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Most of our daily activities depend on recognizing and discriminating objects 
in the outside world. Therefore many scientists are intrigued by the 
mechanisms behind it, and explore vision in experimentally accessible species. 
Insects are very useful as many experimental techniques can be applied to their 
eyes, which have an anatomically well-known crystalline structure. In this 
thesis we investigated spectral processing in the eyes of butterflies with tools 
from molecular biology, i.e. cloning visual pigments (Chapter 2) and optics, 
especially spectrophotometry (Chapters 3-6).  

Processing spectral information or color vision is possible with a 
combination of spectrally different photoreceptors. One of the primary driving 
questions in this thesis is to understand how the set of spectral photoreceptors 
are optimized to the photic environments inhabited by butterfly species. In 
butterflies, tuning might be directed towards the reflected light on wings and 
leaves. It has been postulated in lycaenids that differential expression of visual 
pigments is a prime mechanism (see Chapter 2-4, Bernard and Remington, 
1991). However, the spectral properties of screening pigments and tapeta, 
frequently expressed in heterogeneous sets of ommatidia, should not be 
neglected (see Chapter 5-6, Arikawa et al., 1999a; Qiu et al., 2002; Stavenga 
2002a,b).  

In this thesis we have started to assess the physical properties of visual 
pigments, tapeta and screening pigments, all influencing light absorption in the 
butterfly eye. This will facilitate building quantitative models of light 
absorption (see also Chapter 3) which can explain the reflectance spectra as 
well as electrophysiologically recorded spectral sensitivities of the 
photoreceptors.  
 
1. Visual pigments: filters inside the lightguide 
 
The visual pigments of the photoreceptor cells selectively absorb light and 
therefore primarily determine the light absorption. The most basic description 
of visual pigments is the primary structure, obtained by molecular cloning. By 
analyzing the homology of visual pigment sequences one can derive the 
absorption properties and thus distinguish between short- (UV), middle- (blue) 
and long-wavelength (green, red) absorbing pigments. Like in bees, a 
trichromatic color system based on three different opsins absorbing in the UV, 
blue and green seems to be the rule. Molecular cloning in all investigated 
lepidopteran species, i.e. Manduca sexta (Chase et al., 1997), Heliconius sp. 
(Hsu et al., 2001), Vanessa cardui (Briscoe et al., 2003) revealed no more than 
3 different opsins. Papilio sp. exceptionally has at least five retinal opsins, with 
three different LW opsins (Kitamoto et al., 1998; Briscoe, 1998). In Chapter 2 
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we described the partial cloning and homology analysis of cDNA sequences of 
green and UV absorbing rhodopsins in the satyrine Bicyclus anynana. 

Our knowledge of the spatial distribution of visual pigmens in 
butterflies is based on extensive histological studies in the small white, Pieris 
rapae (Qiu et al., 2002), the Japanese yellow swallowtail, Papilio xuthus 
(Kitamoto et al., 1998, 2000), the painted lady Vanessa cardui (Briscoe et al., 
2003) and the moth Manduca sexta (White et al., 2003). All these butterfly 
species have a fused rhabdom with nine photoreceptor cells. The green 
rhodopsins are expressed in all ommatidia over the whole eye, at least in 6 
photoreceptor cells. The short- and middle-wavelength (UV/B) absorbing 
rhodopsins are expressed in different combinations in the two distal dorso-
ventral (dv) oriented photoreceptors in three types of ommatidia, i.e. UV-UV, 
UV-B and B-B. The ninth cell presumably also expresses a green rhodopsin. In 
Papilio and Pieris the dominant layer, taking up about the distal two thirds of 
the rhabdom, is composed of the rhabdomeres of the four distal cells, Rl-4. The 
proximal one third consists almost completely of R5-8 rhabdomeres, and a 
short basal part is due to an R9 rhabdomere. The UV-rhodopsin is 
predominantly present in the dorsal region; the blue rhodopsin is more present 
in ventral areas.  

