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1. Theme of the thesis 
 
The visual sense enables animals to recognize and discriminate objects in the 
outside world. In line with Darwinian evolutionary theory one may argue that 
the visual functions of any species are optimized to enhance its ecological 
fitness. In this respect, it is well-known that flower-visitors, like bees and 
butterflies, have developed highly evolved color vision. In the past, most 
studies on insect color vision have used the honeybee as a model animal 
(Menzel and Backhaus, 1989; Menzel et al., 1991). Recently, multidisciplinary 
studies in moths and butterflies have made important strides in the elucidation 
of their color vision systems (e.g. Nilsson et al., 1983; Arikawa, 1999; Kelber 
et al., 2003).  

This thesis aims to contribute further insight into the spectral properties 
of butterfly photoreceptors, by using tools from molecular biology and in vivo 
microspectrophotometry, with a specific focus on the visual pigments.  
 
2. Structural organization of the butterfly compound eye 
 
2.1. Ommatidial architecture 
 
Compound eyes, characteristic of arthropods, are the principal visual 
components analyzing the optical information from the environment. They are 
composed of structural units called ommatidia (see Fig. 1.1). An ommatidium 
is a set of cells, tens of micrometer in width and several hundred micrometer 
long, which is capped by the dioptrical apparatus, consisting of a light-
focussing corneal lens and a crystalline cone. The eyes of flies and butterflies 
fall into the group of apposition eyes (Exner, 1891), where photoreceptors 
receive light via the lens of their own ommatidium, as opposed to superposition 
eyes, where multiple lenses project light on the photoreceptors. 

The set of photoreceptor cells of an ommatidium is called a retinula 
(i.e., a small retina). The photoreceptors have a special structure, the 
rhabdomere, consisting of evaginations of the apical cell membrane, the 
microvilli, each ca 1-2 µm in length and 50 nm in width (Suzuki et al., 1993). 
The assembly of rhabdomeres of a retinula is called the rhabdom. In flies, the 
rhabdomeres are spatially separate and therefore the rhabdom is said to be 
open. In butterflies, the rhabdomeres are so closely apposed that they act 
together as an optical waveguide, and they therefore form a so-called fused 
rhabdom. The butterfly retinula exists of 9 photoreceptor cells. Surrounding 
each retinula is a sheath of primary and secondary pigment cells containing 
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Fig. 1.1: Ommatidial architecture of the butterfly compound eye. Each ommatidium is a bundle of cells, tens 
of micrometers in width and several hundred micrometers long, which is capped by the dioptrical apparatus, a 
light focussing corneal lens and a crystalline cone. Proximal to each cone is the retinula, i.e. the set of 
photoreceptor cells of an ommatidium. A butterfly ommatidium contains 9 photoreceptor cells. Pupil 
granules inside the photoreceptor cells migrate towards the rhabdom at high illumination intensities. 
Depending on the type of photoreceptor, so-called short or long axon fibers convey the photoreceptor signal 
through the basal membrane towards the lamina and medulla. Surrounding each retinula is a sheath of 
primary and secondary pigment cells containing optically dense pigment granules. These pigments 
effectively block out off-axis stray light. Tracheoles, air sacks made up of tracheolar cells, penetrate the 
basement membrane and supply the retinal cells with oxygen. They form multilayered structures on the 
bottom of the ommatidia which reflect light due to quarter wavelength interference on layers, with alternating 
layers of cytoplasm and air. 
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Fig. 1.2: The eye shine in the dorsal eye region of the satyrine butterfly Bicyclus safitza. A. In the light-
adapted state the eye shine is literally hidden in the dark by the migration of pupillary granules which absorb 
the light flux entering illuminated ommatidia. The dark spot, called the principal pseudopupil, corresponds 
with the illuminated ommatidia viewing into the microscope objective. B. In the dark-adapted state one can 
see a bright colorful eye shine upon white light illumination, due to light reflected at the tapetum, proximally 
to the rhabdom. Note: the whitish vertical stripes, which are due to a light-colored screening pigment, are 
typical for satyrines (from Stavenga, 2002a).  
 
