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Summary

The intention of my PhD project was to gain more insights into eye evolution and to provide
further evidence for the recently proposed idea that all eye-types found in eumetazoans derive
from a common Pax6-dependent proto-type eye (Gehring and Ikeo, 1999). To do so, we de-
cided to focus on eyes found in bivalves. Two main reasons prompted us to investigate the
molecular basis of bivalvian eye formation. In the first place, all major eye-types, the com-
pound eye, consisting of numerous ommatidia, the camera eye with a single lens and the mir-
ror eye with a reflecting mirror in the back of the eye, are found in bivalves. Hence, the occur-
rence of different eye-types within the same phylogenetic class makes it very unlikely that
these eyes arose as independent formations during evolution. A more elegant alternative is to
assume that the compound-, camera-, and mirror eyes of clams evolved monophyletically
from a common ancestral precursor. The second reason why we decided to investigate bival-
vian eyes is their unusual anatomical position, the edge of the mantle. So far, molecular data
and most prominently Pax6 expression were exclusively gathered from “cerebral eyes” of bi-
laterians, with the only exception of the non-cerebral Hesse eyecups of the lancelet, which by
the way do not show any Pax6 expression (Glardon et al., 1998).

In this study we focused on two bivalvian species, Arca noae and Pecten maximus,
representing the compound eye-type and the mirror eye-type, respectively.

We isolated two genes, Pax6 and Six//2, known to be high up in the genetic regulatory
cascade of eye development, from Arca and Pecten. Our expression studies of Pax6 and
Six1/2 support the idea that these two genes are necessary for the formation of the olfactory
system throughout the animal kingdom. In contrast, we could not assign Pax6 and Six1/2
expression to the visual system with absolute certainty.

In a second project, we isolated three opsin genes, one from Arca and two opsin genes
from Pecten. A Go-coupled opsin was isolated from Pecten which was shown to be
exclusively expressed in the rhabdomeric photoreceptor cells of the proximal retina. The
second opsin gene isolated from Pecten and the opsin gene from Arca were shown to be
expressed in various tissues, suggesting a putative role in the photic regulation of peripheral
circadian clocks. Moreover, phylogenetic analysis indicate that each of these two opsin genes

may constitute a novel opsin subfamily.
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I. Introduction

1. Pecten maximus

1.1 General description of Pecten maximus
The bivalve family Pectinidae, also known as scallops, comprise 400 extant species, of

which 28 species have been recorded in European waters (Nordsieck, 1969). Scallops are very
prominent animals, with many species having commercial importance, mainly because of
their flesh, which is much valued as luxury food.

They occur in all seas of the world from polar regions to the tropics. In principal they
can be found in all depths, from the intertidal zone down to 7000m or more, however the
commercially valuable species occur in the inshore regions of the continental shelves.

Due to its wide distribution and its high market value the “Great scallop” (Pecten maximus),

also known as “Coquille Saint-Jacques”, is commercially the most important scallop in the

eastern Atlantic ocean (Figure 1.1.1).

Figure 1.1.1 The valves of Pecten maximus. (A) The left concave valve and (B) the right flat valve show the typical
“ears” on either side of the apex. Sources: (A) www.unige.ch/sciences/biologie/biani/msg (B) A. Le Maguer-
esse/Ifremer (Brest).

Pecten maximus is a large scallop, reaching an average size of 150mm (Minchin, 1978). They
are long-living animals, with a life span that can exceed 20 years in extreme cases. Pecten

maximus is found along the eastern cost of the North Atlantic from northern Norway south to


http://www.unige.ch/sciences/biologie/biani/msg

the Iberian peninsula (Tebble, 1966) and has also been reported to occur in West Africa, the
Azores, Canary Islands and Madiera (Mason, 1983). They were reported to even extend a
short distance into the Mediterranean sea as far as in the province of Malaga (Cano and
Garcia, 1985). Further east it is replaced by the closely related Pecten jacobaeus, which
occurs throughout the Mediterranean (Piccinetti et al., 1986).