Chapter 3 presented a photochemical formalism to model visual 
pigment processes in the butterfly eye based on reflection 
microspectrophotometry. Such a model is necessary for a quantitative 
interpretation of the visual pigment processes, the kinetics and absorption 
spectra. We illustrated photoconversion of visual pigment under broad-band 
illumination in a rhabdom with green, blue and UV receptors in a 6:1:1 ratio. In 
Chapter 4 we explored visual pigment photochemistry in a group of 
homogeneous ommatidia with a few experimental protocols, e.g. bleaching 
(Bernard, 1983) and photochemical conversion of rhodopsin and metarhodosin 
with adapting monochromatic stimuli. We investigated visual pigment 
absorbance spectra in the eye of Polygonia c-album, a butterfly with a uniform 
homogeneous eye shine. Our data corroborate the predominant expression of a 
green opsin.  

 
2. Tapeta: mirrors on the bottom of the light guide 
 
Butterfly eyes, observed with an epi-illumination microscope, may have a 
highly heterogeneous eye shine especially in ventral regions (Stavenga et al., 
2001; Stavenga 2002a,b). In Chapter 5 we described an image analysis 
procedure based on Voronoi diagrams to analyze reflections of single 
ommatidia of the butterfly compound eye with a digital camera. The procedure 
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allows the investigation of an eye with heterogeneous eye properties. After 
bleaching green visual pigment in the eye of Polygonia we investigated the 
reflection of bleached and unbleached ommatidia. In the ventral eye region of 
the satyrine Pararge aegeria, we measured the pupil action spectrum in single 
ommatidia of red and green reflecting ommatidia.  

The spectrophotometric recordings on single ommatidia in 20 different 
butterflies (cf. Chapter 6) show that, though the tapeta reflect over a broad 
range (Ribi, 1979b), there is a variable cut-off in the long-wavelength range of 
the reflectance spectra between 550 and 750 nm. Below 500 nm a flat tapetal 
reflectance spectrum may be assumed. The role of tapeta in the dorsal region 
with a cut-off value within the absorption range of the visual pigment needs to 
be clarified. It has been speculated that the role of the tapetum may be 
especially linked to enhance the red sensitivity of the basal R9 cell (next 
section). The tapeta show a high variability in reflection amplitude (Chapter 5) 
possibly hampering reliable coding of absolute light sensitivities. The 
intraspecific diversity in retinal properties and color perception may offer a 
solution to face a challenging range of potential photic environments (Cronin et 
al., 2002a,b). 
 
3. Colored screening pigment: filters surrounding the rhabdom 
 
Modelling light absorption in the rhabdom of Papilio xuthus, taking into 
account the additional filtering properties of the absorbing substances, i.e. red 
and yellow screening pigments and an additional fluorescing substance, retinol 
presumably, could explain the electrophysiologically determined sensitivities of 
the photoreceptor cells (Arikawa et al., 1999a). The retinol could account for 
the narrowing of the sensitivity spectrum of a violet receptor. Red sensitivity of 
photoreceptors expressing green rhodopsins could be explained by red and 
yellow screening pigments, essentially long-pass filters, shifting the spectral 
sensitivity of the proximal photoreceptors towards longer wavelengths 
(Arikawa et al., 1999a). 

Recent microspectrophotometric recordings and anatomical studies in 
Pieris (Qiu et al., 2002, Chapter 6) revealed two types of red screening 
pigments together with two tuned types of tapeta. This corroborates 
behavioural evidence that color discrimination in the red is well developed in 
this species (Kolb and Scherer, 1982; Scherer and Kolb, 1987).  
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4. A model of light absorption in the butterfly rhabdom 
 
In Chapter 3 we presented a formalism to model light absorption and 
conversion of visual pigment in a fused rhabdom. The model could account for 
the conversion experiments described in Chapter 4. The model also explains 
the recorded spectral reflectances. For example, with a known rhabdom length 
of 450 µm (Qiu et al. 2002; Briscoe et al., 2003), visual pigment templates 
(Govardovskii et al., 2000) and estimated extinction coefficients (Chapter 3; 
Warrant and Nilsson, 1998) of rhodopsins and metarhodopsins with peak 
wavelengths at 340 nm (UV), 440 nm (B) and 532 nm (G), respectively, the 
resulting decrease in light flux in the rhabdom can be calculated to explain the 
reflectance spectra in Polygonia c-album. After reflection on the tapetal mirror 
and a double passage back through the rhabdom, the eye shine reflectance, the 
product of the tapetal reflectance M (Fig. 7.1A) and squared transmittance, T2, 
dependent on absorbance κ and length L(Fig. 7.1B) is plotted in Fig. 7.1C. It is 
assumed here that the tapetum reflects with a maximal efficiency of 0.8, 
declining at long wavelengths. The tapetal reflectance spectrum is 
approximated by a sigmoidal equation with 
M
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0  = 0.8, a slope constant s = 0.1 and λ50  = 691 nm. Clearly, the rhabdom-
tapetum combination works as a long-pass spectral filter, strongly reducing the 
reflected light intensity at all but the long wavelengths.  
 