 
granules of dense black-brown pigment (diameter ~ 0.5 µm). This pigment 
effectively blocks out off-axis stray light. Tracheoles, air sacks created by 
tracheolar cells, penetrate the tracheoles, air sacks created by tracheolar cells, 
penetrate the basement membrane and supply the retinula cells with oxygen 
(Ribi, 1979a,b). The tracheoles also function as a light-reflecting structure, the 
tapetum, at the basal membrane, proximal to the rhabdom. The colored eye 
shine observed with an epi-illumination microscope, using white light, is due to 
quarter wavelength interference at the multilayered tracheolar plates (Land, 
1972). In our optical investigations we analysed the reflected light during white 
light illumination of the ommatidia looking into the aperture of the objective 
(see Fig. 1.2) At the center of the eye, the light beams seem to converge into a 
single spot, a phenomenon called the deep pseudopupil (DPP) image (see Fig. 
1.3). In the fused rhabdoms of the two butterfly species Pieris and Papilio, the 
distal two third is taken up by rhabdomeres of the photoreceptors R1-4, and the 
proximal one third is formed by photoreceptors R5-8 (Arikawa, 1999; Qiu et 
al., 2002). On the basal side, the microvilli of only one photoreceptor cell, R9, 
participate in the rhabdom. The rhabdom acts as an optical waveguide due to 
the higher refraction index of the rhabdom medium with respect to the 
surroundings. The small dimensions of the lightguide, typical diameter 1-2 µm, 
necessitates waveguide theory to describe the intensity distributions within the 
lightguide (van Hateren, 1989). The rhabdomeric microvilli contain light-
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Fig. 1.3: Schematic diagram of the radiation pattern in the eye of the satyrine butterfly Bicyclus anynana 
illustrated with inverted gray pictures at three different levels (dotted arrows). The incident light is reflected 
on the tapetum and leaves the eye via the same pathway. The light beams seem to emerge from the centre of 
the eye, a phenomenon called the deep pseudopupil image (DPP). The image is the superimposed enlarged 
virtual image of the distal rhabdom endings (illustrated in the central ommatidium). The diverging light 
beams are distinctly visible at a level above the cornea. From the distance of the light beams at different 
levels the value of the interommatidial angle can be deduced. 
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absorbing visual pigment molecules, the rhodopsins, as well as the components 
of the biochemical machinery which transduces the light signal into an 
electrical response. The light-induced influx of ions, primarily Ca++, triggers 
the migration of pupillary pigment granules at high illumination intensities (see 
Fig. 1.2). The name ‘pupil’ refers to its function, which is similar to that of the 
human pupil, namely to control the light flux propagating in the fused rhabdom. 
The photoreceptor signal is conveyed to the optical ganglia, the lamina and 
medulla, by axons going through the basal membrane, called the short and the 
long axon fibers, depending on the type of photoreceptor. 

 
2.2. Retinal ommatidial organization: regionalization and heterogeneity 
 
Investigations of the eyes of flies demonstrated heterogeneous types of 
ommatidia based on different expression of opsins in the R7 and R8 
photoreceptor cells (Salcedo et al., 1999). The ommatidia of butterfly eyes are 
also not uniform: there is a clear variation in their constitutive components, the 
rhodopsins and screening pigments inside the photoreceptors, the shape of the 
fused rhabdom or eventually the presence of UV absorbing substances. Based 
on these differences, several classes of ommatidia can be recognized, randomly 
distributed over the eye, but mostly with a marked dorso-ventral 
regionalization. A few rows of ommatidia in the dorsal region form a small 
special region, the dorsal rim area (Labhart and Meyer, 1999). 