Pecten maximus has unequal valves, with an upper (right) valve that is flat and a lower
(left) that is strongly concave and generally overlaps the left valve at its margin (Figure 1.1.1).
Both valves bear 15-17 broad, radiating ribs and numerous concentric corrugations with fine
striae. The right valve is commonly off-white, yellowish or bright brown, the left valve is
commonly reddish brown but may vary from light pink to almost black.

They prefer shallow habitats at a depth of 20-45m, generally on sandy bottoms, fine
gravel or sandy gravel sometimes with an admixture of mud (Mason, 1983).

In contrast to most other bivalves which are dioecious, scallops are hermaphrodites.
The mature gonad contains a proximal, creamy-coloured testis and a distal, orange-coloured
ovary of approximately equal size. In the case of Pecten maximus the gametes are released

simultaneously during spawning.

1.2 Embryogenesis

Development of scallops was heavily investigated, mainly for the need to improve
culturing conditions and to develop methods to replenish the rapid shrinking natural
population due to excessive exploitation. Most of the information about development were
sampled so far from commercially important species and under hatchery conditions. In
contrast, there are only few studies on development under natural conditions, because of the
difficulties to identify and monitor the tiny planktonic larvae within the water mass. During
spawning the eggs and the sperms are released simultaneously into the sea and fertilization
occurs externally (Figure 1.2.1). At the time of sperm penetration the eggs are at metaphase I
stage of meiosis. (Gruffyd and Beaumont, 1970). Division is spiral, complete and hetero-
quadrantal and cleavage leads to an immotile stereoblastula. (Kulikova and Tabunkov, 1974;
Malakhov and Medvedeva, 1986; Tanaka, 1984). Subsequent gastrulation occurs by epiboly
and invagination (Drew, 1906; Fullarton, 1896; Gutsell, 1930; Hodgson and Burke, 1988) that
leads to the first stage in scallop development which has cilia and therefore is motile.
However, the movements are yet undirected and consist of rolling and spinning. Further
development of the spherical gastrula leads to a trochophora larva. Depending on the

temperature and other environmental conditions, the development from fertilization to the tro-
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Figure 1.2.1 Diagrammatic representation of the Pecten maximus life cycle. PI and PII, prodissoconch I and
I1, respectively. From (Le Pennec et al., 2003).

chophora larval stage takes approximately 24 hours (Comely, 1972). At this stage the first
sensory organs arise. A prominent feature is the sensory apical flagellum, which however is
lost within a day or two. At the later veliger stage it remains as a short apical tuft. The apical
flagellum is in fact a bundle of up to 50 long cilia adhering to one another to form a whip-like
structure (Bellolio et al., 1993). Its precise function so far is enigmatic and still awaits its
thorough investigation. A plausible possibility is that it may play a role in chemoreception or

may work as a mechanoreceptor. On the dorsal surface of the trochophore, a surface infolding

11



develops which give rise to the shell gland (Bellolio et al., 1993; Casse et al., 1998; Fullarton,
1896; Malakhov and Medvedeva, 1986; Sastry, 1965).

The transition from trochophore to veliger larva starts with the development of the
most characteristic organ of bivalve veliger, the velum (Gruffyd and Beaumont, 1972;
Malakhov and Medvedeva, 1986; Sastry, 1965). This ciliated organ allows locomotion and
then progressively enables the capture of food particles. A further sign for the transition to
veliger larva is the initiation of the Prodissoconch I shell secretion, which leads the D-shaped
early veliger (Figure 1.2.1); (Casse et al., 1998; Malakhov and Medvedeva, 1986).
Development from fertilization to the first D-veliger stage takes approximately 48h (Comely,
1972; Le Pennec, 1974). The apical flagellum of the trochophora is now transformed into an
apical tuft in the center of the velum composed of cilia which do not adhere together anymore
(Hodgson and Burke, 1988).