5. Towards modeling photoreceptor spectral sensitivity  
 
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 sensitivity spectrum of a 
photoreceptor is its normalized light sensitivity to different wavelengths. 
Typically the spectral sensitivity is experimentally measured by determining at 
each wavelength the photon flux that elicits a certain physiological criterion 
response. The spectral sensitivity, which is the inverse normalized criterion 
intensity, then is: 
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A certain criterion response will be reached when the light stimulus causes the 
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Fig. 7.1: The reflectance spectra of single 
ommatidia are explained by light 
absorption in a model where UV, B and G 
rhodopsins are present in a 1:1:6 ratio A. 
The tapetal reflectance spectrum (solid 
line) is estimated here with a sigmoidal 
equation, fitted to the experimental 
reflectance spectra in Polygonia c-album 
(dashed line),which are normalized here to 
a maximal tapetal reflection coefficient of 
0.8. B. The absorbance of the UV, B and G 
receptors is calculated with absorption 
spectra of the visual pigments of the 
comma, Polygonia c-album (see Fig. 3.1). 
The maximal absorbance is 0.005 µm-1. We 
have taken here the fraction of rhodopsins 
and metarhodopsins after white light 
illumination, i.e. approximately 60 and 
40% respectively (see Chapter 3). C. The 
reflectance R, given by the product of the 
tapetal reflectance M in A and the squared 
transmittance T after a double passage 
through the rhabdom, is primarily 
determined by the length of the rhabdom L 
and the summed absorbance κ of the UV, 
B and G photoreceptors in B.  
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creation of a certain number of metarhodopsin. Eq. 1 can be rewritten in terms
of the total number of created metarhodopsin molecules per unit-time. If we 
consider a photoreceptor with pure rhodopsin (fR = 1, fM = 0), the sensitivity 
spectrum S turns out to equal the normalized absorptance spectrum of the visual 
pigment, A(λ) (Goldsmith and Bernard, 1974; Stavenga et al., 2001): 
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The sensitivity spectrum of a photoreceptor is affected by lateral filtering 
(Snyder et al., 1973) or by filtering by photostable screening pigment located 
near the rhabdom boundary (Arikawa et al., 1999a). When the absorbance is 
low and due to only one rhodopsin, the spectral sensitivity (Eq. 2) changes as 
the incident light flux is modified by the transmittance of the filtering pigment 
Tf(λ): 
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The consequence is that the sensitivity spectra are narrowed and left/right 
shifted, with short/long-pass filters, respectively (Arikawa et al., 1999a,b; Fig. 
8 of Stavenga, 2002b).  