The heterogeneous ommatidial organization in butterflies was first 
extensively demonstrated in the Japanese yellow swallowtail, Papilio xuthus. 
The compound eye of Papilio is furnished with at least five types of spectral 
receptors (UV, violet, blue, green, red), indicating that the animal may have 
pentachromatic color vision (Arikawa et al., 1987). By combining molecular 
biological, histological and electrophysiological experiments, three classes of
ommatidia were identified, two of which having red screening pigment inside 
the photoreceptor cells and the third type having a yellow pigment. The 
ommatidia distribute rather randomly over the eye (Arikawa and Stavenga, 
1997). Nevertheless, the spectral receptors appear in a fixed pattern in the three
classes of ommatidia. Papilionids are unique among the butterflies however, as 
they lack a reflecting tapetum underneath the ommatidia. 

In butterfly species with a reflecting tapetum, reflection measurements 
also reveal heterogeneous ommatidia, with spectrally different reflections. This 
is clear from single facet recordings (see Chapter 6 for a large data-set), as well 
as from digital images taken with a tele-microscopic set-up (Stavenga, 2002b). 
These measurements revealed that butterfly eyes frequently show a clear dorso-
ventral regionalization: the dorsal eye region is mostly homogeneous and
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Fig. 1.4: Visual pigment structure and spectral absorbance. A. 2D topological structure typical for visual 
pigments. The 377 amino acid residues shown here in circles together constitute the primary structure derived 
from the cDNA sequence of the UV opsin cloned in Bicyclus anynana. Seven transmembrane regions, the 
rectangular areas I-VII, define α-helices spanning the lipid membrane. The helices are interconnected by the 
intracellular (i1-i3) and extracellular (e1-e3) loops. The seventh helix contains a lysine residue where the 
chromophore, 11-cis-3-OH-retinal, can be covalently attached. Other structural features of the ca 38 kDa 
apoprotein include a G-protein binding site (HEA-motif) at the C-terminal site of TM region 5 and proline 
residues (filled circles) at the extracellular N-terminal, which are probably involved in structural stabilization 
and membrane insertion (Gärtner, 2000). Intracellularly at the COOH-terminal tail there are serine-threonine 
residues (filled circles), probably phosphorylation sites, which may be involved in inactivation of a 
photoconverted visual pigment molecule. B. Spectral absorbance coefficients described by templates 
(Govardovskii, 2000) of three prevalent classes of rhodopsins peaking in the UV at 340 nm, in the blue at 480 
nm and in the green at 530 nm. 
 
 
ventrally there are mostly two spectrally different types of ommatidia. In some 
cases the dorsal eye region is very small (like in Pieris rapae) or the eye 
appears completely homogeneous (e.g. in Polygonia and Inachis io). 

Different ommatidial classes were also identified in detailed anatomical 
studies. In the ventral eye region of the small white, Pieris rapae, two different 
types of red screening pigment appear to be expressed, giving rise to two 
different spectral types of ommatidia as seen by microspectrophotometry 
(Chapter 6). Based on the shape of the rhabdom three anatomically different 
types of ommatidia were found (Qiu et al., 2002).  

In the nymphalid butterfly Vanessa cardui and the moth Manduca 
sexta the ommatidial expression pattern of three cloned opsins, belonging to 
ultraviolet (UV), blue (B) or green (G) absorbing rhodopsins, respectively, was 
elucidated (Briscoe et al., 2002; White et al., 2003). In both Manduca and 
Vanessa, the green rhodopsins are expressed in all ommatidia over the whole 
eye, in at least 6 photoreceptor cells. The short-wavelength (UV/B) absorbing 
rhodopsins are expressed in different combinations in the dorso-ventral (dv) 
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oriented photoreceptors in three types of ommatidia, i.e. UV-UV, UV-B and B-
B. The UV-rhodopsin is predominantly present in the dorsal region; the blue 
rhodopsin is more frequent in ventral areas.  