Further shell-growth takes place at the margin of the prodissoconch I shell (Figure
1.2.1). The newly formed prodissoconch II shell can be distinguished from the former by its
concentric growth rings (Bellolio et al., 1993).

Unlike the trochophora larva, which has no functional muscles, the early veliger starts
to build up the first velar retractor muscles and the anterior adductor muscle (Bellolio et al.,
1993; Malakhov and Medvedeva, 1986; Maru, 1972). During development the number of the
velum retractor muscles increase (Bellolio et al., 1993; Cragg, 1985; Malakhov and
Medvedeva, 1986).

Further development of the digestive tract, comprised of an archenteron and the
blastopore at the trochophora stage, leads to the second opening, the anus (Hodgson and
Burke, 1988; Malakhov and Medvedeva, 1986). The mouth is situated at the posterior end of
the velum, opening into a straight ciliated cylindrical oesophagus with actively beating cilia
(Beaumont et al., 1987) that leads to the stomach. The thin intestine is initially straight but
develops into one and then two loops (Bower and Meyer, 1990). The anus is located close to
the hinge line in the posterior body wall.

A posterior adductor muscle develops by the late veliger or pediveliger stage,
consisting of two columns. In contrast, the anterior adductor muscle consists of only a single
column (Bellolio et al., 1993; Cragg, 1985). At the same time a pair of eye spots is found that
can be seen through the transparent shell, appearing approximately in the centre of the valve
when the larva is viewed from the side (Figure 1.2.1). They consist of one cell with
pigmented granules forming an anteriorly directed cup and another, yet uncharacterized cell

within the cup, most probably a photoreceptor cell (Hodgson and Burke, 1988).
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Another prominent feature of bivalves that develops at the late veliger stage are the gills.
Around the second week of the pelagic veliger phase, the gill anlagen differentiate from the
general external epithelium (Beninger et al., 1994). The cells of the anlagen are first
symmetrically positioned to the left and the right base of the foot and later form distinct buds,
or primordia.

At the end of the larval life, pediveligers initiate settlement behaviour. This process
leads to a loss of some larval organs and changes in the nature of shell secretion. The primary
organs which are lost are the velum, the velar retractor muscles and the anterior adductor
muscle (Cragg, 1985). The gills now increase in length and organize into a row of straight gill
filaments as other buds form and then grow in a posterior-anterior sequence, increasing the
number of filaments. (Beninger et al., 1994). The gills are nonfunctional in the primordial bud

stage and become functional in a gradual manner during metamorphosis.

1.3 The scallop mirror eye
Since bivalves are commonly known as animals that lost their sense organs and their

cerebral nervous system during evolution, it seems somewhat counterintuitive that bivalves
may have eyes, all the more as eyes are mostly found in cerebral regions in other animals.
However, a variety of different eye-types are found in bivalves, ranging from primitive pit
eyes to elaborated camera-type eyes as for example found in the heartshell Cardium.

The eyes of scallops have attracted anatomists since the late 18" century, mainly
because of their resemblance to the camera eyes of vertebrates. Dakin, at the beginning of the
20™ first described the essential morphological features of the scallop eye and clarified the
former idea of a camera eye.

The eyes of scallops are located at the tips of short stalks that peep out from the
middle fold of the mantle margin (Figure 1.3.1A). Generally several dozens of mirror eyes are
found in a single animal, in some rare cases more than 100 (Dakin, 1910) but varies from
individual to individual. No correlation has been found between the size of the shell and the
number of eyes. Eyes are found in association with both, the upper (left) and lower valves,
although they occur in greater number and size on the upper mantle (Gutsell, 1930).
Moreover, eyes of smaller sizes are spaced irregularly among those of full size (Dakin, 1910).
The epithelial cells of the eye are heavily pigmented on the lateral sides (Figure 1.3.1C). Only

the most distal part has a clear cornea that enables the light-rays to enter. A lens comprising
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irregular cells lies just beneath the cornea. At the back of the eye lies the retina, the reflecting

argentea (also called tapetum) and a pigmented layer.

