographs.

Results
We investigated four pierid species where the males have a prominent structural coloration: 
Gonepteryx cleopatra, G. rhamni, Hebomoia glaucippe, and Colotis regina. The upper sides of  the forewings 
as well as the hindwings of  G. cleopatra and G. rhamni have a main yellow colour (Fig. 1a,b, left 
column), due to the presence of  the pterin pigment xanthopterin, but a large part of  the forewings 
of  G. cleopatra is orange coloured, due to erythropterin (Wijnen et al. 2007). The hindwings of  both 
Gonepteryx species have small orange spots. The wings also exhibit a distinct short-wavelength 
reflection, restricted to the ultraviolet (UV; Fig. 1a,b, right column), which in G. cleopatra is spread out 
over both forewings and hindwings, but in G. rhamni is restricted to the forewings. The forewings 
and hindwings of  the other two species, H. glaucippe and C. regina, are mainly white, due to the 
presence of  leucopterin (Wijnen et al. 2007). The forewings have characteristic, coloured tips; orange 
and red-purplish, respectively (Fig. 1c,d, left column). The coloured wing tips also reflect strongly 
ultraviolet and blue light, respectively (Fig. 1c,d, right column).
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Whereas the different pigmentary colourations are well understood, the structural colourations have 
been less well studied, and therefore we investigated the organization and structuring of  the wing 
scales of  the different species. Fig. 2 shows the scale organization in the forewings of  G. cleopatra and 
in the wing tips of  C. regina as observed with an epi-illumination light microscope. Rows of  partly 
overlapping cover scales overlay the ground scales. The ground scales can only be recognized where 
the cover scales have dissociated (Fig. 2a,b, white arrowheads). Interestingly, the colour of  the cover 
and ground scales can distinctly differ. In the orange area of  the forewings of  G. cleopatra the cover 
scales are orange, but the ground scales are yellow, like the cover and ground scales in the hindwings. 
Similarly, in C. regina the ground scales in the dorsal wing tips are white, like the scales in the main 
wing area. The cover scales of  C. regina have a shimmering blue line (Fig. 2b, black arrowheads), 
which moves when the inspected wing part is rotated under the observation microscope. This 
indicates that the scales are curved.

Figure 3 
Scanning electron micrographs of single scales with structural colouration. a G. cleopatra – forewing, b 
G. cleopatra - hindwing, c G. rhamni, d H. glaucippe, e. C. regina, f Sectioned scales of C. regina 
showing that the ridges are folded into a multilayer. A layer with large pigment granules exists beneath the 
ridges. In a-c the ridges were flexed to show the side-view of the lamellar stack (bars: (a-e), f: 1 µm).
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We investigated the structural details of  the iridescent cover scales by scanning electron microscopy 
(SEM; Fig. 3). The upper side of  the scales has densely packed slender longitudinal ridges which are 
folded into a stack of  lamellae. The scales were slightly flexed to force some of  the ridges into side 
views of  the lamellar stacks. The SEM micrographs show that the number of  the lamellae varies 
among the species. Whereas the cover scales of  H. glaucippe have ridges with 10 to 12 lamellae (Fig. 
3d), in C. regina the lamellar stack consists of  6 to 7 layers (Fig. 3e,f). For both these cases the lamellar 
stacks run parallel to the scale surface. The number of  lamellae in the Gonepteryx species (Fig. 3 a-c) 
is between these extremes (Table 1). Further, the lamellae are tilted with respect to the scale surface. 
We studied both the forewings and hindwings of  G. cleopatra, because reflectance measurements 
indicated structural differences (see below). Underneath the ridges a dense layer of  pigment granules 
is seen (e.g. Fig. 3d,f). 

The organization of  the iridescent cover scales and the ground scales appears to be rather different, 
as shown by the SEM micrograph of  two scales in the wing tip of  H. glaucippe (Fig. 4). The ridges 

Figure 4
Scale anatomy and reflectance of the wing tip of the Great Orange Tip, H. glaucippe. a. Scanning electron 
micrograph of a cover scale, with slender ridges consisting of a stack of parallel lamellae (black arrow), 
overlying a ground scale, with undifferentiated ridges (white arrow) and the edge of another ground scale. 
The ridges of both scale types are connected by cross-ribs with pigment granules (bar: 2 μm). b Diagram 
showing the three mechanisms that determine the reflectance spectrum of the wing tip. The multilayers of 
the cover scale determine the reflectance band in the (ultra)violet; the pigment granules absorb the light 
scattered in the short wavelength range, up to about 550 nm; and the reflectance in the long wavelength 
range is determined by light scattering by the pigment granules and other scale components.

baa

Figure 5
Reflectance spectra of the iridescent wing areas of 
the pierid butterflies of Fig. 1, measured with an 
integrating sphere (FW: forewing; HW: hindwing).
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Figure 6
Reflectance spectra of cover and ground scales of 
the iridescent wing areas, together with spectra 
from a few other scale types, measured with a 
microspectrophotometer. a G. cleopatra. The 
cover scale is orange, because of a pterin pigment, 
and it has in addition a reflectance peak in the UV, 
due to multilayered ridges. The ground scale is 
yellow-orange coloured, because of a slightly 
different pterin pigment composition. b H. 
glaucippe. Cover and ground scale have the same 
pigmentation, but only the cover scale has a 
reflectance band in the violet. The brown scales in 
the wing margin (Fig. 1c) have a low reflectance 
throughout the visible wavelength range. The 
reflectance rise in the long-wavelength range is a 
clear sign of melanin pigment. c C. regina. The 
cover scale has a red colour due to a pterin pigment 
absorbing in most of the visible wavelength range 
and a blue colour due to the iridescent ridges, 
making together a purplish colour (‘rotated’ 
indicates that the cover scale was rotated away 
from the iridescence). The measured ground scale 
was located in the wing tip area where the cover 
scales were missing (see Fig. 2b). The ground scale 
itself was white, but the increased reflectance in 
the red, above 600 nm, originated from red light 
scattered by the adjacent cover scales that was 
subsequently scattered by the white ground scale

are much more closely spaced in the cover scales than in the ground scales; the ridge distance is 
about 0.4 μm and 0.8 μm, respectively (Fig. 4a). The lamellae of  the cover scale ridges are elaborate 
but those of  the ground scales are inconspicuous. In both the cover and ground scales, the cross-
ribs, which connect the ridges, are adorned with a large number of  beads, the pigment granules (Fig. 
4a). The open structuring of  the scales results in scattering of  incident light and, together with the 
pigments in the granules, thus will determine the colouration. As an example, Fig. 4b shows the 
reflectance spectrum of  the wing tip of  H. glaucippe, which was measured with a bifurcated probe. 
The distinct reflectance band in the (ultra)violet wavelength range is caused by the multilayered 
ridges of  the cover scales, acting as an interference reflector. The pigment granules of  both the 
cover and ground scales absorb incident light in the short wavelength range, but at the longer 
wavelengths the scattered light is not absorbed and the granules then even enhance the light 
scattering (Fig. 4b). The wavelength-selective pigment absorption and scattering along with 
wavelength-specific multilayer reflections thus cause the species-characteristic wing colours (Wijnen 
et al. 2007).

We compared the spectral properties of  the structurally coloured wing areas of  the studied species 
by measuring the reflectance spectra from small circular areas (diameter 4 mm) with an integrating 
sphere (Fig. 5). All spectra had a similar appearance; a short-wavelength reflectance band, with a 
rather variable amplitude, was separated by a reflectance minimum from a high reflectance plateau 
at long wavelengths, where the reflectance reached a value of  about 0.5. The short-wavelength 
reflectance bands had a peak wavelength between 340 and 390 nm, except for that of  C. regina, where 
the reflectance band peaked near 500 nm (Fig. 5). 
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The measured wing reflectance is the cumulative result from both cover and ground scales. To 
distinguish both contributions, we used a microspectrophotometer to measure the reflectance 
spectra from individual cover and ground scales in the wing areas with structural colouration of  G. 
cleopatra, H. glaucippe, and C. regina (Fig. 6). For comparison, we also measured from scales in adjacent, 
non-structurally coloured wing areas (Fig. 6b,c). The reflectance of  the ground scales was always low 
at short wavelengths and high at long wavelengths and only the cover scales had an additional 
reflectance band in the short-wavelength range, and. In C. regina (Fig. 6c), the measured ground scale, 
which was located in the wing tip, embedded in the lattice of  cover scales, had a reddish reflection, 
showing that red light transmitted by the cover scales is partly reflected by the ground scales. In the 
intact wing, the light transmitted by the cover scales will be reflected by the ground scale and thus 
will increase the total reflectance signal.

The spectra of  Figs 5 and 6 give only limited information about the reflection properties of  the wing 
scales. In the integrating sphere, the illumination was a narrow beam, hitting the wing approximately 
normally (beam direction ~8o off  normal), and the integrating sphere integrated the light 
backscattered into the hemisphere above the wing plane (Fig. 5). In the case of  the 
microspectrophotometer, an objective with a limited aperture delivered the incident light and 
collected the backscattered light (Fig. 6). To obtain more detailed insight in the scale reflection 
characteristics, we measured the angle-dependent reflectance of  the iridescent wing areas in a plane 
perpendicular to the wing surface and parallel to the local scale ridges. The investigated wing part 
was positioned at the cross-section of  the measurement plane and the shared rotation axis of  both 
illumination and measurement fibres. The angle of  illumination was varied in discrete steps, and the 
detection angle was varied until a maximal signal for the short-wavelength reflection was obtained. 
For all investigated specimens, this resulted in an angle-dependency which was mirror symmetric 
around a fixed offset-angle (α) where the angle of  illumination and detection were identical. Figs 7a 
and 7b present the reflectance spectra obtained from H. glaucippe and C. regina. The spectral position 
of  the short-wavelength bands progressively changed with increasing angle of  light incidence, thus 
confirming that the wing tips of  H. glaucippe and C. regina are iridescent. Fig. 7c shows the dependence 
of  the reflectance peak wavelength of  the short-wavelength band on the angle of  incidence. 
Estimation of  the peak wavelengths was slightly ambiguous for H. glaucippe, because the short-
wavelength reflectance band became multi-peaked with increasing angle of  incidence. Furthermore, 
the measurements became somewhat unreliable below 290 nm. Nevertheless, in all studied species 
the reflectance peak-wavelength showed a clear dependence on the angle of  light incidence, very 
similar to that for multilayered structures, where the value of  the reflectance peak wavelength is 
maximal for normal light incidence and decreases with increasing angle of  incidence. However, the 
maximal peak wavelengths for H. glaucippe (380 nm) and C. regina (480 nm) were found for an offset-
angle α of  -15º and -35º against the wing normal, respectively (Fig. 7c; here a positive angle indicates 
a direction inclined towards the wing apex). Apparently, therefore, the lamellae of  the cover scales 
have an inclination angle of  15º and 35º with respect to the wing plane. Fig. 7c also includes the 
dependence of  the reflectance peak wavelength on the angle of  incidence for the structurally 
coloured wing areas of  the two Gonepteryx species. 

Scale lamellae inclined with respect to the wing plane can be due to the scale being at an angle with 
respect to the wing surface and/or due to the scale multilayers being tilted at an angle with respect 
to the plane of  the scale. The scanning electron micrographs of  Fig. 3 show that the tilt angle 
between the lamellae and the scale surface differs among the species. In H. glaucippe (Fig. 3d) and C. 
regina (Fig. 3e), the lamellae run parallel to the surface of  the scale. The inclination angles for these 
species of  15º and 35º, respectively, concluded from the angle-dependent reflectance measurements 
(Fig. 7c), hence must be due to tilting of  the cover scales with respect to the wing plane. Visual 
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inspection of  the wings of  the two species confirmed a clearly different-angled rooting of  the scales 
in the wing plane for the two species. In G. cleopatra and G. rhamni, the lamellae are tilted with respect 
to the scale plane, with an angle of  approximately 4-6° (Table 1). Presumably the different structure 
of  the ridges, i.e. parallel versus angled lamellae, is related to the different steepness of  the iridescence 
curves for the different species of  Fig. 7c.

The reflectance spectra of  reflecting multilayers are determined by the refractive indices of  the 
layers and their thickness. The reflecting ridges of  the cover scales consist of  layers of  air and 
cuticle, which have refractive indices of  na = 1.0 and nc = 1.56, respectively (Vukusic et al. 1999). The 
layer thickness of  the cover scale lamellae can be derived from the SEM data (Fig. 3). In the case of  
the blue-reflecting scales of C. regina, the thickness of  the air layers was da ≈ 100 nm and that of  the 
cuticular layers was dc ≈ 95 nm. In the lamellae of  the cover scales of  the other species, reflecting 
maximally in the UV, the thickness of  the air and cuticular layers was da ≈ 70 nm and dc ≈ 65 nm. 
The interference condition for reflecting multilayers predicts how the reflectance peak wavelength 
depends on the layer thickness and the angle of  light incidence: λmax = 2(na da cos θa + nc dc cos θc), 
where θa and θc are the angle of  incidence at the layers, which are related to each other by Snell’s law: 
na sin θa = nc sin θc (Land 1972; Kinoshita 2008). We have implemented the interference condition in 
Fig. 7c by using the above refractive indices and adjusting the anatomical data. Reasonable fits of  the 
experimentally derived peak wavelengths with values following from the interference condition were 
obtained for H. glaucippe with da = dc = 75 nm, for C. regina with da = dc = 93 nm, for G. cleopatra FW 
with da = 71 nm and dc = 65 nm, for G. cleopatra HW with da = 74 nm and dc = 67 nm, and for G. 
rhamni with da = 69 nm and dc = 71 nm (Fig. 7c). 

The peak reflectance of  a multilayer increases with the number of  layers. Fig. 8 shows the maximal 
reflectance of  the iridescence bands, derived from the integrated sphere spectra (Fig. 5), plotted as a 
function of  the number of  lamellae in the cover scale ridges, derived from SEM micrographs (Fig. 
3), and fitted with a simple linear function. Such a simple connection might have been predicted 
when the area of  the lamellae in the scales of  the different species is the same. SEM data indeed 
suggests that the average width of  the lamellae is approximately constant, ≈ 300 nm. 