We have investigated the visual pigments in the satyrine Bicyclus 
anynana into considerable detail. In the next chapter we report on two cloned 
partial cDNA sequences of the green and UV-opsins. Optical visual pigment 
studies, similar to those described for Polygonia c-album in Chapter 4, together 
with electrophysiological spectral sensitivity studies in Bicyclus safitza and 
Bicyclus anynana, revealed a predominant distribution of the green rhodopsin  

 
over the whole eye. Also the UV-rhodopsin could be optically demonstrated 
(Vanhoutte and Stavenga, unpublished data). The expression of a blue 
rhodopsin was not substantiated, neither by cloning or by electrophysiologal 
and optical investigations in dorsal eye regions. More dedicated 
optical/electrophysiological studies and in situ hybridisation of the cloned 
opsins are necessary to clarify this issue. No red absorbing visual pigment, like 
reported in Papilio (Kitamoto et al., 1998), was found in Bicyclus. Alltogether 
the data at present do indicate rhodopsin expression profiles in Bicyclus similar 
to those reported for Vanessa cardui (Briscoe et al., 2003) and Manduca sexta 
(White et al., 2003). 

 
3. Visual pigment cycle and phototransduction 
 
Vision starts with the absorption of light quanta by the visual pigment 
molecules. Visual pigments are members of the G-protein binding family, 
composed of a protein moiety and a chromophore. The chromophore of the 
visual pigment of flies and butterflies, 11-cis-3-OH-retinal, is derived from the 
alcohol retinol, vitamin A, an essential nutrient present in e.g. carrot and liver. 
The protein moiety is generally composed of ca 380 amino-acids, structured in 
seven transmembrane helices (see Fig. 1.4A). Light absorption by a rhodopsin 
molecule triggers a conformational change of the chromophore from the cis to 
the all-trans configuration, yielding the metarhodopsin state. The rhodopsins of 
butterflies typically absorb in the UV, blue (B) or green (G) wavelength range 
(see Fig. 1.4B). The green rhodopsins, with an absorption peak above 500 nm, 
are photoconverted into a metarhodopsin, which absorbs in the blue, typically 
around 490 nm. The metarhodopsin in the activated state transduces the visual 
signal into an electrical response (rev. Hardie, 2001). The principal 
characteristics of the biochemical phototransduction cascade, occurring after 
absorption of a light quantum by a visual pigment molecule and its subsequent 
conversion into metarhodopsin, involves binding of a heterotrimeric G-protein
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Fig. 1.5: Schematic flow-chart of visual pigment renewal and the cycle of the chromophore in flies (adapted 
from Schwemer, 1993; Hamdorf et al., 1989). The visual pigment of invertebrates is thermostable: rhodopsin 
and metarhodopsin can be interconverted by photon absorption, essentially changing the conformation of the 
chromophore, from the all-trans to the 11-cis configuration. Selective metarhodopsin degradation results in 
degradation of the protein moiety. The all-trans chromophore is recycled. After transportation to 
(presumably) the primary pigment cells the all-trans chromophore is isomerized to the 11-cis retinal 
configuration by a soluble photoisomerase, in flies a (blue) light-dependent enzyme (Schwemer, 1984). After 
alcohol dehydrogenase (ADH) activity, which may originate from a corresponding enzyme or the isomerase 
itself, the chromophore is redirected to the photoreceptor cells as retinol. The 11-cis retinol in flies stimulates 
opsin biosynthesis (Schwemer, 1993). Finally, the photoreceptor ADH converts retinol to a functional retinal, 
which is (presumably) bound to opsin during its biosynthesis. Transport of retinal requires retinoid carrier 
molecules to translocate the hydrophobic chromophore between photoreceptor cells and primary pigment 
cells. 
 