—
- W

Figure 1.3.1 The mirror eyes of Pecten maximus. (A) The eyes are located at the mantle margin of the animal
and have a shiny appearance because of the mirror in the back of the eye that reflects the light back (Courtesy
of Ron Offermans). (B) Schematic representation of a scallop mirror eye (after Kiipfer). (B) Paraffin section
through a Pecten eye stained with methylene blue (Sauder und Keller).

An extraordinary feature of the scallop retina is its organisation into two distinct layers
of retinal cells. The proximal retinal layer is build up by rhabdomeric microvillar
photoreceptors, whereas the distal retinal layer comprises ciliary photoreceptor cells (Figure
1.3.2A). The sensory region of the proximal photoreceptors are oriented towards the argentea,

whereas the ones of the distal photoreceptors face the lens and cornea (Barber et al., 1967).
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Therefore, in respect of the argentea, the proximal photoreceptors are everted whereas the
distal ones are inverted.

The axons from the proximal photoreceptor layer extend around the sides of the retina
(Figure 1.3.2A). Axons from the distal photoreceptor layer run laterally to the cilia, pass in
front of the retina and collect at the retinal margin at the lateral side to form the distal branch
of the optic nerve. Thus, each retinal layer forms a separate nerve branch which extends and
joins the other branch 1 to 2mm proximally from the eye capsule to form the optic nerve
(Barber et al., 1967, Hartline, 1938; Miller, 1958).

The argentea, the reflecting layer behind the eye, is responsible for the bright
iridescence of the pupil. It is build up by a single layer of cells containing an array of
flattened, membrane bound guanine crystals. Forming a precise hemispheric shape it acts as a
perfect concave mirror reflecting the light back to the retina with a focal length of
approximately 200um (Land, 1965). The focal length of the mirror is almost precisely the
distance to the distal retinal layer. Therefore, the inverted image is formed at the distal retina.
The lens lies in contact with the retina (Figure 1.3.1B and C) and hence has no focusing
function since the focal length of the lens has been shown to be 1.5mm, which lies far behind
the eye. Thus, the only plausible function of the lens is to correct the spherical aberration of
the argentea.

Another difference of the two retinal layers is found in their electrophysiology and the
physiological behaviour. The ciliary photoreceptors of the distal retinal layer hyperpolarize in
respond to light impulses, whereas light stimulation of the proximal rhabdomeric
photoreceptors leads to a depolarization (Figure 1.3.2B). Studies on the physiological
properties of photoreceptors demonstrated that the distal retinal layer responds when light is
turned off or is reduced in intensity. In contrary, the proximal retinal layer responds when the
eye is illuminated (Hartline, 1938; Land, 1966). The functional importance is that only the
distal “off” receptors lie in the plane of focus of the argentea. Hence it is only the distal retina
which responds to movements of the visual field that lead to changes in light intensities. It is
thought therefore, that the distal retina works as a shadow detector. Experimental studies by
stimulating eyes with regular patterns of light/dark stripes showed that scallops can detect
movements in the environment at a distance greater than that required to cast a direct shadow
on the animal. This is undoubtedly a distinct advantage that allows to react appropriately to
fast moving predators.

The “On” receptors of the proximal retinal layer react to changes in overall light

intensities. The function of these photoreceptors are less well understood, however it is
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Figure 1.3.2 The Pecten retina and its physiological behavour. (A) The proximal retina is build up by
rhabdomeric photoreceptor cells, whereas the distal retina has ciliary photoreceptor cells (after Kiipfer). (B)
The distal ciliary photoreceptor cells hyperpolarize when stimulated, whereas the proximal rhabdomeric
photoreceptor cells depolarize in respond to light. From (Land, 1965).

believed to serve as a detection of absolute levels of light intensities and might be useful for

migration and habitat selection.