Table 1
Structural properties of the multilayer arrangement in the iridescent scales gained from electron microscopy. 
dc: thickness of the cuticle layers, da: thickness of the air layers (number of measurements n > 10)

species number of 
layers, N arrangement tilt 

angle dc (nm) da (nm)

G. cleopatra – FW 8-9 tilted ~ 4-6° 58 ± 5 70 ± 7
G. cleopatra – HW 6-7 tilted ~ 4-6° 55 ± 7 76 ± 6
G. rhamni 7-8 tilted ~ 4-6° 62 ± 5 60 ± 6
H. glaucippe 10-12 parallel 0° 59 ± 6 64 ± 5
C. regina 6-7 parallel 0° 97 ± 6 98 ± 6

Discussion
In this study, we have investigated the wing colours of  the males of  four pierid butterfly species. The 
wings contain pterin pigments responsible for pigmentary colouration, and the stacked lamellae of  
cover scales create structural colouration. The ridges act as iridescent reflectors, that is, the reflectance 
spectra shift to shorter wavelengths when the angle of  light incidence increases. This phenomenon 
has been described before for a number of  species of  the pierid subfamily Coliadinae: Anteos clorinde, 
Eurema candida, E. hecabe, and E. lisa (Ghiradella et al. 1972; Rutowski et al. 2007a). The wings of  
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both male and female A. clorinde and E. hecabe have reflectance spectra with bands in the UV, also due 
to multilayered ridge lamellae, but in E. candida only males have iridescent wings. The reflectance 
spectra of  the structural-coloured wings were shown to exhibit specific bands, and the dependence 
of  the peak wavelength of  the spectral bands on the angle of  incidence was fitted with a linear 
function (Rutowski et al. 2007a). We have found here that the angle-dependence is cosine-like (Fig. 
7c) and that it approximates the interference condition of  multilayer reflectors. 

The ridge lamellae of  Morpho and pierid butterflies seem to behave as multilayers, but classical 
multilayer theory cannot be fully applied, of  course, because the layer planes must then be large with 
respect to the light wavelength. In H. glaucippe and C. regina, the longitudinal dimension of  the 
lamellae is certainly sufficiently large, but the width of  the lamellae is much smaller than the light 
wavelength. This will result in considerable diffraction in a plane perpendicular to the longitudinal 
axis of  the ridges. This phenomenon has been extensively studied in Morpho species (Vukusic et al. 
1999; Kinoshita et al. 2002; Stavenga et al. 2009; Vukusic and Stavenga 2009). 

 In both the reflectance spectra measurements with the integrating sphere (Fig. 5) and the angle-
dependent reflectance measurement setup (Fig. 7a,b) the incident illumination was about normal to 
the wing surface, but the resulting spectra for H. glaucippe and C. regina were far from identical. The 
reason is that in the former case all hemispherically scattered light was measured, whilst in the latter 

Figure 7
Angle-dependent spectra showing iridescence. a 
H. glaucippe. α = -15o indicates the angle of 
incidence where the UV-reflectance was maximal. 
Δα indicates the angle of incidence with respect to 
this direction of maximal reflectance. The UV-
reflectance band shifts towards shorter 
wavelengths, as expected for a multilayer reflector. 
b C. regina. The blue reflectance band is maximal 
for an angle of incidence α = -35o. The dependence 
of the reflectance spectra on the angle of incidence 
is essentially identical to that of H. glaucippe. c 
Peak wavelength of the iridescence band as a 
function of angle of incidence, with negative angles 
signifying a tilt of the ridge multilayers towards the 
wing base. The values for H. glaucippe (orange 
circles) and C. regina (red squares) were derived 
from a and b. Similar measurements yielded the 
peak wavelengths for G. cleopatra (black left 
triangles, blue down triangles) and G. rhamni 
(green up triangles). The smooth curves are fits 
with the interference condition.
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case only light reflected in a rather small angle near the normal was captured. The spectra of  the light 
diffracted into larger angular directions (that is, in the plane normal to the ridge axis) is increasingly 
short-wavelength shifted (not shown here, but see for this diffraction phenomenon in Morpho aega, 
Fig. 4c of  Stavenga et al. 2009). The space averaged iridescence reflectance band of  C. regina therefore 
peaks at about 460 nm. Interestingly this value corresponds closely to the peak wavelength of  blue-
sensitive photoreceptors of  pierid butterflies (Arikawa et al. 2005; Stavenga and Arikawa 2006; 
Wakakuwa et al. 2010).

 Whereas in C. regina (and some other members of  the Colotis group) the wing reflectance spectra 
have a blue-peaking spectral band (Wijnen et al. 2007; Giraldo et al. 2008), in virtually all studied 
species, the structural colouration bands are restricted to the UV (see also Ghiradella et al. 1972; 
Silberglied and Taylor 1973; Kemp et al. 2005; Rutowski et al. 2007a; Wijnen et al. 2007). The 
dominant presence of  the UV-peaking reflectance bands suggests that a UV reflector creates a signal 
that strongly contrasts with that from common objects in the environment. The UV reflectance 
bands also seem to match well the sensitivity spectra of  the UV photoreceptors of  pierids, peaking 
at around 360 nm (Stavenga and Arikawa 2006; Pirih et al. 2010). Presumably, the structural 
colouration is designed to enhance the visibility for intraspecific chromatic signalling. As opposed to 
Morpho butterflies, which have a single-peaked blue reflectance, most iridescent pierid butterflies 
seem to use the strategy of  shifting the iridescence to the UV and complementing it with a diffuse 
yellow-red pigmentary colouration. 

In the two Gonepteryx species as well as most other studied Coliadinae, the ridge lamellae are tilted 
with respect to the scale plane (Ghiradella et al. 1972). A notable exception is Anteos clorinde which 
has parallel lamellae (Rutowski et al. 2007a). Parallel lamellae were also shown for Eroessa chiliensis 
(Ingram and Parker 2008), a member of  the tribe Anthocharidini, belonging to the pierid subfamily 
Pierinae (another member of  the same tribe with iridescence is Anthocharis sara; Scott 1986). 
Iridescence is rare among the Pierinae, however (in preparation). 

Colouration and visibility are essential for recognition of  potential mates. Iridescence and the peak 
intensity of  the created signal proved to be an important factor for mating success in the pierid 
Eurema hecabe (Kemp 2006) and also in the nymphalid Hypolimnas bolina (Kemp 2007). In the 
investigated pierids, the peak reflectance is proportional to the number of  layers (Fig. 8). The 
structural colouration is most visible when seen from above, near the multilayer structure’s normal. 
This normal can be tilted with respect to the scale’s surface, which itself  can be tilted with respect 
to the wing plane. The sum of  the tilt angles can lead to a very restricted visibility of  the butterflies, 
as was shown in Ancyluris meliboeus (Vukusic et al. 2002). The tilting thus will affect the visibility of  
the butterflies in nature. 

Figure 8
Dependence of the peak integrated reflectance in 
the short-wavelength band, Rmax, on the number of 
layers in the ridges, N, fitted with a linear function: 
Rmax = sN, with slope s = 0.029 (dashed line).
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Chapter 6

Imaging scatterometry of butterfly wing scales

Abstract
We describe an imaging scatterometer allowing hemispherical reflectance 
measurements as a function of  the angle of  incidence. The heart of  the 
scatterometer is an ellipsoidal reflector, which compresses the hemispherical 
reflection into a cone-shaped beam that can be imaged by a normal optical 
system. The instrument’s performance is illustrated by measurements of  the 
scattering profiles of  the blue-iridescent dorsal wing scales of  the nymphalid 
Morpho aega and the matte-green ventral wing scales of  the lycaenid Callophrys 
rubi.

Introduction
The interaction of  light with material bodies is generally studied by measuring the reflection and 
transmission, or more generally their scattering properties. A research area with many unsolved light 
scattering questions, which has recently witnessed an explosive increase in attention, is that of  the 
photonic crystals. Special attention in that area is taken up by the wing scales of  butterflies [1-5]. 
However, the scale structures are often intricate, and the resulting optical properties accordingly are 
difficult to analyse 

Butterfly wing scales resemble flattened sacks, a few micrometers thick, and with length and width 
in the order of  200 and 75 μm, respectively [6,7]. The lower lamina of  a butterfly wing scale is 
virtually always more or less smooth, but the upper lamina is commonly highly structured. It consists 
of  parallel, longitudinal ridges, spaced apart by 1 to 2 μm, which are connected by cross-ribs, with 
separation 0.5 to 1 μm [6]. The space between upper and lower lamina can be almost empty or it can 
be highly structured, depending on the butterfly species and the scale type [8]. The scale material can 
be virtually transparent or it can contain strongly absorbing pigment. The structuring of  the scale 
together with the physical properties of  its material components determine how incident light is 
absorbed and scattered by the scale, and thus the scales determine the coloration of  their owners 
[7,9]. For instance, the scales of  pierid butterflies are packed with beads, 100-200 nm sized granules 
attached to the cross-ribs, which contain light-absorbing pigments [10,11]. Although the wings of  
pierids thus are said to have pigmentary colors, the observed light reflections are, of  course, due to 
scattering by the strongly irregularly organized wing scales [12]. 

In many butterflies, the scales feature regular structures, resulting in so-called structural colors. The 
best studied example is the Morpho scale type, where the ridges form multilayers that act as highly 
effective blue reflectors [13]. Vukusic et al. [14] studied Morpho scales by focusing monochromatic 
laser beams at a single, isolated scale. They measured the scattering profile by scanning a detector 
around the scale. Kinoshita et al. [15], in a similar approach, applied a broad-band, white light beam, 
and measured the angular-dependent reflectance with a scanning fibre optic. Additionally, they 
visualized the scattering pattern on a screen, which had a small hole through which the illuminating 
light beam passed before hitting the scale. It thus appeared that a normally irradiated Morpho scale 
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creates an approximately line-shaped far-field scattering profile, in the plane perpendicular to the 
ridges, due to diffraction by the narrow ridges [15-17]. 

Measuring the scattered beam with a narrow-aperture, scanning detector is very laborious, and 
quantification of  photographs of  the scattered light distribution on a screen is a quite insensitive 
procedure. We therefore have developed as an alternative an imaging scatterometer, which projects 
the full hemispherical scattering on a digital camera. Here we describe the scatterometer and illustrate 
its workings on scales of  two structurally coloured butterflies, the nymphalid Morpho aega and the 
lycaenid Callophrys rubi.

Materials and methods

Butterfly scales
A small piece, about 2 mm x 2 mm, cut from the wings of  a butterfly, was glued to the tip of  a glass 
micropipette. Subsequently, the micropipette was mounted on a micromanipulator, which allowed 
precise adjustment of  a scale in the first focal point of  the ellipsoidal reflector of  the scatterometer 
(Fig. 1).

Imaging scatterometry
The imaging scatterometer, diagrammatically shown in Fig. 1, was inspired by the setup of  Kinoshita 
et al. [15], where a small diaphragm, illuminated by a xenon lamp, is projected at a butterfly scale via 
a small hole in a white screen, and the light scattered by the scale is secondarily scattered by the 
screen. We have replaced the white screen by an ellipsoidal reflector, which has a small, central hole. 
The study object, for instance a butterfly scale, isolated or attached to a wing fragment, is positioned 
in the first focal point, F1, of  the reflector, M (Fig. 1). The primary beam is supplied by light source 
S1. It illuminates field diaphragm D1, which is focused by lenses L1 and L 2 at the sample in F1. The 
aperture diaphragm D2 limits the beam to within the hole in the ellipsoid. The approximately axially 
back-scattered (reflected) light that returns throughout the hole in the reflector is then, via a half-
mirror, focused by lenses L2 and L3 at camera C1, which is connected to a binocular viewer. 

The secondary beam illuminates diaphragm D3, which is focused by lenses L4 and L5 on diaphragm 
D5. The aperture diaphragm D4 and the field diaphragm D5 are positioned in the front and back 
focal planes of  lens L5, respectively. The planes of  D5 and F2 are conjugated via beam splitter H. The 
secondary beam reaches the sample via beam splitter H and the ellipsoidal reflector. The angle of  
incidence of  the secondary light beam at the sample is varied by laterally moving D4.

Light that is back-scattered by the sample in off-axis directions is reflected by the ellipsoid and then 
proceeds through a diaphragm in the plane of  the second focal point F2. The sample’s far-field 
scattering pattern thus is imaged in the back-focal plane I of  lens L6, and subsequently lens L7 
focuses that plane at camera C2. A spatial filter in plane I, together with the diaphragm in the plane 
of  F2, suppresses the light transmitted by the sample.

The micromanipulator carrying the micropipette with the butterfly wing piece (or with a single scale) 
allows rotation around its axis. Using the primary beam, this allows measurement of  the scattering 
pattern as a function of  the angle of  incidence, however only for light incident in a plane perpendicular 
to the rotation axis. The dependence of  the scattering pattern from any angle of  incidence can be 
measured by using the secondary light beam and moving diaphragm D4 laterally, that is vertically 
and/or horizontally.
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Figure 1
Diagram of the imaging scatterometer. The primary beam, delivered by light source S1 and diaphragm D1, 
is focused by lenses L1 and L2, via a central hole in the ellipsoidal reflector, M, on the sample, positioned in 
the first focal point of the reflector, F1. The positioning of the sample is visually controlled with the epi-
illumination microscope consisting of lenses L2 and L3 to which camera C1 is connected. The beam aperture 
is determined by diaphragm D2. The secondary beam, delivered by light source S2, via diaphragms D3-5 and 
lenses L4 and L5, is focused via a beam splitter, H, and the ellipsoidal reflector at the sample. Light scattered 
by the sample is focused at the second focal point of the reflector, F2, which coincides with the front-focal 
point of a large-aperture photographical lens, L6. The far-field scattering pattern, projected in plane I, is 
imaged by lens L7 at a digital camera, C2. A reflected light ray, having an angle θ with the axis, leaves the 
second focal point with an angle α, has a distance r to the axis in the back focal plane of lens L6, and is 
projected at the camera chip at a distance p from the axis. A spatial filter in plane I blocks the zeroth-order 
transmitted light. 
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Figure 2
Coordinate systems for the spatial relationships of light fluxes. (a) The bidirectional reflectance distribution 
function relates the reflected radiance Lr(θr,φr) with the incident irradiance Ei(θi,φi) ; see Eq. 2. (b) Polar 
diagram where the area of the spatial element (grey) equals dσ = s ds dφ. The coordinate s is the pixel 
distance p or the angle θ r, and φ = φ r .
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(a) (b)

(c)

(e) (f)

(d)

Figure 3
Calibration of the scatterometer with a small mirror, positioned in focal point F1 of the scatterometer. (a) 
The mirror, reflecting the primary light beam, was rotated around a horizontal axis in steps of 5o, and the 
images of the light beam were superimposed. A light spot is missing in the center, because the mirror 
blocks the reflection of the axial beam. (b) The mirror, reflecting the secondary light beam, was in an 
approximately vertical position, and the vertical position of diaphragm D4 (Fig. 1) was varied in steps; the 
resulting images were superimposed. The step size of the diaphragm was 0.5 mm, but only every third 
image was used in the superposition. (c) The centers of the image spots of (a) were determined, and their 
distance to the axial pixel was then normalized to the value obtained with a mirror angle of 45o, which 

corresponds to an angle of the reflected beam θmax = 90o. (d) The centers of the image spots of (b) were 
determined, and the distances to the axial pixel, normalized to the maximal value, were plotted as a 
function of the relative displacement d* of diaphragm D4 in the secondary beam. (e) Relative correction 
factor K* for the radiance in a polar plot (Eq. 3c). (f) Relationship between the angle of illumination, θ, and 
relative diaphragm position, d* (Eq. 4). The red circles in (a) and (b) indicate the boundary of the image 
corresponding to θmax = 90o. The blue and green symbols in (c) and (d) represent the image spots above 
(φr = π/2) and below (φr = 3π/2) the horizontal axis, respectively. The image spots are not perfectly in a 
vertical plane, because the mirror plane and the rotation axis of the pin, to which the mirror is glued, were 
not perfectly parallel.
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We note here that the transmittance characteristics of  a scale can be studied by centering D4, on the 
axial position, so that the sample is axially illuminated, from the reverse side. The transmitted light 
is then reflected by the ellipsoidal mirror and, after focusing at F2, is then again imaged at camera C2.