 
by the metarhodopsin, which after some delay triggers nucleotide exchange 
(GTP for GDP) and subsequently results in release of the Gα-subunit which 
remains active until the bound GTP is hydrolysed. Gα activates a phosholipase 
C, which then can cleaves the membrane lipid phosphatidylinositol 
biphosphate (PIP2) into the soluble component inositol 1,4,5-triphosphate (IP3) 
and the membrane-bound diacylglycerol (DAG). The latter may be further 
metabolized into poly-unsaturated fatty acids (PUFAs), like arachidonic acid. 
The PUFAs cause the opening of ion-channels in the microvilli, resulting in 
Ca++-influx (Chyb et al., 1999). The phototransduction process is inactivated by 
negative feedback, a two-step process. First, rhodopsin is phosphorylated by G-
protein-coupled receptor kinases, thereby increasing the affinity for arrestin 
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binding on the activated metarhodopsin (Dolph et al., 1993). There is a delay of 
30-50 milliseconds between absorption of a photon and the electrical response, 
the quantum bump. The very fast phototransduction process obviously requires 
a spatially close interaction of the phototransduction components. The very 
small dimensions of the microvilli (Postma et al., 2000) and anchoring 
proteins, like INAD, ensure fast and reliable phototransduction (Hardie, 2001).  
The phototransduction process is a highly dynamic and regulated system. The 
light-induced increase of Ca++-ions in the photoreceptors, which drives the 
migration of pigment granules towards the rhabdom. The migrating pigment 
hence acts as a light-controlling pupil, because the granules absorb light and 
therefore reduce the light flux propagating in the rhabdom. Illumination of a 
dark-adapted eye thus results in a rapid fading of the reflected light. In the 
investigation of visual pigments one therefore needs to apply proper time 
protocols to circumvent the contribution of pupillary pigments (see also 
Chapter 4). 

To maintain steady levels of receptor sensitivity, the rhodopsin content 
in the microvilli has to be kept at high levels. Rhodopsin may be regenerated by 
two pathways: photoregeneration and biosynthesis or rhodopsin renewal (see 
Fig. 1.5). Photoregeneration is likely an important regeneration mechanism in 
flies and butterflies. The inactivated arrestin-bound metarhodopsin is a short-
living stable complex in the dark, but can re-isomerize to phosphorylated 
rhodopsin (p-R) upon photon absorption, thereby releasing arrestin and 
exposing the p-R to Ca++-dependent rdgC phosphatases (Byk et al., 1993). In 
blowflies it has been hypothesised that red screening pigments, which 
surrounds the photoreceptor cells, selectively transmit red stray light to convert 
the predominant metarhodopsin (λmax = 580 nm) in R1-6 cells (Stavenga, 1995). 
In butterflies red light may convert all green rhodopsin molecules into 
metarhodopsin, thus turning the animal functionally blind under continuous red 
illumination. Several butterfly eyes do contain red screening pigments, but they 
probably serve another role: shifting the spectral sensitivity (Chapter 7, 
Stavenga 2002a).  

Renewal of rhodopsin via the visual pigment regeneration cycle is the 
second, long-term regeneration pathway (Fig. 1.4). After inactivation, the 
metarhodopsin may be degraded into its chromophore (all-trans-retinal) and 
protein moiety, which is further broken down (Bernard, 1983). The all-trans 
retinal is recycled by binding to retinal-binding proteins, which transport the 
chromophore to the primary pigment cells. Like in vertebrates, after 
isomerisation to the 11-cis retinal conformation, the chromophore is redirected 
to the photoreceptor cells. In flies, the isomerization process depends on
UV/blue light (Schwemer 1984, 1993; Hamdorf et al., 1989).  
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Though the exact regulation is unclear, the amount of 11-cis retinal has 
been shown to be critical in regulating opsin transcription (Paulsen and 
Schwemer, 1983). Important posttranslational modifications are the transient 
glycosylation (Huber et al., 1990) and incorporation of the recycled 
chromophore, attached to the lysine residue. The newly synthesized rhodopsin 
may be directed to the rhabdomere in membranic vesicles.  

 
4. Filtering components often modify the photoreceptor’s sensitivity 
spectrum  
 
The sensitivity spectrum of a photoreceptor is its normalized light sensitivity to 
different wavelengths. Typically the spectral sensitivity is measured by 
determining at several wavelengths the photon flux that elicits a certain 
physiological criterion response. The sensitivity spectrum is therefore 
sometimes also called the action spectrum. The sensitivity spectrum is under 
certain conditions well-approximated by the normalized absorptance spectrum 
of the visual pigment (Goldsmith and Bernard, 1974). 