1.4 Gills
Scallops have heterorhabdic (of different size), plicate gills. The W-shaped left and

right gills are composed of a series of two different types of filaments, suspended from the
gills axis in a plicate fashion. The gill filaments gradually decrease in length toward the
anterior and posterior extremities. In the anteriormost region of the gills this shortening of the
filament results in the convergence of the dorsal feeding tracts with the oral groove at the base
of each pair of labial palp. The gill filaments are essentially hollow tubes within which the
haemolymph circulates.

Interestingly, a sensory organ, the so called osphradium, has been found on the gill
axis (Figure 1.4.1 A) (Haszprunar, 1987a). This sensory epithelium is situated on the mid-
portion of the gill axis and extends from the anterior region of the gill for approximately four-
fifth of the length of the gill axis. There is little known about its function, but it has been
proposed that it may serve as an organ for chemoreception (Haszprunar, 1987a; Haszprunar,
1987b), which might be associated with detecting spawning cues of conspecies and of gamete

releasing signals (Beninger and Donval, 1995; Haszprunar, 1987a; Haszprunar, 1987b).
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Fig 1.4.1 Anatomical localization of the gills and the osphradium. (A) Schematic drawing of Placopecten
magellanicus with the left valve removed. Note the location of the ospradium (o) along the lateralmost margin of the
gill axis. am Adductor muscle, dg digestive gland, f foot g gill, ga gill axis, / lips, Ip labial palp. (B) Schematic
representation of anatomical relationships and innervation of the osphradium. av Afferent branchial vessel, bn
branchial nerve, D dorsal orientation, ev efferent branchial vessels, ga gill axis, gf, gill filaments, cilium of free nerve
fiber on osphradial ridge, or osphradial ridge, on one of the osphradial nerves, tf tuft cilia, V ventral orientation.
Figure from (Beninger and Donval, 1995).

2. Arca noae

2.1 General description of Arca noae
Much less is known about the ark clam Arca noae (Linnaeus 1758). They are found in

the eastern Atlantic Ocean, the Mediterranean and Black Sea and moreover in the Caribbean
Sea (Nordsieck, 1969). Arca noae is firmly attached by a solid byssus to rocks or shells and
may occur down to depths of 100m. It has been reported that they are able to slowly move
over rocks at night and that solitary byssus may be seen abandoned on the previous anchoring
point(Marin and Lopez Belluga, 2004). They can reach a maximum length of 70-90 mm and
may live up to 15 years (Hrs-Brenko and Legac, 1996; Poppe and Goto, 2000).
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Figure 2.1.1 Arca noae (A) The shells of Arca noae have a typical ark shaped appearance, hence the name.
(Source: http://digilander.libero.it/conchiglieveneziane/bivalvi/specie/ArcaNoae.htm). (B) Arca noae is often

covered by a the red sponge called Crambe crambe (Courtesy of Miquel Pontes).

Arca noae is characterized by boat-shaped shells (Figure 2.1.1A), hence their name,
which are sculptured by radial ribs and are bright brown coloured with dark markings.
Commonly, Arca noae are associated with a red demosponge (Crambe crambe), one of the
most widespread littoral sponge species in the western Mediterranean (Figure 2.1.1B)
(Becerro et al., 1994). Association of Arca with Crambe, which grows on the shells of the
animal, was shown to decrease its predation (Marin and Lopez Belluga, 2004). Indeed,
Crambe was shown to contain a group of potent cytotoxic and antiviral secondary metabolits
called crambescidins (Jares-Erijman et al., 1991).