The components of  the imaging scatterometer as realized in our laboratory are as follows. Light 
sources S1,2: xenon lamps; lenses L1,3,4: Spindler & Hoyer lenses with focal distances                                                        
-40, -100, 90 mm, respectively; L2: Zeiss Luminar 16 mm; L5: Mamiya-Sekor 55/1.8; L6: AF Nikor 
50/1.8; L7: Wollensak 75/1.9. The beam splitter H is a pellicle. The ellipsoidal reflector, M, symmetric 
around the major axis, is an aluminium mirror (produced on order by TNO I&T, Delft, the 
Netherlands). The semi-major and semi-minor axes are a = 100 mm and b = 57.2 mm, respectively, 
so that, with c = √(a2-b2), the distance between the focal points F1F2 = 2c = 164 mm, and the 
eccentricity of  the reflector ε = c/a = 0.82. The diameter of  the reflector is 65.5 mm, so that the 
focal point is in the plane of  the rim of  the reflector. In other words, the rim corresponds to θ = 90o, 
that is, the reflector captures exactly a hemispherical spatial angle. The diameter of  the central hole 
in the mirror is 3.2 mm, so that an angular aperture of  10.2o is lost from the scattering pattern. For 
collecting the images (by camera C2) we use an Olympus DP70 digital camera (4080x3072 pixels; for 
RGB color images), or a Photometrics Coolsnap ES monochrome digital camera (1392x1040 pixels). 
For observing the sample with camera C1, we use a Jenoptik ProgRes C10 or the Olympus DP70.

Imaging with an ellipsoidal mirror
Consider the ellipsoidal mirror, symmetric around the major axis, where a light ray leaves the first 
focal point, F1, with an angle θ with respect to the major axis (Fig. 1). After reflection it passes the 
second focal point, F2, with an angle α given by: 

(Eq. 1a)   
where ε is the eccentricity of  the ellipsoid. For the extreme angle θmax = 90o,

(Eq. 1b)   
With ε = 0.82 it follows that αmax = 11.3o, which is well within the 15.5o aperture of  lens L6.

 If  f6 is the focal length of  lens L6, then the distance of  the light ray in the back-focal plane I of  lens 
L6 equals r = αf6 (with α = tanα in radian, as α < αmax = 0.197 is sufficiently small). The light ray with 
angle θ hence arrives at a distance p = mr = mαf6 = Mα from the axis, with m the magnification of  the 
imaging by lens L7, and M = mf6. For a reflected beam with an extreme angle of  θmax = 90o, the pixel 
distance is pmax = Mαmax, so that the relative pixel distance is:

(Eq. 1c)  

2.4. Corrections of the scatterometer images
The scatterometer allows direct visualization of  the Bidirectional Reflectance Distribution Function 
(BRDF; dimension: sr-1) for an incident light beam from any chosen direction (θi,φi); see Fig. 2(a). 
The BRDF is defined as the ratio between the reflected radiance Lr(θr,φr) (dimension: W m-2 sr-1) and 
the incident irradiance Ri(θi,φi) (dimension: W.m-2) [18]:

(Eq. 2)    

 Light reflected into direction (θr,φr) is projected at position (p,φr) of  camera C2 (Fig. 1), where p is the 
distance from the axial pixel (see Fig. 2(b)). The radial coordinate p is proportional to the angle α: p 
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= Mα (section 2.3), but α is non-linearly related to the angle θ = θr (Eq. 1a), and therefore the spatial 
light distribution captured by the camera is not a perfect polar diagram for (θr,φr). For obtaining such 
a diagram the images have to be corrected as follows.

 In the spherical coordinate system with origin F1 the radiant intensity Ir(θr,φr) (dimension: W sr-1) is 
scattered into the direction (θr,φr). Ir(θr,φr)dωr, the light power scattered by the sample into the spatial 
angle dωr = sin θr dθr dφr, is projected at an area dσ = pdpdφr of  the camera chip (Fig. 2(b), with s = p), 
and thus it equals the light power Ecam(p,φr)dσ, where Ecam(p,φr) is the irradiance received by the 
camera. In order to obtain the irradiance in the polar coordinate system with coordinates (θr,φr), Ecam 
has to be corrected with the condition Ecor θr dθr dφr = Ecam pdpdφr, where Ecor(θr,φr) is the corrected 
irradiance. Dropping the suffix r, we obtain (with p = Mα):

(Eq. 3a)  
where α(θ) is given by Eq. 1a, and the factor K, which corrects the measured irradiance for the 
non-linear imaging, is 

(Eq. 3b)    
 

From Eq. 1a it can be derived that for θ = α = 0 the correction factor becomes K0 = [M(1-ε)/(1+ε)]2. 
Fig. 3(e) presents the relative correction factor 

(Eq. 3c)   
Finally, the radiance 

(Eq. 3d) 
where A is the scattering (and illuminated) area of  the sample. Hence, with

(Eq. 3e)  , 
it follows that the radiance can be obtained from the polar diagram of  the corrected irradiance 
Ecor(θr,φr) via 

(Eq. 3f) .

Reflectance spectra
The reflectance spectrum of  an object can be measured by taking images with the scatterometer for 
a series of  quasi-monochromatic illuminations, using either a monochromator or interference filters. 
The latter method is used to determine the reflectance spectrum of  scales of  Callophrys rubi.

3. Results

3.1. Calibrations
The first step in validating the scatterometer, its calibration, was performed with the primary light 
beam, reflected by a small mirror positioned in the plane of  F1 (Fig. 1). The angular aperture of  the 
primary light beam was 8.5o. The mirror was rotated around a horizontal axis in steps of  5o, resulting 
in steps of  the angle of  the reflected beam, θ, of  10o. The reflected light distribution was recorded, 
and the resulting images were superimposed (Fig. 3(a)). The pixel position at the centre of  each of  
the spots was determined, and subsequently their distance, p, to the axial pixel (the pixel corresponding 
to the system axis: p = 0) was calculated. The distances p were then normalized, yielding the relative 
pixel distances: p* = p/pmax. 
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 These relative pixel distances are plotted in Fig. 3(c) as a function of  the angle of  the reflected beam, 
θ. The continuous curve in Fig. 3(c) is the theoretical curve p* = α/αmax obtained with Eq. 1a,b and ε 
= 0.82. The images of  Fig. 3(a), obtained with the Olympus camera, yielded pmax = 1145, so that M 
= pmax/ αmax = 5800 pixels rad-1 = 101 pixels degree-1.

 The next calibration step concerned the secondary beam. The small mirror in the plane of  F1 was 
therefore put in a stable, approximately vertical position, and the vertical position of  diaphragm D4 
was varied in steps of  0.5 mm. Figure 3(b) shows a superposition of  every third of  the obtained 
images. The pixel values of  the spot centres were determined, and then their distance to the axial 
pixel (p = 0) was normalized to pmax. The position of  the diaphragm with respect to the axial position, 
d, reaches an extreme value, dmax, when the angle of  incidence θi = θmax = 90o. The pixel distance of  
the spot centre then is pmax. 

 The plane of  diaphragm D4 is via the beam splitter conjugated to plane I, which is imaged at camera 
C2. Formally, when the angle of  the light beam with the secondary axis leaving lens L5 equals α, then 
d = αf5

 (f5 is the focal length of  lens L5), so that p* = p/pmax = α/αmax = d/dmax = d*, where d*is the 
relative diaphragm displacement. Indeed, as shown by Fig. 3(d), the pixels receiving the reflections 
from the successive illuminations are linearly related to the displacement of  the diaphragm. The 
angle of  incidence of  the secondary beam, θ, thus can be immediately obtained from the diaphragm 
displacement, d, via the inverse expression of  Eq. 1a:

(Eq. 4a) 
and 

(Eq. 4b)   
 Figure 3(f) presents θ as a function of  the relative diaphragm displacement d* = d/dmax. In our setup 
dmax = 11.0 mm, following from dmax = f5·tan(αmax), where f5 = 55 mm is the focal length of  lens L5.

Scattering by wing scales of the butterfly Morpho aega
The power of  the imaging scatterometer was investigated on a small fragment of  the dorsal wings 
of  Morpho aega, a highly iridescent butterfly. The primary beam with aperture 8.5o was focused on 
one of  the scales, resulting in a 40 μm diameter spot (Fig. 4(a)). The light scattered by the scale had 
a spatial distribution almost restricted to a plane oriented perpendicular to the longitudinal ridges of  
the scale (Fig. 4(b)). The lateral spread of  the light scattering in that plane is wider for light of  short 
wavelengths than for light of  long wavelengths. The scattering pattern is somewhat patchy, which is 
due to the not fully regular organization of  the ridges. Minor movements of  the scale, so that the 
focusing spot occurred at slightly different locations, resulted in abrupt changes of  the patches. 

 Widening the area of  illumination resulted in a smoother pattern as is illustrated in Fig. 4(c), where 
the secondary beam was applied. Here the illumination spot was about 130 μm; the diameter of  
diaphragm D4 was 1.5 mm, meaning an aperture of  about 16o, decreasing however with increasing 
angle of  incidence (see Fig. 3(c)). Figure 4(c) presents superimposed scattering diagrams resulting 
from illuminations with the secondary beam diaphragm D4 at positions d = -6, -4, -2, 0, 2, 4, and 6 
mm, respectively. With dmax = 11 mm, it follows from Fig. 3(f) (or Eq. 2) that d = 2, 4, 6 mm 
corresponds to an angle of  incidence of θ = 20.5o, 39.9o, and 57.1o, respectively.

Reflectance of Callophrys rubi scales
The imaging scatterometer allows straightforward measurement of  reflectance spectra. As an 
example, Fig. 5 shows measurements of  a scale on the ventral wing of  the lycaenid butterfly Callophrys 
rubi. The scale was illuminated by the primary, narrow beam focused at a 40 μm diameter spot (Fig. 
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5(a)). The scale appeared to consist of  yellow and bluish reflecting microdomains [4,19]. The 
incident light was scattered into a very wide angle (Fig. 5(b)). Applying monochromatic light and 
using the reflection from a mirror as reference, the reflectance was calculated by integrating the 
reflection from spatial areas bounded by cones with apertures 30o, 60o, and 90o (Fig. 5(c)). The 
resulting spectra are approximately proportional to each other, and thus the scale, although 
structurally coloured, scatters light into a wide angle. (The contributions to the reflectance by the 
wing substrate and other scales on the wing are minor, as will be described elsewhere.)

Discussion
The imaging scatterometer described here consists of  standard optical elements, except for the 
ellipsoidal mirror, which had to be custom built. The heart of  the design is the property of  an 
ellipsoidal mirror that it compresses a hemispherical space into a small cone, which then allows 
projection by common lenses. The system has an essential, sensitive point in that the scattering 
sample has to be positioned quite accurately in the ellipsoid’s first focal point. In practice this is 
achieved by observing the sample with the binocular viewer to which camera C1 is connected, and 
furthermore by checking that all reflected light rays are passing a narrow diaphragm surrounding the 
second focal point, F2 (Fig. 1). The unique power of  the instrument is that it visualizes the near-field 
properties of  the sample (with camera C1), and simultaneously visualizes the far-field, hemispherical 
scattering properties of  the study object (with camera C2).

 After completion of  our instrument we found, not fully to our surprise, that scatterometers with 
related designs were reported before. The most similar arrangement is that developed for studying 
aerosols by Chang and co-workers [20,21]. Their ellipsoidal mirror also has a central hole through 
which the (only) illuminating beam is applied. A single lens images the scattered light directly at a 
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Figure 4
Scattering by a dorsal wing scale of the butterfly Morpho aega. (a) A small wing fragment was positioned 
in the scatterometer and the primary beam was projected as a 40 μm spot at a single scale (a much wider 
area was illuminated by a weaker beam delivered by the secondary source); bar 100 μm. (b) The scattering 
pattern resulting from the primary beam. (c) Scattering patterns created by the secondary beam with 
diaphragm D4 positioned at d = 0, ±2, ±4, and ±6 mm with respect to the axis (corresponding to an angle 
of incidence of θi = 0o, ±20.5o, ±39.9o and ±57.1o, respectively). The long, pointed, black object at 9 o’clock 
is the glass micropipette holding the about circular wing fragment. The red circles in (b) and (c) indicate 
scattering angles of θr = 5, 30, 60, and 90 degrees.
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digital camera, and thus a spatial filter for blocking transmitted light cannot be employed. A slightly 
different scatterometer, also employing an ellipsoidal reflector, was developed by Rodríguez-Herrera 
et al. [22] for studying the scattering by rough surfaces. Their laser beam is reflected by a 45o beam 
splitter, similar to the secondary beam of  Fig. 1. The scatterometer described in the present paper 
appears to combine a number of  solutions of  the other systems. It has substantial versatility for 
studying the optics of  small scale objects. 

