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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intensities (Belušič and Pirih, unpublished), showing that removal of  metarhodopsin and renewal of  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receptors of  the owlfly (Pirih, unpublished).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 



122

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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