All butterfly visual pigments are likely to have the same chromophore, 
3-OH-retinal, attached to the lysine in the 7th helix, where polar groups interact 
with the chromophore π-system. The absorption spectrum is therefore thought 
to be mainly determined by the amino-acids surrounding the chromophore. To 
study the characteristics of visual pigments, various in vivo and in vitro studies 
have been performed. Heterologous in vitro expression was unsuccessful in 
yeast, bacteria (no glycosylation), insect cells (baculovirus) and mammalian 
cells (SFV). Visual pigment was at least successfully expressed in vivo in 
transgenic Drosophila flies (Salcedo et al., 1999; Mollereau et al., 2000). 
Transgenic animals are therefore useful to investigate the visual pigment 
absorbance spectra.  

Inside the photoreceptors, or in accessory pigment cells, sometimes 
colored substances are present, which filter the incident light, as was first 
noticed in flies. The role of red screening pigments has been intensely disputed 
(Goldsmith, 1965), but it has become clear that the primary function of 
screening pigments in accessory pigment cells is to block stray-light. In 
butterflies, e.g. in Pieris and Papilio, modelling microspectrophotometric 
recordings and anatomical studies suggests that red screening pigments, which 
act as long-pass filters, shift the spectral sensitivity of the photoreceptors 
towards longer wavelengths (Qiu et al., 2002; Stavenga, 2002b; Chapter 6). 
This corroborates behavioural evidence that color discrimination in the red is 
well developed in this species (Kolb and Scherer, 1982; Scherer and Kolb, 
1987). It has been hypothesized that this red sensitivity may be well enhanced, 
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especially in the proximal receptors, when a tapetum exists which reflects in 
the long-wavelength range (Stavenga, 2002a).  

 
5. Visual ecology: color vision in Lepidoptera 
 
Photoreceptors signal the incident light intensity by the number of quanta 
absorbed by the visual pigment. However, a single photoreceptor can 
impossibly distinguish between wavelengths: color vision requires at least two 
photoreceptors with different sensitivity spectra. 

The Lepidoptera, one of the four large insect orders, are subdivided in 
the night living moth species, which form the majority, and the day-light living 
butterflies. Color oriented behavior, most studied in the day-light living 
species, is important for territoriality, conspecific mate-finding, (larval) food 
plant choice and oviposition (Bernard and Remington, 1991; Kolb and Scherer, 
1982; Scherer and Kolb, 1987; Kelber, 1999a). Also night living moth species 
have color vision capacities (Kelber et al., 2003). As this color oriented 
behaviour is not equally important for males and females, one expects sex 
differences in the color system, as has been reported for Lycaenidae (Bernard 
and Remington, 1991). 

Like in bees, trichromatic color vision with UV, B and G absorbing 
opsins seems to be common in butterflies. In the investigated species, i.e. 
Heliconius sp. (Hsu et al., 2001), Vanessa cardui (Briscoe et al., 2003) and 
Bicyclus anynana (Vanhoutte et al., 2002) no more than 3 different opsins were 
found. Papilio xuthus and P. glaucus are exceptional as they have multiple 
long-wavelength absorbing opsins (Kitamoto et al., 1998; Briscoe, 1998). They 
curiously lack the reflecting tapeta. 
 
6. Outline of the thesis 
 
This thesis aims to contribute to the understanding of the photoreceptor basis of 
insect color vision, especially of butterflies. There are three basic levels of 
description throughout the thesis. The most basic description is the primary 
structure of the visual pigment (Chapter 2). Second, we explore visual pigment 
photochemistry in a group of homogeneous ommatidia (Chapter 4, 5) or in a 
single ommatidium. The third level is that of a heterogeneous population of 
ommatidia (Chapter 6). The study of visual pigment photochemistry relies on a 
theoretical frame-work (Chapter 3) and the development of new tools 
(Chapter 5) to interpret and record light, reflected on the tapeta.  

In summary, the main scope of this thesis is to further develop the 
quantitative description of visual pigments at different structural levels. In 
addition, we will encounter throughout the thesis the integrated functionality of 
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the visual pigment with other team players in the ommatidia, e.g. the pupil, 
screening pigments and tapeta.  