 Previous studies of  the scattering by Morpho wing scales, illuminated more or less perpendicularly, 
have demonstrated a highly directional reflection in the plane of  the scale ridges and a broad 
diffraction in the perpendicular plane. The more or less line-shaped far-field scattering pattern 
[14,15,17,23] has been interpreted with an optical model that treats the ridges as a pile of  equidistant, 

Figure 5
Scattering characteristics of the ventral wings of the Green Hairstreak, Callophrys rubi. (a) A small wing 
fragment was positioned in the scatterometer, and the primary beam was projected as a 40 μm spot at a 
scale (a wider secondary light beam caused the additional scattering of the scale assembly); bar 100 μm. 
(b) The scattering pattern is quite random and covers a major part of the hemisphere. (c) The integral of 
the scattered light for circular areas bounded by scattering angles θr = 30o, 60o, and 90o was divided by the 
incident light flux, resulting in reflectance spectra that peak in the green wavelength range (inset: the 
ventral side of the Green Hairstreak; bar 1 cm).
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reflecting plates [15]. When the direction of  the incident light beam deviates from the normal, the 
shape of  the scattering pattern becomes slightly curved (Fig. 4(c); see also Fig. 8.22 of  [24], and [25]). 
A quantitative interpretation of  this phenomenon will be presented elsewhere (in preparation). 

 The scattering of  the dorsal wing scales of  many lycaenids is highly directional, resulting in a spatially 
limited scattering diagram [26]. However, the scattering pattern of  the ventral wing scales of  the 
lycaenid Callophrys rubi covers almost the full hemisphere, causing the matte appearance of  the 
lycaenid in the resting state, when the wings are closed. The green peaking reflectance spectrum (Fig. 
5(c)), calculated by integration of  the scattering pattern, nicely matches the reflectance spectrum of  
leaves, thus ensuring excellent camouflage in the natural habitat [4,19]. 

 The reflectance spectrum can be alternatively -and more easily- obtained by using an integrating 
sphere, but the advantage of  the scatterometer is that it allows the much more detailed measurement 
of  the directional reflectance, or, the detailed bidirectional reflectance distribution function. The 
scatterometer measurements will be helpful to understand the light scattering characteristics of  
butterfly scales, and hence provide insight into butterfly coloration and its biological function. Of  
course, the scatterometer can also be used to visualize the scattering patterns of  small objects other 
than butterfly scales. We have successfully explored bird feathers, beetle cuticle, and similar biological 
tissues with structural coloration.
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Chapter 7

Spatial reflection patterns of iridescent pierid butterfly 

wings and the dependence of visibility on scale 

curvature

Abstract 
The males of  many pierid butterflies have iridescent wings, which presumably 
function in intraspecific communication. The iridescence is due to 
nanostructured ridges of  the cover scales. We have studied the iridescence in 
a few Coliadinae, Gonepteryx aspasia, G. cleopatra, G. rhamni, and Colias croceus, 
and in two members of  the Colotis group, Hebomoia glaucippe and Colotis regina. 
Imaging scatterometry demonstrated that the structural colouration is highly 
directional, whereas the pigmentary colouration is diffuse. Angle-dependent 
reflectance measurements demonstrated that the directional iridescence 
distinctly varies among closely related species. The species-dependent scale 
curvature determines the spatial properties of  the wing iridescence. Narrow 
beam illumination of  flat scales results in a narrow far-field iridescence 
pattern, but curved scales produce broadened patterns. The restricted spatial 
visibility of  iridescence presumably plays a role in intraspecific signalling.

Introduction
Butterfly wings are patterned by differently coloured wing scales. The colour is due to the combined 
reflections of  the cover scales and the underlying ground scales (Nijhout 1991; Stavenga et al. 2006). 
The scale colours are due to structural elements and/or due to pigments. A butterfly wing scale 
consists of  a flat lower lamina and a structured upper lamina. The upper lamina of  scales is often 
marked by longitudinal ridges, connected by cross-ribs. The components of  the butterfly wing scales 
are commonly not very regularly arranged, and then incident light is scattered more or less diffusely. 
When the nanostructures in the scales are regularly arranged, light interference results in structural 
(or physical) colours, as is the case in the famous iridescent Morpho butterflies (Vukusic and Sambles 
2003; Kinoshita et al. 2008; Kinoshita 2008). 

Melanin, a pigment that absorbs throughout the visible wavelength range, is frequently employed to 
enhance the structural colours (Mason 1926; Mason 1927; Yoshioka and Kinoshita 2006). When the 
wing scales contain pigments that absorb in only a restricted wavelength range, a pigmentary (or 
chemical) colour results. Pierid butterflies package their wing pigments, the pterins, into small 
granules which increase the scattering efficiency in the wavelength range where pterin absorption is 
low. Thus, the granules enhance the pigmentary colouration (Stavenga et al. 2004; Rutowski et al. 
2005). Many pierid butterflies additionally have structurally coloured wings. Usually only males 
exhibit iridescence, presumably for impressing females, but in some cases both sexes are iridescent 
(Kemp 2006; Kemp 2007; Kemp and Rutowski 2007). The structural colouration is combined with 
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yellow, orange or red pigments, depending on the species. In several species of  the subfamily 
Coliadinae both the forewing and the hindwing are iridescent, e.g. Colias eurytheme, Colias electo, Eurema 
hecabe, Phoebis argante (Scott 1986; Rutowski et al. 2007a; Rutowski et al. 2007b; Wijnen et al. 2007), 
but in most members of  the Colotis group, belonging to the subfamily Pierinae (Braby et al. 2006), 
iridescence is restricted to the tips of  the forewings (Stavenga et al. 2006; Wijnen et al. 2007). The 
iridescence originates in the cover scales, specifically in the ridges, which consist of  a stack of  
elaborate lamellae, thus forming a multilayer reflector. Electron microscopic analysis demonstrated 
that the multilayered structures in pierids are very similar to those found in Morpho butterflies: the 
cross-section of  the longitudinal ridges resembles the shape of  a Christmas-tree (Ghiradella et al. 
1972; Ghiradella 1989; Vukusic et al. 1999; Giraldo et al. 2008; Wilts et al. 2011).

While the absorption spectra of  the pterin pigments as well as the reflectance spectra and patterns 
of  the iridescent wing areas of  pierid butterflies have been described in considerable detail (Rutowski 
et al. 2005; Stavenga et al. 2006; Rutowski et al. 2007a; Wijnen et al. 2007; Wilts et al. 2011), only a 
few pioneering studies on the spatial distribution of  the reflected light have been made so far 
(Rutowski et al. 2007b; Giraldo et al. 2008). In this study, we study six pierid species, i.e. the members 
of  the Coliadinae Gonepteryx aspasia, G. cleopatra, G. rhamni, and Colias croceus, and the Colotis group 
members Hebomoia glaucippe and Colotis regina. We focus on the spatial radiation patterns of  the 
structural and pigmentary wing colouration, using imaging scatterometry (ISM) and angle-dependent 
reflectance measurements (ARM). We have found that the iridescence spectra and far-field radiation 
patterns distinctly depend on the species. The scale curvature plays a crucial role in the angular 
distribution of  iridescence, which is presumably important for intraspecific signalling, both in a 
static display and during flight.

Materials and Methods

Animals
Specimens of  the Clouded Yellow, Colias croceus, were caught in the littoral part of  Slovenia; the 
Cleopatra Brimstone, Gonepteryx cleopatra, near Argelliers (Hérault, France); the Common Brimstone, 
Gonepteryx rhamni, in Groningen (the Netherlands) and in Ljubljana (Slovenia); the Great Orange 
Tip, Hebomoia glaucippe, in Taiwan; the Queen Purple Tip, Colotis regina, was obtained from Dr. U. 
Dall’Asta (Royal Museum of  Central Africa, Tervuren, Belgium); and the Lesser Brimstone, 
Gonepteryx aspasia, from prof. K. Arikawa (Sokendai, Hayama, Japan). 

Photography
The upper sides of  the wings of  the butterfly specimens were photographed with a Nikon D70 Mk 
I camera equipped with a Nikkor 70 mm f1.4 macro objective. The red channel of  the CCD chip of  
this camera has sufficient UV-sensitivity to allow UV photographs when using a blacklight lamp and 
visible-wavelengths-blocking filters (Schott glasses UG3 and BG17). The peak sensitivity in the UV 
was at about 370 nm.

Imaging scatterometry 
The spatial distribution (far-field) of  the light scattered from single scales was visualized with an 
imaging scatterometer, built around an ellipsoidal mirror collecting light from a full hemisphere 
around the first focal point containing the sample (Stavenga et al. 2009; Wilts et al. 2009). Small 
pieces were cut from the wings using a razor blade and fine scissors. The pieces were glued to the tip 
of  a glass micro-pipette. A small piece of  magnesium oxide served as a white diffuse reference 
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object. RGB images were taken with an Olympus DP-70 camera. For measuring the effect of  scale 
curvature, the spot size was reduced by inserting a small pinhole into the primary beam of  the 
scatterometer, and the scale was moved so that the spot illuminated different parts of  it. The vertical 
intensity profiles of  the far-field scattering patterns were obtained from the blue channel of  the 
images by averaging the pixel values in each row of  vertically oriented rectangular regions.

Angle-dependent reflectance measurement 
The angular distribution of  the light scattered by the intact wings was measured with a set-up 
consisting of  two optical fibres, one for illumination and the other for light detection, attached to 
two goniometers with the same rotation axis. The wings were placed on a black cardboard and 
positioned at the rotation axis of  the goniometers (Fig. 1). We measured the reflectance spectra 
along the central meridian in the plane defined by the wing base and apex and the normal to the wing 
plane. The angles of  illumination (α) and the sensor (β) along the meridian could be adjusted. The 
coordinate system was defined with the illumination and measurement meridians running from the 
wing base (−90°) to the wing apex (+90°). The illumination and the sensor arm were tilted to about 
10° to the sides of  the central meridian, thus avoiding occultation but still detecting the reflections 
from the central parts of  the iridescent lines. 

Reflectance spectra from iridescent wing areas were recorded with a diode-array microspectrometer 
(UV-VIS range 180-1100 nm, AvaSpec 2048-2; Avantes, Eerbeek, the Netherlands), coupled to a 600 
μm quartz fibre (FC-UV-600, Avantes) equipped with quartz collimators (Col-UV/Vis, Avantes). 
The same quartz optics was used for the illumination arm. A diffusely scattering reference tile 
(Avantes WS-2) served as the white standard. The light source was an ozone-free Xenon lamp 
(XBO). 

The diameter of  the illuminated area was about 3 mm and that of  the measurement circle about 9 
mm, respectively, in the normal (vertical) position (α = β = 0°; Fig. 1). The sensor field of  view was 
bigger than the illuminated spot at all combinations of  illumination and detection angles. The 
sampling angle (full width at half  maximum, FWHM) of  the setup was 3.9° at 600 nm and 4.6° at 
300 nm (see also Stavenga et al. 2011). Consequently, at a fixed detection angle (e.g. β = 0°), a diffuse 
scatterer yielded the same reflectance value at all illumination angles α. In order to simulate a distant 
point source illuminating a unit area (e.g. the sun), the reflectance measurements were transformed 
to the reflectance per unit area (projected reflectance) by a cosine projection, i.e. R* = R cos(α). We 
measured reflectance spectra at the illumination angles α = [0°, ±30°, ±45°, ±60°] by varying the 
measurement angle β between −75° and +75° in 5° or 10° steps (for an example of  the measurement 
grid, see Suppl. Fig. 1). Additionally, we followed the line of  optimal iridescence by stepping the 
illumination angle, α, from −75° to +75°, always adjusting the measurement angle β until the peak 
reflectance in the iridescence band was maximal. 

Band reflectances were measured in the ranges 340±10 nm, 420±10 nm, and 700±10 nm. The 
overall iridescence was measured as the average reflectance in the wavelength range starting at 300 
nm and ending at 430 nm (G. rhamni forewing), 450 nm (G. cleopatra hindwing and G. aspasia forewing), 
460 nm (H. glaucippe tip), 470 nm (G. cleopatra forewing), 480 nm (C. croceus) or 560 nm (C. regina), 
respectively. 

The data was analysed with Matlab (Mathworks, USA). Average band reflectance at each angle pair 
(α,β) was interpolated into a mesh with 5° angular resolution using the routine griddata (Matlab) or 
gridfit (by John D’Erico). The boundary values (α,β = ±90°) were set to zero before interpolation. 
The shape of  the R*(α,β) distribution for an ideal diffuser is a two-dimensional cosine function. The 
interpolation errors at this level of  analysis were found to be negligible (data not shown).
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Figure 1 
Diagram of the angle-dependent reflectance measurement (ARM) setup. The butterfly wing is positioned in 
the origin of a coordinate system determined by the two fibres, which rotate in the same vertical plane. The 
plane of the wing determines the horizontal plane of the coordinate system. The angles between the wing 
normal and the illumination and detection fibres are α and β, respectively. The wing is positioned so that 
its base corresponds to α = β = -90° and its apex to α = β = +90°.
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Figure 3
Shape and scatterograms of single cover scales from the forewing tips of H. glaucippe (a-c) and C. 
regina (d-f). a,d Top-view of the scales. A distinct iridescence line is seen on top of the orange and red 
coloured scale, respectively. b,e Side-view of the scales; upper side to the left (see inset of e, lower side to 
the right). The cover scale of H. glaucippe (b) is flat, except at the tip, and the cover scale of C. regina 
(e) is strongly curved. Bar (a,b,d,e): 50 μm. c,f. Full hemisphere scatterograms from single scales, 
illuminated with white light. The white circles in the polar plots indicate angles of 5o, 30°, 60° and 90° with 
respect to the normal to the wing plane. The orange and red reflections are diffuse and fill the whole 
hemisphere. The short-wavelength iridescent reflections are spatially limited, for H. glaucippe (c) to a 
narrow angular space and to a wider space for C. regina (f).
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Figure 2 
The Lesser Brimstone, Gonepteryx aspasia. a 
RGB photograph (bar: 1 cm). b UV photograph with 
wide aperture illumination. c UV photograph with 
illumination from the left side. Only the right wing 
reflects towards the camera. d Reflectance spectra 
with variable illumination angle α, observed normal 
to the wing (β = 0°). The reflectance in the UV is 
highly directional.

angle (β °)

in
te

n
s
it
y

in
te

n
s
it
y

angle (β °)

a

d

b

c

e

f

β

-90°

+90°

H. glaucippe

C. regina

Figure 4 
Local illumination for the differently curved scales 
of H. glaucippe and C. regina yielding different 
scattering patterns. a,b Scatterogram of a H. 
glaucippe scale illuminated near the root (a) and 
at the middle (b) of the scale. c Angular profiles of 
the scatterograms from a and b. d,e Scatterogram 
of a C. regina scale illuminated near the root (d) 
and at the middle (e) of the scale. The blue and red 
curves (c,f) represent the angular profiles vertically 
across the scatterograms (yellow rectangle in d). 
The black curves in c and f, representing the sum 
of the red and blue curves, show the limited spatial 
scattering by the scale of H. glaucippe and the 
wider spatial scattering of the C. regina scale. 
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Results
The upper sides of  the wings of  the investigated male pierids have different reflection characteristics 
in the short wavelength range compared to those in the long wavelength range (Ghiradella et al. 
1972; Ghiradella 1989; Rutowski et al. 2007a; Rutowski et al. 2007b). The wing reflection in the long 
wavelength range is diffuse and the reflection in the short-wavelength range is directional, as is 
demonstrated on the Lesser Brimstone, Gonepteryx aspasia (Fig. 2). The RGB photograph (Fig. 2a) 
shows that the forewing upper side is distinctly yellow; the hindwing upper side is somewhat paler, 
presumably due to a lower density of  pterin pigment, most likely xanthopterin (Wijnen et al. 2007). 
Both the forewing and hindwing have orange spots, probably due to the presence of  erythropterin. 
The UV photograph (Fig. 2b), made with a wide aperture blacklight source, shows that the forewings 
(except their edges) and the orange spots on the hindwings, reflect UV light. When the specimen is 
illuminated from the left side, the UV reflection of  only the right wing is seen (Fig. 2c). 