There are some reports of commercial exploitation in the Adriatic Sea, particularly in
Croatia, but fishing may also occur on the Mediterranean cost of Southern France (Benovi¢,
1997). Arca are harvested primarily by divers and are generally sold at local markets.
However, the commercial value of Arca is very low and there is no report of any launched
artificial culturing. This is probably the reason why little or nothing is known about 4. noae
development. Because trochophore and veliger larvae are very small and because of the
difficulties to distinguish veligers of different species, it is almost impossible to study their
development in their natural environment. There are so far no studies about Arca noae
development and little is known about the seasonal cycle of gametogenesis and spawning

periodicity.
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2.2 Compound eyes in ark clams
Ark clams may have up to 300 compound eyes, each composed of several dozens

ommatidia, located at the mantle margin. In addition, several hundreds of pigment cup eyes
are scattered between the compound eyes (Janssen, 1991; Morton, 1987; Patten, 1886). In
bivalves, the mantle edge is divided into three folds, the middle of which usually carries the
eyes. In contrast, the compound eyes of ark clams are found on the outer fold of the mantle
margin, a unique feature of the Arcacea family (Waller, 1980). Most of the eyes are located in
the anterior and posterior part of the mantle edge, whereas in the middle part only few eyes
are found. The eyes vary considerably in size, with smaller eyes intermingled between larger
eyes.

Unlike arthropods which have eight to nine photoreceptors per ommatidium, ark clams
have only one (Eakin, 1963). Another striking difference between compound eyes of
arthropods and ark clams is the lack of a focusing device (Nilsson, 1994).

Originally it was thought that the photoreceptor cells of ark clams are rhabdomeric.
However, subsequent studies showed that compound eyes of ark clams have ciliary

photoreceptor cells. (Levi and Levi, 1971; Nilsson, 1994).

3. Different eye-types in the animal kingdom

3.1 General comments
Nature invented an enormous range of eye-types during the course of evolution

(Figure 3.1.1). Of the approximately 33 animal phyla, about a third have no specialized
organs for light-detecting, whereas the remaining two thirds have light detecting organs (Land
and Nilsson, 2002). As animals are found in different habitats and adopt variable lifestyles,
their eyes too had to adapt to the appropriate environment. Aquatic animals, for example, face
other optical problems than terrestrial animals. The cornea of aquatic animals is nothing more
than a tough transparent membrane which protects the surface of the eyeball but has little or
no optical effect, because the fluid has the same refractive index on both sides of the cornea.
In land-living animals, however, the front surface of the cornea is in air and becomes a
focussing device.

Another example are nocturnal animals, which face the problem to catch enough

photons. These animals usually have very large eyes, as seen for example in deep-sea animals
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where little or no light penetrates. A structure often found in deep-sea animals or animals that
are active at night is the “tapetum lucidum”, a mirror behind the retina. The function of this
structure is to reflect the light already focused by the lens back to the retina, giving the retina
a second chance to capture the photons missed by the first pass. These examples are surely
features of already quite elaborated eyes and there are of course circumstances where much
more simple eyes fulfill the needs of their bearers.

Chambered
eyes

Compound
eyes

Sea fan

Figure 3.1.1 Various eye-types found in the animal kingdom. Eyes can be generally grouped into either
chambered eyes or compound eyes. For more details see (Fernald, 2006)

3.2 Pigment cup eyes
The pigment cup eye consists of just two cell types, photoreceptor cells and pigment

cells. In the simplest case, a pit eye is build up by a single photoreceptor cell and one

shielding pigment cell. Such primitive two-celled eyes are found, for example, in the japanese
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planarian Polycelis auricularia (Gehring, 2004) and many lophotrochozoan larvae e.g. the
trematode Multicotyle purvisi (Rhode and Watson, 1991) or the polychaete Platynereis
dumerilii (Arendt et al., 2002). Usually however, pigment cup eyes are composed of multiple
photoreceptor and pigment cells and various cellular arrangements are found in nature.
Several photoreceptor cells can share a single cup-shaped pigment cell as in the turbellarian
flatworm Bdellocephala brunnea (Kuchiiwa et al., 1991) or they are shielded by a pigment
cup consisting of multiple pigment cells. The photoreceptors may have an inverted orientation
where the photoreceptive organelle is orientated towards the cavity of the pigment cell or an
everted orientation pointing towards the light source.

The pigment cup eye has some ability to compare light-intensities in different

directions, though the image forming power is very poor.