We can estimate the transmitttance spectra T of the screening pigments 
from the microspectrophotometric recordings of reflections on single 
ommatidia (Chapter 6, Fig. 6.7) by fitting the sigmoidal functions, i.c. 
[1 + exp[1-c(λ -λ50)]]–1, to the left-rising flank of the average normalized 
reflectance spectra. Fig. 7.2 shows as an example the case of Pieris, where a 
green absorbing visual pigment, assumed to peak at 570 nm, is filtered by the 
experimentally measured red screening pigments with cut-off values, λ50, typeI = 
610 nm and λ50, typeII = 644 nm (see Chapter 6, Fig. 6.7). The spectral sensitivity 
is right-shifted by 50 and 80 nm, respectively towards ~620 nm and ~650 nm 
(Fig. 7.2). Interestingly, the basal retinula cell, R9, of Pieris rapae was found to 
be a narrow-peaked red receptor, peaking at 620 nm (Shimohigashi and 
Tominaga, 1991). Recently, two types of red receptors were found in the  
proximal photoreceptors R5-8 in Pieris rapae peaking at 620 nm and 640 nm 
(Qiu and Arikawa, 2003b). 
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Fig. 7.2: Red shift of the spectral sensitivity with long-pass red filters in Pieris rapae. The spectral 
sensitivity is calculated as the normalized absorbance times the transmittance of the screening pigments 
(Stavenga, 2002b). Transmittance curves of the pale red (type I) and deep red (type II) screening pigments 
(Qiu et al., 2002) are derived from fitting a sigmoidal function (dashed lines) to the left side of the averaged 
normalized reflectance spectra (see Chapter 6, Fig. 6.7). The spectral sensitivity of a green photoreceptor 
(with λ,R,max at 570 nm, dotted line) is shifted ca 50 and 80 nm, in type I and type II ommatidia, respectively.
 
6. Combining photoreceptor sensitivities to provide color vision  
 
Color vision in insects was first demonstrated in the honeybee, where three 
photoreceptor classes (UV, B and G) form the standard set of photoreceptors 
underlying color vision (Menzel and Backhaus, 1989). In butterflies the 
photoreceptor cells responsible for color vision are not yet identified. It has 
been argued that especially photoreceptor cells R1, R2 and R9, which project 
their long axonal fibers towards the medulla constitute the color vision system 
(Kelber, 1999a). In lycaenids this question has been addressed by calculating 
the quantum catch Q of the individual receptors, the photon absorption in 
individual ommatidia with a specific spectral sensitivity (S) after the optical 
stimulation with light reflected from the wings (R) given the ambient light 
conditions (Qo). Hue discrimation is accounted here by the dichromatic ratio of 
Q values for the different receptor types (Bernard and Remington, 1991).  

Color contrast probably also relies on opponent systems deriving 
signals from several adjacent ommatidia, which are randomly distributed in 
heterogeneous eyes (Stavenga 2002b, Chapter 6; Qiu et al., 2002). A similar 
organization has been shown in flies, where the photoreceptor cells R7 and R8 
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mediate color vision by expressing two different combinations of visual 
pigment (Salcedo et al., 1999). 

The ommatidia are not only optimized for color vision. Photoreceptors 
may be involved in spatial or polarisation vision. In Papilio xuthus blue 
receptors, expressed in dorso-ventrally oriented photorecptor cells are 
maximally sensitive to vertically polarised light, whereas green receptors are 
maximally sensitive to horizontal or oblique polarisation angles. Also on the 
macroscopic level, regionalization of visual function occurs. Many butterflies 
have specialised dorsal eye regions which presumably express a limited number 
of rhodopsins. The random spatial distribution of heterogeneous types of 
ommatidia, mostly in ventral regions is presumably intimately linked to color 
vision and the detection of colored objects against a green background (Kelber, 
1999b).  

 
7. Perspectives 
 
Our research on spectral processing in butterfly rhabdoms under ambient light 
conditions may be extended in three major directions. First, a biophysical 
model should incorporate the waveguide properties of the rhabdom and a 
realistic description of the lens properties, extending recent modelling of the fly 
facet lens - rhabdomere system (Stavenga, 2003). Second, it is interesting to 
further investigate the dynamic biochemical regulation of (spectral) light 
sensitivity by visual pigments and pupillary granules. Third, the exploration of 
the enormous diversity in eye structures in quantitative detail with diverse 
experimental techniques will likely be rewarding in view of the behavioural 
and ecological relevance. Most of the day-light living butterflies at present 
seem to have experimented with heterogeneous combinations of ommatidia 
spread over the whole eye, or a variable part of the ventral region. The 
heterogeneity is mostly dichotomous with respect to the tapetal reflections and 
probably tuned to color contrast enhancement. In this respect, the 
environmental objects of interest may be quite different, e.g. wings of mating 
partners (Bernard and Remington, 1991), green leaves of plants (Kelber, 
1999b), and prone to seasonal fluctuations (Brakefield and French, 1999). As 
such it is interesting to investigate the ommatidial adaptations.  
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