We measured the directionality of  the UV reflection on the forewings with the ARM setup. The 
measurement fibre was set at the wing normal (β = 0°), and the illumination direction was changed 
in steps of  5°. The UV reflectance was maximal with the illumination direction from the basal side 
(α = −45°, R=0.8, Fig. 2d). The diffuse reflectance in the long-wavelength range remained almost 
constant, confirming that the field of  view of  the detector captured the full illumination spot, 
independent of  the illumination angle (see Methods).

The directional reflection at short wavelengths is due to the multilayered ridges of  the cover scales 
(Wilts et al. 2011). Preliminary investigations on a variety of  pierid butterflies showed that the 
directionality strongly depended on the species. To gain a quantitative understanding of  the 
directional reflections, we first investigated the shape of  isolated short-wavelength-reflecting cover 
scales using light microscopy. The cover scales in the wing tips of  the Great Orange Tip, Hebomoia 
glaucippe, and the Queen Purple Tip, Colotis regina, appeared to have very different shapes. The scales 
of  H. glaucippe are orange and strongly reflect UV-violet light (Wilts et al. 2011); the latter can be seen 
in RGB photographs as a faint violet reflection (Fig. 3a). The scales are virtually flat and only near 
the tip slightly curved (Fig. 3b). The scales of  C. regina are red and additionally reflect blue light (Fig. 
3d). When observing a scale of  C. regina with an epi-illumination light microscope, the blue reflection 
changes in position when the scale is rotated, indicating that the scale has a curvy shape (Fig. 3e). 

We studied the far-field scattering patterns of  the cover scales of  H. glaucippe and C. regina with an 
imaging scatterometer, applying a narrow aperture white illumination focused at a small area of  the 
scale. The spatial scattering properties in the long and the short wavelength range clearly differ (Fig. 
3c,f). The scales of  both species reflected a diffuse orange (Fig. 3c) or red (Fig. 3f) scattering pattern, 
respectively, when illuminated in a small, central area of  the scale. The scattering pattern was filling 
virtually the full hemisphere. In the scatterogram of  H. glaucippe a narrow violet line emerged (Fig. 
3c), while in the scatterogram of  C. regina a broad, blue band overlapped the diffuse pattern (Fig. 3f). 
The narrow violet line of  the H. glaucippe scale is reminiscent of  a similar narrow blue line observed 
in scatterograms of  Morpho scales (Stavenga et al. 2009), which was explained by diffraction of  light 
by the slender, multilayered ridges (Vukusic et al. 1999; Kinoshita et al. 2002). Indeed, the structures 
in iridescent pierid butterflies are similar (Rutowski et al. 2007b; Giraldo et al. 2008; Wilts et al. 
2011). The difference in colour is due to the difference in spacing of  the ridge lamellae (Wilts et al. 
2011). 

The results of  Fig. 3 suggest that the strongly curved scales of  C. regina cause the broadened 
scattering of  blue light. This assumption was tested in the experiment of  Fig. 4, where the scales of  
H. glaucippe and C. regina were illuminated at two different locations (insets Fig. 4c,f). In the case of  
the H. glaucippe, the blue channel of  the scatterograms showed almost identical strip-like spatial 
scattering patterns (Fig. 4a,b). The scale of  C. regina produced a broad scattering pattern, the extent 
of  which depended on the location of  illumination (Fig. 4d,e). We have quantified the angular spread 
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of  the scattering by measuring a vertical profile (see rectangle in Fig. 4d) in the polar plots of  Fig. 
4a,b and 4d,e. The far-field scattering profiles are shown in Fig. 4c,f. The cover scales in the wing tips 
of  H. glaucippe (Fig. 4c) reflect short-wavelength light into a narrow spatial angle, with a sharp, almost 
symmetric bell-shaped profile, while the scales of  C. regina (Fig. 4f) reflect light into a broader angle, 
with an additional asymmetric tail. The FWHM is about 16° for H. glaucippe and about 40° for C. 
regina.

In our previous study on the morphology and spectral behaviour of  pierid wing scales (Wilts et al. 
2011), we noticed that the angle between the wing plane and the multilayer reflectors in the scale 
ridges varied among the investigated species. Here, we have therefore studied the reflection and 
scattering patterns of  a number of  pierids in more detail with the ARM setup: C. croceus, G. rhamni, 
G. aspasia, G. cleopatra (both forewing and hindwing), H. glaucippe, and C. regina (Fig. 5, right column). 
We have measured reflectance spectra with the angle of  illumination and detection adjusted so that 
the amplitude of  the short-wavelength reflectance peak was maximal. All studied species had short-
wavelength peaks in the UV, except for C. regina, where the peak was in the blue wavelength range 
(Fig. 5a). We note here that the UV reflectance peak of  H. glaucippe extends into the visible violet. 
This allowed studying the multilayer reflections with the scatterometer (Fig. 3c, 4a,b), despite its 
limited wavelength range (above 380 nm). Further, due to a predictable shape of  the short-wavelength 
scattering pattern along the line (Fig. 4c), a representative measurement can be taken at the centre 
of  the line, thus simplifying the ARM measurements to a two parameter set of  (α,β) (see Methods). 

The spectral and spatial reflection characteristics of  the short-wavelength iridescence depend on the 
angle of  illumination and detection. To visualise the spatial dependence of  the iridescence peak, we 
changed the illumination angle α in steps of  5o and then determined the detection angle β where the 
amplitude of  the short-wavelength band was maximal. In other words, we measured the lines of  
optimal iridescence βmax(α) for each species (Fig. 5b). If  the iridescence had been due to a continuous 
flat multilayer, a line given by β = −α (the mirror line) would have been obtained. For all investigated 
species the relationship was approximately linear, but it deviated from the mirror line, indicating that 
the reflectors were tilted with respect to the wing plane. The total tilt angle, γ, follows from 
β = −α + 2γ, or γ = (α+β)/2. The tilt angle γ can thus be read as half  the vertical distance between 
the optimal line and the mirror line (Fig. 5b). The tilt angle is the largest in C. regina (γ ≈ −33°) and 
almost as large in G. cleopatra forewing (γ ≈ −30°) and G. rhamni (γ ≈ −28°) forewing, but smaller in 
G. aspasia forewing, C. croceus hindwing (both γ ≈ −22°) and G. cleopatra hindwing (γ ≈ −19°). The 
tilt is the smallest in H. glaucippe (γ ≈ −9°). The tilt angle derived for H. glaucippe should correspond 
to the angle between the wing and the scale, because in this species the ridge lamellae are parallel to 
the scale plane (Wilts et al. 2011). The situation is more complicated in C. regina, due to the 
pronounced scale curvature. In the other species, the lamellar multilayers of  the scale ridges are 
tilted with respect to the scale surface, and the measured tilt angle should be a combination of  the 
lamellar tilt angle (4°~6°) and the scale tilt angle with respect to the wing base. 

In our measurements of  the angle dependence of  the direction of  optimal reflectance (Fig. 5b) it 
appeared that the peak wavelength of  the short-wavelength reflectance changed with the angle of  
illumination. We have further analysed these spectral changes in Fig. 6. The waterfall plots (Fig. 6, 
left column) show the reflectance spectra measured at the lines of  optimal reflectance, βmax(α); that 
is, for each angle of  illumination, α, the cosine-projected reflectance spectrum at the optimal angle β 
is shown (see Fig. 5b). For all species, the short-wavelength peak wavelength was maximal 
approximately when α = β = γ. The peak wavelength shifted hypsochromically (towards shorter 
wavelengths) when going away from the optimal point, as expected for a multilayer reflector (Wilts 
et al. 2011). The short-wavelength reflections thus exhibit iridescence. The long-wavelength part of  
the reflectance spectra changed only in amplitude but not in shape, as expected for non-iridescent, 
diffusive materials. 
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Figure 5 
Reflectance spectra and angular dependence of the 
optimal iridescence line of the investigated pierid 
butterflies. a Reflectance spectra with the maximal 
short-wavelength reflectance measured with the 
ARM setup (at α ≈ β; for exact illumination and 
detection angles, see points in b). The line colours 
of the spectra are the same as those at the left of 
the photographs of the butterflies (right column; 
bars: 1 cm), from top to bottom: C. croceus, G. 
rhamni, G. aspasia, G. cleopatra, H. glaucippe, C. 
regina. b Angular position of the detector (β) where 
the structural colouration is maximal as a function 
of the angular position of the illumination (α). The 
inset shows the arrangement of the scales on the 
wing, indicating the angles α, β and the multilayer 
tilt angle γ. The optimal line of an ideal mirror is 
shown as a dash-dotted line. The expected positions 
of maximal iridescence for an ideal tilted multilayer 
are shown with a dotted line. Reading of twice the 
tilt angle (γ) is indicated for H. glaucippe.

Figure 7 
Spatial reflectance profiles for normally incident 
illumination (α = 0°) for three different wavelengths. 
a 340 nm; b 420 nm; c 700 nm.
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Supplementary Figure S1 
Spatial map of G. rhamni indicating the 
measurement positions with black dots.
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Figure 6 
Reflectance spectra measured with the ARM setup. a C. croceus; b G. rhamni; c G. aspasia; d G. 
cleopatra HW; e G. cleopatra FW; f H. glaucippe; g C. regina. The left column shows the spectra for 
the optimal iridescence line (angles β can be read from Fig. 5). The right column shows the spectra 
measured at the fixed angle of incidence α = 0°.
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In the measurements shown in Fig. 6, left column, the directions of  both the illumination and the 
detection changed simultaneously. A simpler, yet realistic, situation occurs with a moving observer, 
static illumination and a static wing. We therefore measured the reflectance spectra at various 
detection angles while keeping the illumination angle fixed, at α = 0° (normal illumination; Fig. 6, 
right column). The short-wavelength reflectance bands then were limited to a small angular range in 
three cases, around β ~ 2γ (Fig. 6a,d,f, right column), but in the other cases the angular range is more 
spread out (Fig. 6b,c,e,g, right column). This can be directly understood from the curvature of  the 
cover scales. The cover scales of  C. croceus (Fig. 6a), G. cleopatra hindwing (Fig. 6d) and H. glaucippe 
(Fig. 6f) are flat, while those of  G. rhamni, G. aspasia, G. cleopatra forewing, and C. regina are curved. 
The differences in scale curvature are shown for H. glaucippe and C. regina in Fig. 4.

Fig. 7 gives an alternative representation of  the far-field scattering profiles of  the different pierid 
scales. The reflectances measured at various detection angles β with normal illumination, α = 0° (see 
Fig. 6, right column), were averaged over three wavelength ranges, 340 ± 10 nm, 420 ± 10 nm, and 
700 ± 10 nm. The graphs show narrow angular reflectance distributions at 340 nm (Fig. 7a) and 420 
nm (Fig. 7b), and a much broader distribution at 700 nm (Fig. 7c). The angular spread of  the 
reflectance depends on the species. The two brightest and sharpest reflectance profiles in the UV are 
from the flat scales of  H. glaucippe (FWHM ≈ 19°) and G. cleopatra hindwing (FWHM ≈ 35°; Fig. 7a). 
The curved scales of  the forewings of  the studied Gonepteryx species have a double-peaked angular 
reflectance profile. The broadest profile, covering almost the whole hemisphere, was measured at 
420 nm from the scales of  C. regina (Fig. 7b). The asymmetric tail of  C. regina is also visible in the 
scatterometer measurement (Fig. 4f). The short-wavelength angular reflectance profiles of  H. 
glaucippe and C. regina measured from the wing patches with the goniometer (Fig. 7a,b) are, however, 
broader than the corresponding profiles obtained from single scales with the scatterometer (Fig. 
4c,f). The additional spread is most likely due to varying orientations of  the multilayered ridges and 
the scales on the wing. 

The long-wavelength reflectance is for all species similar and has a cosine-like angular relationship 
(Fig. 7c). The departures from the symmetric, central position and the cosine shape towards negative 
values of  the detection angle, β, i.e. towards the wing base, are presumably caused by differences in 
the tilt of  the scales with respect to the wings and also by the scale curvature. Furthermore, shading 
due to scale stacking could occur. The reflectance maxima of  the diffuse reflections, at long 
wavelengths, differ between the species, ranging between 0.4 in C. croceus and 0.7 in G. cleopatra 
forewing, roughly in accordance with the measurements performed with the integrating sphere 
(Wilts et al. 2011). The amplitude differences presumably result from different concentrations of  the 
pigments and differences in scale stacking.