In Chapter 1 we introduce the general topics of this thesis. 
In Chapter 2 we describe the cloning of cDNA sequences of visual 

pigments in Bicyclus anynana. The cDNA's of an ultraviolet (UV) and a long-
wavelength (green) absorbing rhodopsin were partially identified. The UV 
sequence, encoding 377 amino acids, is 76 to 79% identical to the UV opsin 
sequences of the papilionids Papilio glaucus and Papilio xuthus and the moth 
Manduca sexta. A dendrogram derived from aligning the amino acid sequences 
reveals an equidistant position of Bicyclus between Papilio and Manduca. The 
sequence of the green opsin cDNA fragment, which encodes 242 amino acids, 
represents 6 of the 7 transmembrane regions. At the amino acid level, this 
fragment is more than 80% identical to the corresponding long-wavelength 
(LW) opsin sequences of Dryas, Heliconius, Papilio (rhodopsin 2) and 
Manduca. Whereas three long-wavelength absorbing rhodopsins were 
identified in the papilionid butterflies, only one green opsin was found in 
Bicyclus anynana. 

In Chapter 3 we present a photochemical formalism to model visual 
pigment processes in the butterfly eye when measured by reflection 
microspectrophotometry. We analyse how the rhodopsin conversion occurs. As 
a first step we use a realistic model which can explain the optical densities and 
fractional rhodopsin concentation after white light illumination and during dark 
adaptation. We have tuned our parameter set to the experiments performed in 
Polygonia (Chapter 4). This suggested a compartmental model were UV, blue 
and green rhodopsins are expressed in a 1:1:6 ratio. This configuration is an 
average ommatidial composition, in accordance with our optical recordings 
which reflect the integrated absorption characteristics of a large population of 
ommatidia.  

In Chapter 4 we investigate visual pigment absorbance in the eye of 
Polygonia c-album, a butterfly with a uniform, homogeneous eye shine. We 
demonstrate how the spectral and kinetic properties of the visual pigments, 
especially the green rhodopsins, can be assessed. In general, the development 
of the automated fast digital acquisition of spectral data and images has allowed 
us to monitor and visualize dynamic phenomena in the butterfly eye.  

In Chapter 5 we describe an image analysis technique based on 
Voronoi diagrams to analyze reflections from single ommatidia of the butterfly 
compound eye. This is a useful tool evolved from our efforts to make fast 
quantitative interpretations of images of the colored eye shine. We illustrate the 
‘Voronoi-tool’ in preliminary studies on bleaching visual pigments in 
Polygonia and the pupil activation in the satyrine Pararge aegeria.  
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In Chapter 6 we investigate homogeneous and heterogeneous eye 
regions of butterfly species representative for the (sub-)families of 
Nymphalinae, Satyrinae, Lycaenidae and Pieridae. We measured therefore 
single facet reflection spectra from a large data-set (20 butterfly species). These 
data allow us to map the regionalization and heterogeneity based on the 
colorful eye shine, whereby we discuss an emerging classification. The spectra 
also provide a quantitative measure of the cut-on/off reflection wavelengths of 
the tapeta and indicate the possible presence of long-pass, red screening 
pigments.  

Chapter 7 provides a summary and general discussion, emphasizing 
how the spectral properties of visual pigments (Chapters 4-5), together with 
additional filtering components like screening pigments and tapeta (Chapter 6) 
account for a realistic description of light absorption in a fused rhabdom. The 
optical tools developed here to assess the spectral properties together with 
classical experimental techniques like electrophysiology and molecular biology 
(Chapter 2) provide an excellent experimental framework to describe and 
integrate the physical parameters in a quantitative model (Chapter 3). 
Eventually, on a case by case basis, this may allow us to understand recorded 
photoreceptor sensitivities. Likely this will finally enhance our understanding 
of how the assembly of photoreceptor sensitivities is processed to provide color 
vision.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 