The angular spread of  the iridescent wing coloration should have important consequences for the 
visibility of  the wing pattern. We therefore investigated this aspect in more detail. To provide a 
general and comparative visualisation of  the far-field iridescence patterns, we have averaged the 
reflectance over the iridescence bands (for wavelength ranges, see Methods), at all measurement 
combinations of  (α,β). The measurement grid was interpolated, resulting in a spatial map of  short-
wavelength reflectance (Fig. 8). The resulting spatial maps show that the angular width of  the 
iridescence signal strongly varies among the different pierid species. While some species, like H. 
glaucippe and C. croceus, reflect incident light into a limited spatial angle, others, like G. rhamni and C. 
regina, produce a considerably broadened far-field scattering pattern. A comparison of  the scattering 
patterns with the scale shapes for all species clearly shows that the curvy scales produce scattering 
patterns with an extended angular spread (Fig. 8a,c,e,g); the flatter scales produce a narrow scattering 
pattern (Fig. 8b,d,f). Fig. 8h presents the scattering pattern in the long-wavelength range, at 700 nm, 
for C. regina, where the pigmentary colouration causes diffuse scattering. The pattern closely 
approximates that of  a Lambertian diffuser. The waterfalls for spectral bands at 340, 380, 420 and 
460 nm are shown in Suppl. Fig. 2.



111

Discussion
The colouration of  the investigated male pierids is quite diverse and characteristic for each species. 
The diversity is threefold: first, the wing colouration patterns vary (Wijnen et al. 2007, Wilts et al. 
2011); second, the reflectance spectra are different in terms of  iridescence peak amplitude and 
position and the long wavelength cut-off  (Fig. 5a); third, the width of  the far-field pattern of  
iridescence varies (Figs. 7,8). Some general principles can be nevertheless recognized. The pigmentary 
colours, created by granular pigment masses inside the scale lumen, are restricted to a few classes, 
that is, white, yellow, orange and red, depending on the expressed pterins. The concentration of  
pigment presumably varies among the studied species, as indicated by the differences in the diffuse 
reflectance in the long wavelength range (Fig. 7c). 

The UV- or blue-iridescence reflectance peak of  the studied pierids is separated by a through (i.e., a 
minimum) from the long-wavelength, pigmentary colouration. The structural and pigmentary 
coloration together create a highly chromatic signal. With a narrow aperture illumination, the 
iridescence pattern remains restricted to a limited spatial angle, meaning that the directionality of  the 
structural colouration becomes important in direct sunlight. An iridescent butterfly in flight under 
the sun will radiate flashes of  short-wavelength light while the diffuse long-wavelength light will be 
less modulated. Flapping H. glaucippe wings, with flat scales, will radiate brief  UV flashes, whilst the 
wings of  C. regina, with curvy scales, will show longer blue flashes, assuming the same flapping 
frequency (Figs. 7 & 8, Suppl. Fig. 2). We note that under natural conditions, the flashes would 
always be superimposed over a persistent background signal, especially in the UV wavelength range 
due to Rayleigh scattering.

In the studied species, the optimal iridescence line is directed away from the mirror line (Fig. 5b). 
Some angular shift is a necessary consequence of  the scale stacking (e.g. γ ≈ −9° in H. glaucippe). The 
additional angular shift in the case of  for instance G. cleopatra forewing (γ ≈ −30°) must be due to 
the combined effect of  the lamellar multilayer tilt with respect to the scale plane and the scale 
curvature. Possibly, the tilt serves a purpose: it is there to optimize the signal’s visibility under a 
certain positioning of  the sun, the wing and the observer. 

The wing reflectance spectra are probably tuned to the spectral sensitivities of  the photoreceptors 
in the compound eyes (Stavenga and Arikawa 2006). The set of  photoreceptors are known in 
considerable detail for two pierids, namely the Small White, Pieris rapae (Qiu et al. 2002; Stavenga and 
Arikawa 2006), and of  the Eastern Pale Clouded Yellow, Colias erate (Pirih et al. 2010). The two 
species both employ UV receptors (360 nm), violet/blue receptors (420-480 nm), green receptors 
(560 nm) and red receptors (620-660 nm). Very likely other pierids have photoreceptors with very 
similar spectral sensitivities: we may assume that a generic pierid eye contains one UV receptor class, 
at least one blue/violet class, a green class and at least one red class. Male pierids with UV reflecting 
wings will be well detected by the UV receptors. The short-wavelength flashes of  flying males will 
be detected as a distinct, short-lived signal on top of  the longer-lasting signal created by the non-
iridescent wing reflections, for instance via a two or three receptor opponency mechanism (e.g. 
UV+/violet−/green+). The blue/red (purple) combination requires photoreceptor types in the 
blue and red range, a condition met by both Colias and Pieris. Nevertheless, in the majority of  
iridescent pierids the signalling of  the iridescent flashes will be detected by the UV receptors. 

We conclude that there are several realisations of  combined structural and pigmentary colouration, 
having different spectral and spatial signatures, which are determined by the pigment, the multilayer 
nanostructure and the shape of  the scale. It will be interesting to study how the colouration is 
detected through the eyes of  the conspecifics and the predators, both in terms of  the wing pattern 
(near-field) and in terms of  the far-field signalling during flight. An especially intriguing question is 
the relative importance of  the two signals in terms of  mating choice.
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Figure 8 
Spatial maps for the integrated short-wavelength reflectance of the iridescent wing parts of the investigated 
pierid butterflies. a G. rhamni; b C. croceus; c G. cleopatra FW; d G. cleopatra HW; e G. aspasia; f 
H. glaucippe; g C. regina. The scales of the species in the left column are curved, while the scales of the 
species in the right column are flat, resulting in differences of the angular width of the iridescence. h 
Integrated diffusive (long-wavelength) part the spectrum of C. regina.
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Supplementary figure S2
Spatial maps of a C. croceus; b G. rhamni; c G. aspasia; d G. cleopatra HW; e G. cleopatra FW; f H. 
glaucippe; and g C. regina integrated over wavelength bands of 340 ± 10 nm, 380 ± 10 nm, 420 ± 10 
nm, 460 ± 10 nm and 700 ± 10 nm. The colour coding is mapped to the absolute reflectance range R* = 
[0 .. 1].
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Chapter 8

In the Realm of the Senses

Essay
The classification of  five external senses of  humans, attributed to Aristotle, is: 
vision, hearing, smell, taste, touch. Vision and hearing convey spatial information 
from the remote environment and are therefore the remote imaging senses. Aquatic 
vertebrates are using two more senses to image the environment: 
electroreception and the lateral line, implementing remote touch. The human 
sense of  touch may be regarded as an aberrant imaging sense since it does not 
operate remotely and since it is most often used in the scanning mode (e.g. 
reading Braille). Chemical senses do not have continuous modalities (e.g. 
frequency, colour) but stimulus classes (e.g. sweet, sour). Chemical senses are 
also without the spatial modality; in order to get the spatial picture, an animal 
needs to scan the environment, e.g. by sniffing. Many animals rely heavily on 
smelling pheromone plumes to track their conspecifics and their physiological 
state. There is evidence that the humans are also not stripped of  this sense, 
nor able to ignore it completely. In the case of  humans, and many other 
animals living in illuminated environments, vision is the important sense. 
What makes vision special?

Vision extracts the information from light, a medium that conveys signals 
over distances, for all practical earthly living purposes instantly, preserving the 
directionality of  the signal; in other words, light is a medium conveying 
information about the environment. Moreover, light, due to its wave nature, 
has two submodalities - wavelength and polarisation – which both can convey 
information. Vision can remain a passive sense in all environments where 
there is ambient illumination: practically all materials reflect at least a few 
percent of  the incident light, and the energy that fuels transfer of  information 
is ultimately provided by the Sun (or the stars). The detection is fully passive 
and static in the sense that it works without either the receiver or sender of  
the information actively emitting light. The workable range of  vision as a 
passive sense spans from broad sunlight to a starry night, or in water, down to 
depths of  several hundred metres. Further towards the bottom, vision cannot 
remain passive. Deep water fish often have special light organs. 

In some other murky aquatic environments, such as turbid terrestrial waters 
and caves, active light organs would be either bringing more harm than good, 
or would simply be too energetically demanding. In these environments, 
vision is often excelled or completely replaced by one of  the two other senses 
that retain directionality: electroreception and remote touch, as implemented 
by the fish lateral line (also known as svenning, after its discoverer Sven 
Dijkgraaf). These two senses have a limited range, due to the fact that they are 
near field detectors. Their range is directly proportional to the physical size of  
the sensor array. Further, their acuity is directly proportional to the spacing 
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between the elements of  the array, due to the fact that they are not using 
focussing optics. These two senses are hardly simultaneously static and passive, 
because the flow of  energy is less constant and predictable in the case of  
mechanical waves and electrical waves than in the case of  light. As a consequence, 
either stationary objects cannot be readily detected or the receiver must reveal 
itself  by emitting energy that would then be reflected from stationary objects 
(e.g. production of  the electric field in weakly electric fish, or any kind of  self-
movement for svenning). 

While terrestrial arthropods do use mechanoreceptors to detect air flow, a full 
analogue of  the lateral line has not yet been found. The physical constraints of  
a low-density medium and a relatively small body size prohibit this sense from 
having imaging capacity that would extend significantly into the environment. 
Terrestrial vertebrates have lost the ability of  either remote touch and 
electroreception. In most terrestrial animals groups, hearing became an 
important accessory, or sometimes the main sense. Hearing (i.e. detection of  
far-field mechanical waves) is a sense developed in both terrestrial and aquatic 
forms of  most animal groups. Binaural hearing however cannot provide a full 
image of  the environment, because it relies on comparison between only two 
sensory units; for a more precise determination of  the sensory image, binaural 
hearing is often used in conjunction with scanning (e.g. turning the ears or the 
body). Sometimes, especially in dark environments, binaural scanning combined 
with emission of  energy, prevails over vision. The terrestrial case for this is the 
sonar of  bats; the wet case are dolphins and whales.

Going beyond the intuitive understanding of  information extraction, the 
concept of  information capacity of  any sense, but especially of  vision, may be 
quantified with a rather computerised unit of  bits per second. The information 
capacity is related to the signal to noise ratio and vision is often optimised for that. 
The flow of  visual information can be overwhelmingly large; however, not all 
information may be relevant: the signals from static background structures may 
not always be informative. We can therefore use the concept of  relevant 
information capacity and the signal-to-background ratio. Vision is optimised to extract 
the relevant signals from the environment and filter out the irrelevant ones. The 
neural mechanisms downstream further reduce the information and abstract 
the relevant signal to the point where the nervous system will make a behavioural 
decision that will be executed by the motor circuitry: attack or retreat, turn left 
or right. An important concept here is also, that extraction if  information costs 
energy: more bits need more ATP.

The information yielded from the environment is often enhanced by combining 
the input from several senses or several modalities of  the same sense. We may 
combine sound frequency and direction while we are subconsciously separating 
the basso continuo from the flamboyant voix singing Cadró, ma qual si mira. We may 
combine smell and vision to locate the defunct power transistor on the 
electronic board. We may make combined use of  smell, vision and hearing in 
order to make an educated (?) guess about the genetic compatibility with the 
person who just entered the party. Humans and birds wear shiny feathers to be 
statically noticed. When they sing and dance, the display becomes even more 
persuasive. In the case of  butterflies, the pheromones may be used to attract the 
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conspecifics from a distance. From close, the adornment on the wings seems to 
be the medium they use to present their genetic quality. The display, be it static 
(e.g. the pattern of  spots) or dynamic (e.g. wing flapping), must be tuned to the 
vision of  the species. As these traits are under sexual selection, we may expect 
that the tuning will be mercilessly efficient. To complicate things further, a 
butterfly does not live in a benevolent environment: predators, too, can also use 
the colouration to detect the butterfly. The colouration is tuned both to the 
environment and to its vision, often walking on the thin line between being 
conspicuous and concealed. A similar triangle exist also between hearing, sound 
production and environment. However, when comparing colouration with 
sound production, the principle of  passivity is again there: colourful adornment 
is static and will be seen when the two interacting conspecifics are in line of  
sight, while sound production requires energy and will potentially be detectable 
in a larger space.

Several aspects of  a particular sense must be considered in the studies: the 
physical modalities, temporal precision, spatial acuity, reach (contact, near field, 
far field), imaging and scanning capability, the source of  energy (the sensor 
itself, the detected object, extrinsic source), the relevant information, the 
background, the intrinsic noise. When adding to the picture the animal’s interest 
in its conspecifics, the aspects of  visibility and conspicuousness come into play. 
The lack of  our own experience of  a modality sometimes shows up in the lack 
of  research and even the lack of  the word for the sense. Outside mammals, UV 
and polarisation vision reveals a world which looks different than ours. The 
lateral line sense of  amphibians and fish has been named with a synthetic 
expression (remote touch) and, less well known, with a novel word svenning. 
Although the major interest in studying this sense is due to the fact that it shares 
the sensory cell type (hair cells) with human hearing, a paradigm-shifting 
research of  the field is more likely to be about how the image of  the world is 
svenned by the lateral line. 

Even more radically, although vertebrates sense pheromones with a special 
organ (the vomero-nasal organ of  Jacobsen) with has a special neural connection 
with the brain (terminal cranial nerve, nerve zero), there is no word that would 
describe the sense, though the sensing action itself  is named from German as 
flehmen response (the lip-rolling behaviour seen in horses; an overdone human 
pendant was simulated by Anthony Hopkins in the film Silence of  the Lambs). 
The English verb could be to flehm (-ed, -ing), the adjective flehmy or flehmish. An 
alternative English word to describe the sense could be a chimera made from 
pheromone smell; thus, phell as the noun, to phell (-ed, -ed, -ing) as the verb, and 
phelly as the adjective. The naming for the sense seems to be due also because it 
seems more and more plausible that humans, too, sense pheromones.

A student of  sensory neuroscience should not be ignorant due to its own 
disability to detect a certain modality and should care not to get biased by the 
limitations of  its own senses, when the modality is detected by the humans. 
This way, sensory neuroscience will be able to advance in the directions where 
biodiversity will provide for new concepts and maybe an extension of  the list 
of  external senses. These new paradigms may eventually be put into human use 
via biomimetics.
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Chapter 9

General discussion 

In this thesis, we have studied insect vision and butterfly colouration. In 
Chapter 2, we have dealt with the primary processes of  phototransduction in 
the fruit-fly Drosophila melanogaster. In Chapters 3&4, we have studied the eye 
regionalisation and photoreceptor types in the Eastern Clouded Yellow 
Butterfly Colias erate. In Chapter 6, we have described an instrument, tailored 
for studies of  spatial and spectral patterns of  colouration. In Chapters 5&7, 
we have dealt with the morphology, reflectance spectra and spatial scattering 
patterns from the wings of  iridescent pierid butterflies from the Colias group 
(Colias croceus, Gonepteryx rhamni, G. cleopatra, G. aspasia) and the Colotis group 
(Hebomoia glaucippe, Colotis regina).

The role of arrestin in photoreceptors
The insect phototransduction cascade is triggered by the conversion of  rhodopsin into the active 
metarhodopsin state, which is subsequently deactivated by binding of  arrestin. When arrestin 
becomes depleted, the photoreceptor has a sluggish repolarisation and may eventually end up in the 
state of  prolonged/persistent depolarising afterpotential (PDA), even after there is no more light to 
excite the photoreceptor (Dolph et al. 1993).

In the UV and blue receptors and in the main blue-green sensitive photoreceptors of  higher flies, 
the rhodopsins have bathochromic (long wavelength-shifted) metarhodopsins. The spectral 
distribution of  natural light is such that the metarhodopsin fraction remains low and a limited 
arrestin fraction suffices to prevent the afterpotentials (Stavenga and Hardie 2011). Under 
experimental conditions, however, it is possible to achieve that metarhodopsins outnumber arrestin. 
In Chapter 2, we used short-wavelength light stimuli to elicit persistent afterpotentials in the fruitfly 
main photoreceptors (R1-6). In the hypomorphic arrestin mutant, the afterpotential was elicited at 
lower metarhodopsin fractions (3%) as in the wild type (30%). We note that in the fruitfly, the 
afterpotential can be elicited with prolonged monochromatic illumination of  extremely low 
intensities (Belušič and Pirih, unpublished), showing that removal of  metarhodopsin and renewal of  
rhodopsin is negligible. A persistent afterpotential also can be experimentally elicited in the UV 
receptors of  the owlfly (Pirih, unpublished). 

The afterpotential is prolonged but not persistent in the blowfly Calliphora erythrocephala (Minke and 
Kirschfeld 1984; Hamdorf  and Ramzjoo 1978), presumably because it has a higher arrestin fraction 
which eventually deactivates the the metarhodopsin. A higher arrestin fraction in the blowfly 
presumably speeds up the information transfer rate of  the phototransduction system (Juusola and 
Hardie 2001). A higher rate comes at the cost of  a higher energy consumption, but it seems that the 
small fruitfly cannot or does not need to afford this luxury (Niven et al. 2007). 

On the other hand, the green rhodopsin of  the main receptors of  Hymenoptera, Orthoptera, lower 
Diptera, as well as the R8 cells of  higher Diptera (blowflies and fruitflies) and the receptors R3-8 of  
Lepidoptera, has a hypsochromic (short-wavelength shifted) metarhodopsin. A non-persistent 
afterpotential, which echoed out into individual bumps, has been measured in the green 
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photoreceptors of  the grasshopper (Horridge and Tsukahara 1978). A non-persistent afterpotential 
has been hypothesised on the basis of  optical measurements of  the pupil in butterflies (Stavenga 
1979). It has been shown that in the green photoreceptors of  butterflies, the metarhodopsins are 
degraded and restored as rhodopsins by the visual pigment turnover cycle (Bernard 1983; Vanhoutte 
and Stavenga 2005). Natural illumination creates a high (>60%) metarhodopsin fraction in green 
photoreceptors (Stavenga and Hardie 2011). Although not proven, it is very likely that the green 
receptors have a large arrestin fraction in order to avoid afterpotentials under natural conditions. We 
may conclude that the turnover of  visual pigment and arrestin control cooperate in forming a subtle 
adaptation system in green photoreceptors to allow them to function over a broad range of  light 
intensities. 

Multispectral imaging in butterfly eyes
Vision is most often the most important sense of  diurnal butterflies. It may be used to find food, 
escape predators, find host plants and find mates. Information from the environment can be 
contained in the modalities of  intensity, spectral content or polarisation. Several types of  adaptations 
of  the eye design presumably optimize the spectral information throughput. Duplication of  opsin 
genes and addition of  red and yellow filtering pigments lead to tuning of  spectral sensitivities and to 
diversification of  ommatidial types which contain subsets of  photoreceptor classes. In several 
butterfly groups, the basic triad of  UV, blue and green visual pigment genes has been expanded to 
four or five. Gene duplications have been shown to occur in all three opsin clades (green, blue/
violet, UV; Briscoe 2008). Differential distribution of  ommatidial types and formation of  acute 
zones results in regionalisation of  the eye. The distribution of  photoreceptor classes throughout the 
butterfly eye often follows two concepts: local (quasi) random mosaic patterning and regionalisation 
along the dorso-frontal axis of  the eye. The dorsal part of  the eye is very often without any screening 
pigments (Arikawa and Stavenga 1997; Stavenga et al. 2001; Stavenga 2002). 

We described the anatomical and optical regionalisation of  the retina of  the Eastern Pale Clouded 
Yellow Butterfly (Colias erate) in Chapter 3, and the functional consequences – a set of  photoreceptor 
expanded to nine classes, in Chapter 4. The Eastern Pale Clouded Yellow (Colias erate) has a 
duplicated blue/violet rhodopsin (Awata et al. 2009). One rhodopsin peaks in the violet at 420 nm, 
and the other most likely in the blue range at about 460 nm (Chapter 4). The dorsal ommatidia are 
devoid of  red screening pigments and consequently, the spectral sensitivities of  the photoreceptors 
in the dorsal eye are probably ranging only from UV to green. 

There is a single red screening pigment in the three ventral ommatidial types. The efficiency of  
screening is different in different ommatidial types; it is increased through constrictions of  the 
rhabdomal waveguides, causing a red sensitivity shift in the proximal, green rhodopsin photoreceptors 
(Chapter 3). We have found two red photoreceptor classes, peaking at about 630 nm and 650 nm, 
respectively. The far red class is so far the farthest red-peaking receptors found in insects: in Pieris 
rapae crucivora (Qiu and Arikawa 2003) the two red receptor classes peak at 620 and 640 nm, 
respectively. In Colias, similarly as in the males of  P. rapae crucivora, one ventral ommatidial type 
additionally contains a distal fluorescing pigment (Chapter 3) which adds to the diversification of  
violet-blue sensitivity classes (Chapter 4).

Several general trends may be elucidated from photoreceptor and ommatidial specialisation in 
butterflies. The set of  spectral sensitivity classes expands towards red, becomes dense in the blue 
region, the sensitivity curves are becoming narrower, and all this is done at the expense of  absolute 
sensitivity. The goal of  this diversification is presumably to enhance the colour vision range and 
accuracy. There are several types of  colour vision (Chapter 1; Kelber and Osorio 2010). 
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Experimentally, the most important difference is whether the behaviour resulting from colour vision 
is innate (colour-specific) or plastic (and thus possibly trainable; true colour vision). For any behaviour that 
involves colour discrimination, the following questions arise: which part of  the eye (region, 
ommatidial types, photoreceptor classes) are involved in colour discrimination, what are the 
opponency mechanisms and which level of  colour vision is involved. The swallowtail butterfly, for 
instance, has eight receptor classes of  which four (UV, blue, green and red) are used in foraging 
(Koshitaka et al. 2008). Innate colour preference has been shown for drumming (a prequel to egg-
laying) in female cabbage white Pieris brassicae (Kolb 1982). In Papilio aegus, a dichromatic mechanism 
involving three receptors is used for finding the host plant (Kelber 1999).

It could well be that in Colias, subsets of  photoreceptors are used for different behaviours: (1) 
finding food, (2) finding hosts, (3) finding mates. It is reasonable to assume that Pieris and Colias also 
use tri- or tetrachromatic colour vision for foraging. Given the abundance of  receptor classes, it is 
even possible that a difference mechanism similar to the one in Papilio aegus (Kelber 1999) exists in 
one of  the main colour channels, enhancing wavelength discrimination in a certain range, while the 
overall system functions as tri- or tetrachromatic colour vision. Further, it may be possible that the 
red receptors are used for finding and quality assessment of  host plants. For instance, a red -green 
opponency mechanism could be used for finding the host plant; a two-channel difference mechanism, 
based on the two sharply tuned red receptor classes, could possibly be used for assessing the level 
of  chlorophyll or water in the host plant (Chapter 4). The involvement of  colour vision in the task 
of  finding mates, i.e. the connection between vision and colouration, is discussed in the following 
section.

The local mosaic structure and the overall regionalisation are presumably related to the existence of  
several parallel neural pathways, starting with different subsets of  photoreceptor classes, which feed 
the information to the brain, where there may be different circuits designated for different pattern 
and colour-processing tasks. As a contrast, humans strive to use the photopic and scotopic visual 
subsystems to perform the same tasks, and often fail miserably in that.

Colour on the wing and in the eye
Butterflies are indisputably among the most colourful animal groups on this planet. The patterns on 
the wings may go from almost uniform to extremely complex and colourful, and may serve different 
functions: camouflage, predator deterrence, mimicry, intraspecific discrimination (see Chapter 1). 
Here, we focus on intraspecific recognition of  potential mates and competitors and territorial 
signalling.

The basic unit of  the wing pattern is a scale. There are two colouration mechanisms – chemical 
(pigmentary) and physical (structural). Pierid butterflies employ both mechanisms. Their chemical 
colouration is based on black/brown melanin and yellow/orange/red pterin pigments. Their 
physical colouration is due to multilayers and results in iridescence, i.e. in reflectance, the hue of  
which is angle dependent. In Chapters 5&7, we have studied the colouration of  the iridescent males 
of  several pierid species from the Coliadinae subfamily (sulphurs) and the Colotis group (orange and 
purple tips). The combination of  structural and pigmentary colouration in all cases results in spectra 
with two reflectance bands, the iridescent band being in the short wavelength region and the 
pigmentary band being in the long wavelength region, with a trough in between. The iridescence 
band peaks either in the UV (360 nm) or is shifted to peak in the green-blue, at around 480 nm. In 
the former case, it is accompanied with either yellow or orange pigmentary colouration, and in the 
latter case with red pigmentary colouration. This two-peaked, “UV-purple” or “blue-purple” 
colouration is rather uncommon in the usual environmental background: the single-peaked green of  
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the vegetation, or the UV-rich, red-poor skylight. The reflectance minimum between the two bands 
is either in the violet (420 nm), blue-green (450-500 nm) or in the orange (580 nm).

It is quite likely that the spectral sensitivities of  some of  the photoreceptor classes in the butterfly 
eye are tuned to the wing colouration (Stavenga and Arikawa 2006). Both the amplitude of  the 
iridescent peak (Kemp et al. 2006; Kemp and Rutowski 2007) and the hue of  pigmentary colouration 
may be informative in choosing the mate.

In this case, a mechanism involving three receptor types, coinciding with the two peaks and the 
trough, could be a good way of  detecting the conspecific males. We may suppose that the 
photoreceptor set of  all studied butterflies is very similar to the one found in C. erate (Chapter 4). In 
this case, the UV-purple colouration would be well detected with the UV, nB, and bG classes for the 
yellow wings of  G. rhamni and G. cleopatra, and by UV, nB and nR classes for the orange wings of  C. 
croceus and G. cleopatra. Further, the nB/bG difference mechanism, which is probably most sensitive 
for hue changes in the range 440-480 (Chapter 4), could be used to detect subtle hue shifts of  yellow 
colouration (the steepest slope at about 480 nm) which is related to the pterin pigment concentration. 
Incidentally, all these receptor classes reside in the fluorescent type I ommatidia in C. erate. 

In the case of  Colotis regina, the purple colouration would be well detected with a bB-like receptor 
and two green rhodopsin based receptors, either an unscreened bG-like receptor and the fR receptor, 
or two red receptors peaking at about 580 and 650 nm. It is even possible that in the case of  C. regina, 
the fR-like receptor would be pushed even further into the far red than in C. erate, in order to 
optimize the contrast.

It seems that in pierid butterflies, the UV-purple colouration is more common whereas the blue-
purple colouration is limited to a few species of  the genus Colotis. It is possible that the ecological 
pressure from predators pushes the purple colouration towards the shorter wavelengths; after all, 
not all predators see in the UV and yellow colour is far more common, and hence less conspicuous 
in the environment, than the blue-purple. It would be interesting to see whether the purple 
colouration tuning is related to the lifestyle of  the species – for instance, C. croceus, living in the open 
fields, has a less pronounced UV iridescence peak (Chapter 5) than the sympatric G. rhamni and 
G. cleopatra, which seem to prefer less open habitats. In the case of  the genus Gonepteryx, it is also an 
intriguing question, what is the predation cost of  the more conspicuous orange wing of  G. cleopatra?

Pierid butterflies seem not to employ the combination of  UV-iridescence with white, UV-absorbing 
leucopterins (e.g. peak at 320 nm, trough at 380 nm, pass-band from 420 nm on). This configuration 
would require two receptor classes with two different UV rhodopsins and a bG-like receptor class. 
Possibly, this combination does not exist because the UV rhodopsins also serve for providing the 
spectral resolving power, or that the intensity of  the environmental illumination below 330 nm is not 
sufficient for signalling.

Wing colouration may serve for detection when in close contact, but it can also be used for distance 
signalling. In the latter case, the spatial distribution of  the colouration signal is important. Using the 
setup described in Chapter 6, we have found that within the iridescent pierids, the curvature of  the 
iridescent scales greatly influences the far-field scattering pattern in the short wavelength band: flat 
scales produce a sharp line pattern whereas curved scales cause a dispersion of  the reflectance into 
a much broader spatial angle. The far-field scattering pattern in the long-wavelength band is in all 
cases very close to an ideal diffuser (Chapter 7). 

The sharpness of  the short-wavelength spatial pattern may be important when the male is flying: 
possibly the Great Orange Tip butterfly, H. glaucippe, with flat iridescent scales, employs the strategy 
of  lighthouse signalling: during each flap of  the wings, a UV beacon line is swept through the 
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environmental space. This may be detected as a conspicuous short flash in the UV, a signal that may 
well be understood by the conspecifics, but not by the predators. A similar strategy is possibly 
employed by the blue-flashing butterflies from the genus Morpho. There, the erratic flashing may be 
additionally used as a confusing signal to avian predators (Young 1971). Another possible aspect of  
double colouration of  pierids is that the information for the conspecifics is conveyed in the 
difference between the spatial scattering pattern of  the short- and long-wavelength bands (Chapter 
7). All these aspects influence visibility, a loose concept dealing with how far away can the colouration 
signal be detected by the interested conspecifics or the predators. 

In order to gain further insight into the ways how the butterflies communicate visually, (1) spatial 
colouration patterns should be linked to the relevant colour vision model and to environmental 
illumination; (2) relevant environmental backgrounds should be included; (3) a behavioural paradigm 
for testing visibility should be developed; (4) the neural mechanisms related to proximity and distance 
signalling in the higher centres of  the butterfly brain should be mapped and physiologically assessed. 
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Summary of the PhD thesis 

“Vision, Pigments and Structural Colouration of Butterflies”
The theme of  this thesis is the interplay of  seeing and being seen.  
Butterflies are wonderful study objects for this question.

In Chapter 1, a general introduction is given to the topics of  physiology of  insect vision, physiological 
optics of  butterfly eyes, and the optics of  butterfly wing colouration.

In Chapter 2, we studied the primary processes of  phototransduction (light sensing) in the visual 
sense (photoreceptor) cells of  the fruitfly Drosophila melanogaster. We studied the interplay between 
the visual pigment, rhodopsin and its controlling protein, arrestin, under stimulation with light of  
different intensities and wavelengths. The role of  arrestin is to inactivate the active form of  visual 
pigment, metarhodopsin. If  all available arrestin is used up, the photoreceptors remain spuriously 
activated even in the absence of  light. We compared the electrical responses to light in the white-
eyed wild-type fruitfly and in a hypomorphic mutant containing low levels of  arrestin2 at a range of  
stimulus wavelengths and intensities. The reduced level of  arrestin2 in the mutant modestly increased 
the light sensitivity, decreased the photoreceptor dynamic range and made the termination of  the 
electrical response to light slow; the transition between full repolarization and spurious afterpotential 
occurred at a lower metarhodopsin fraction than in the wild type. We hypothesise that fruitflies, in 
comparison to bigger flies, economise on safety mechanisms: the only price paid under natural 
circumstances seems to be a reduced speed of  light sensing.

The next two chapters are dealing with the physiological optics of  butterflies. Their compound eye 
consists of  ommatidia. Their central parts, the rhabdoms, are fused and form a wave guide. The 
ommatidia of  pierid butterflies have three tiers: the distal tier has four photoreceptors. Two of  them 
express UV or violet/blue rhodopsins. The other seven photoreceptors express a green rhodopsin. 

In Chapter 3, we studied the eye regionalisation and the ultrastructure of  the eye of  the pierid 
butterfly, the Eastern Pale Clouded Yellow, Colias erate (family Pieridae). Its eye has distinct dorsal 
and ventral parts. In the ventral eye part, there are three types of  ommatidia, which all use a red 
screening pigment to modify the spectral sensitivities of  the photoreceptors. The UV cells always 
contribute less microvilli to the rhabdom than the violet/blue cells. All three ommatidial types have 
a constriction of  the waveguide between the two tiers, which adds to the efficiency of  the screening 
of  the red pigment. The eye shine, resulting from tapetal reflections, peaks in the red (at 660 nm) or 
in the far red (730 nm), indicating that the sensitivity of  proximal photoreceptors is shifted from 
green to red. The red ommatidia fluoresced under violet excitation, implying the presence of  a 
violet-absorbing pigment that acts as a short-wavelength filter. The ommatidia in the dorsal part of  
the eye are devoid of  screening pigments. The dorsal part of  the eye has a brighter red eyeshine and 
is presumably only sensitive in the UV-green spectral range.

In Chapter 4, we studied the photoreceptors in the eye of  Colias. We stimulated the eye with pulses 
of  monochromatic light and used intracellular electrodes to measure the spectral and polarisation 
sensitivities of  individual photoreceptors. We have identified one UV, four violet-blue, two green 
and two red photoreceptor classes, presumably based on rhodopsins peaking in the UV, violet, blue 
and green (360, 420, 460 and 560 nm, respectively). The four violet-blue photoreceptor classes are 
presumably based on a mixture of  the two violet/blue rhodopsins, screened by a violet-absorbing 
distal pigment. The green classes have reduced sensitivity in the ultraviolet range. The two red 
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classes have primary peaks at about 650 and 665 nm. This peak shift, achieved by tuning the effective 
thickness of  the red perirhabdomal screening pigment, is so far the largest among insects. 

The next three chapters are dealing with the colouration of  butterflies. Their wings are covered with 
two layers of  scales, which form pixelated patterns. We have studied the optics of  colouration of  the 
iridescent males from a few pierid butterflies from the Coliadinae subfamily (Colias erate, Gonepteryx 
rhamni, G. cleopatra, G. aspasia) and the Colotis group (Hebomoia glaucippe, Colotis regina). 

In Chapter 5, we have dealt with the morphology of  single scales and reflectance spectra from the 
wings of  iridescent pierid males. We used scanning electron microscopy (SEM) to describe the 
ultrastructure of  their scales. The pigmentary colouration is based on pterin pigments which are 
located in small beads in the scales. The ridges on the upper surface of  the scales are elaborated into 
multilayers, which result in iridescent structural colouration. The integrated reflection efficiency is 
correlated with the number of  multilayers. We have measured the dependence of  the peak reflectance 
wavelength on the illumination angle and found that it is in agreement with classical multilayer 
theory. The iridescence in pierid butterflies is in most cases in the ultraviolet wavelength range, but 
some species have a blue-peaking iridescence. We hypothesise that the spectral properties of  the 
pigmentary and structural colouration are tuned to the spectral sensitivities of  the butterflies’ 
photoreceptors. 

In Chapter 6, we have described an instrument, tailored for studies of  spatial and spectral patterns 
of  colouration. The instrument, an imaging scatterometer (ISM) is built around an ellipsoidal mirror 
and essentially compresses a full hemisphere of  reflections into a smaller angle which is then imaged 
with a commercial CCD camera. The instrument’s performance is illustrated by measurements of  
the scattering profiles of  the blue-iridescent dorsal wing scales of  the nymphalid Morpho aega and the 
matte-green ventral wing scales of  the lycaenid Callophrys rubi.

In Chapter 7, we have studied spatial reflection patterns of  the wings of  iridescent pierid males. 
Imaging scatterometry demonstrated that the pigmentary colouration is diffuse whereas the 
structural colouration is more or less directional. The scattering pattern of  structural colouration is 
elongated into a line. The directionality of  structural correlation depends strongly on the scale 
curvature. In the case of  the males of  the Cleopatra brimstone Gonepteryx cleopatra, the fore- and 
hindwings have scales with different pigments and different scale curvatures. We hypothesise that 
the curvature modifies the spatial visibility of  iridescence and may play a role in intraspecific 
signalling.

In Chapter 8, in an essay, we compared different senses, with an emphasis on imaging senses. The 
thesis is concluded by a short discussion in Chapter 9.
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Samenvatting van het proefschrift

“Zien, pigmenten en structurele kleuren van vlinders”

Het centrale thema van dit proefschrift is de wisselwerking van zien en gezien worden.  
Vlinders zĳn hiervoor uitmuntende onderzoeksobjecten.

Hoofdstuk 1 is een algemene inleiding in de fysiologie van het zien van insecten, de fysiologische 
optica van vlinderogen en de optica van de kleuren van vlindervleugels.

Hoofdstuk 2 beschrijft de primaire processen van de fototransductie (lichtdetectie) in de visuele 
zintuigcellen (de fotoreceptoren) van de fruitvlieg Drosophila melanogaster. We bestudeerden de 
interactie van het visuele pigment, rhodopsine, met het regeleiwit, arrestine, de lichtintensiteit en de 
golflengte van het licht. Arrestine inactiveert de actieve vorm van het visuele pigment, metarhodopsine. 
Bij uitputting van het arrestine blijft de zintuigcel na belichting geactiveerd. We vergeleken de 
electrische responsie als functie van stimulusgolflengte en lichtintensiteit van het witogige wildtype 
met die van een mutant met weinig arrestin2. Het gereduceerde arrestin2-niveau van de mutant 
verhoogde de lichtgevoeligheid enigszins, verminderde het dynamische bereik van de fotoreceptor 
en vertraagde de afval van de responsie aan het einde van de belichting; de overgang van de volledige 
repolarisatie in een blijvende napotentiaal vond plaats bij een lagere metarhodopsinefractie dan die 
in het wildtype. We veronderstellen dat fruitvliegen, vergeleken met grotere vliegen, bezuinigen op 
veiligheidssystemen: de enige prijs die onder natuurlijke omstandigheden betaald wordt is een tragere 
lichtdetectiesnelheid.

De volgende twee hoofdstukken behandelen de fysiologische optica van de ogen van dagvlinders. 
Het samengestelde oog van vlinders bestaat uit ommatidia. Centraal staan de gefuseerde rhabdomen, 
die werken als een lichtgeleider. De ommatidia van de witjes (Pieridae) hebben drie lagen: de distale 
laag bevat vier fotoreceptoren. Twee ervan hebben UV- of  violet/blauw-gevoelige rhodopsines. De 
andere zeven fotoreceptoren maken gebruik van een groen-gevoelige rhodopsine.

Hoofdstuk 3 gaat over de regionalisatie en ultrastructuur van het oog van een witje, de luzernevlinder 
Colias erate. Het oog bestaat uit een dorsaal en een ventraal deel. De drie types van ommatidia in het 
ventrale deel bevatten allen een rood afschermend pigment, die de spectrale gevoeligheid van de 
fotoreceptoren wijzigt. De bijdrage van de microvilli van de UV cellen aan het rhabdoom is minder 
dan die van de violet/blauw-gevoelige cellen. De rhabdomen hebben een insnoering, waardoor het 
spectrale effect van het rode pigment versterkt wordt. De vlinderogen vertonen een spiegeling ten 
gevolge van reflecterende tapeta, afhankelijk van het type ommatidium. Uit de reflectiespectra, die 
een piek hebben in het rood (660 nm) of  in het ver-rood (730 nm), kan worden afgeleid dat de 
spectrale gevoeligheid van de proximale fotoreceptoren verschoven moet zijn van het groen naar het 
rood. Het type ommatidia met piek in het rood fluoresceert bij excitatie met violet licht, hetgeen 
aangeeft dat er een violet-absorberend pigment is dat functioneert als een optisch filter. In het 
dorsale deel van het oog hebben de ommatidia geen afschermende pigmenten, en er is daar een 
sterkere rode oogspiegeling. Vermoedelijk is dit deel van het oog alleen gevoelig in het ultraviolette 
tot groene deel van het spectrum.

In hoofdstuk 4 worden de fotoreceptoren van Colias beschreven. Het oog werd gestimuleerd met 
pulsen monochromatisch licht, en we gebruikten intracellulaire electrodes om de spectrale en 
polarisatiegevoeligheid van individuele fotoreceptoren te meten. We identificeerden een UV, vier 
violet-blauwe, twee groene en twee rode klassen van fotoreceptoren, welke vermoedelijk gebaseerd 
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zijn op rhodopsines met piekgevoeligheid in het UV, violet, blauw en groen (resp. 360, 420, 460 en 
560 nm). De vier violet-blauwe fotoreceptorklassen hebben waarschijnlijk een mengsel van twee 
violet-blauwe rhodopsines, die gefilterd worden door een violet-absorberend pigment. De groene 
klassen hebben een verminderde ultraviolet-gevoeligheid. De twee rode klassen zijn maximaal 
gevoelig bij 650 en 665 nm. De hiervoor noodzakelijke piekverschuiving, gerealiseerd door het rode 
afschermende pigmentfilter, is voor zover bekend de grootste onder de insecten.

De volgende drie hoofdstukken betreffen de kleuren van vlinders. Hun vleugels zijn bedekt met 
twee lagen schubjes, die een patroon van pixels vormen. We bestudeerden de optica van de kleuren 
van de iridescente mannetjes van enkele witjes: luzernevlinders (Colias croceus, Gonepteryx rhamni, G. 
cleopatra, G. aspasia) en vlinders behorend tot de Colotis groep (Hebomoia glaucippe, Colotis regina). 

Hoofdstuk 5 beschrijft de morfologie van de schubjes en de reflectiespectra van de vlindervleugels. 
We gebruikten scanning-electronen-microscopie (SEM) om de ultrastructuur van de schubjes te 
bestuderen. De pigmentkleuren van de schubjes zijn het gevolg van pterines, pigmenten die 
geconcentreerd zijn in kleine kraaltjes. De richels aan de bovenkant van de schubjes zijn geplooid en 
vormen multilagen, die de iridescente kleuren veroorzaken. De totale reflectie blijkt evenredig te zijn 
met het aantal lagen. De golflengte van maximale reflectie als functie van de hoek van lichtinval is in 
overeenstemming met klassieke multilaagtheorie. De iridescentie van de mannelijke witjes is 
voornamelijk gelocaliseerd in het ultraviolet, maar sommige soorten iridesceren in het blauw. We 
veronderstellen dat de spectrale eigenschappen van zowel de pigmentkleuren als van de structurele 
kleuren afgestemd zijn op de spectrale gevoeligheden van de fotoreceptoren van de vlinders.

Hoofdstuk 6 beschrijft een instrument toegespitst op het meten van ruimtelijke en spectrale 
kleurpatronen. Deze beeldvormende (imaging) strooiingsmeter (ISM) is gebouwd rond een 
ellipsoidale spiegel, die de ruimtelijke reflecties in het bovenste halfrond van een voorwerp 
comprimeert in een kleine hoek, zodat vastlegging met een digitale camera mogelijk wordt. Metingen 
aan de blauw-iridescerende vleugels van Morpho aega en de matgroene vleugels van Callophrys rubi 
illustreren de kwaliteiten van het instrument. 

Hoofdstuk 7 bestudeert de ruimtelijke reflectiepatronen van de iridescente vleugels van 
mannetjeswitjes. De strooiingsmeter toonde aan dat de pigmentkleuren diffuus zijn, terwijl de 
structurele kleuren min of  meer gericht zijn. Het strooiingspatroon van de structurele kleuren is 
langgerekt tot lijnvormig, en de gerichtheid hangt sterk af  van de kromming van de schubjes. In het 
geval van de mannetjes van het Cleopatra citroentje, Gonepteryx cleopatra, hebben de voor- en 
achtervleugels schubjes met verschillende pigmenten en kromming. We veronderstellen dat de 
kromming de ruimtelijke zichtbaarheid van de iridescentie beïnvloedt, wat een rol kan spelen in het 
geven van signalen naar individuen van de eigen soort. 

In hoofdstuk 8, een essay, worden verschillende zintuigen vergeleken, met de nadruk op de 
afbeeldende zintuigen. Het proefschrift wordt afgesloten met een korte discussie in hoofdstuk 9.
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