3.3 Pinhole eyes
What distinguishes pinhole eyes from pigment cup eyes is their size. Most of the

pigment cup eyes are just a fraction of a millimeter in diameter, with a few dozens of
photoreceptors. A way to improve the performance of an eye is to make the eye bigger and
the aperture smaller. In Nautilus, the most prominent representative of the pinhole eye, the
eyes are nearly a centimeter in diameter, comparable in size of the lens-containing eyes of
Octopus (Land and Nilsson, 2002; Muntz and Raj, 1984). Giant clams (7ridacna) also have
pinhole eyes around their mantle margin allowing them to detect moving objects.

The lack of a focusing device is the weak point of the pinhole eye design. In the case
of the Nautilus pinhole eye, the resolution can be improved by decreasing the size of the
pupil. However, this is far from being ideal, because small aperture reduces the amount of
light reaching the photoreceptive field leading to an image which is very dim. In contrary,
increasing the aperture results in a loss of resolution. Therefore, the image formed by a

pinhole eye is either blurred or very dim.

3.4 Compound eyes
Compound eyes are by far the most popular visual system regarding the large number

of species that possess them. This type of eye is widely used by arthropods, predominantly in
insects, but is also found in some representatives of the lophotrochozoan clade as for example

in ark shells and sabellid tubeworms (Nilsson, 1994).
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It is thought that the compound eyes arose around the time of the Cambrian explosion, some
530 million years ago. Indeed, in some well preserved trilobite fossils it is possible to see the
facets of the compound eye.

Compound eyes differ from the more primitive pigment cup eyes by having a lens
associated with each photoreceptor or more, usually a cluster made up of eight to nine
photoreceptors, forming a unit called ommatidium. The lens substantially improves vision by
gathering more light to stimulate the photoreceptor cells. Moreover they function to define the
visual field of each ommatidium (Nilsson, 1989). Although each ommatidium forms its own
tiny inverted image, the overall image projecting to the brain is erect and formed from the
apposed image of the visual field of individual ommatidia. Hence the reason why this type of
compound eye is called apposition eye.

A weak point of the compound eye design is the small size of the optical elements,
which are typically around 25um in diameter (Land and Nilsson, 2002). The problem lies in
the universal rule of the optics that the smaller the diameter of an aperture, the larger is the
interference pattern in the image produced by light from a point in object space. Therefore,
the resolution a compound eye can provide is limited by diffraction. The constraints become
clearer if we imagine a compound eye with a resolution comparable to the human eye. In such
a case, the compound eye would need to have a diameter of one meter, a dimension hardly
feasible for any of the numerous insect species (Kirschfeld, 1976).

In many nocturnal insects and some crustaceans nature invented an optical system to
increase the sensitivity of the compound eye (Nilsson, 1989). This improvement is achieved
by using an optical design where the light reaching the photoreceptors comes not from only
one optical element (the lens) but from many. Such compound eyes are known as
superposition eyes, since light from many elements are superimposed. They differ from
apposition eyes being less obviously divided into ommatidia and having a single, deep-lying

retinal layer separated from the optical elements by a transparent region.

3.5 The camera type eye
The major difference between the pinhole eye and the camera-type eye is the acquisition of a

lens of the latter. As discussed in the previous paragraph, the optical design of a pinhole eye
either leads to a very dim or a blurred image. To circumvent this disadvantage, nature
invented a focusing device, the lens, which enables the eye to increase its resolution power

without decreasing the amount of incident light. Eyes of this constructions are found in

22



vertebrates, in cephalopods other than

Eye Formation in

Nautilus, but also in some gastropod Cephalopods Vortebralss

molluscs, some annelid worms and at least

in one copepod (Land, 1984). The lens is

generally made of proteins that have a o
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a serious problem. Light-rays which hit the
outer region of the lens are bent too much

and focus closer to the lens than rays
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striking closer to the centre of the lens, a
phenomenon called spherical aberration. In Figure 3.5.1 Schematic diagram of cephalopod eye

fishes, this problem is solved by forming a development (Left) and vertebrate eye development
(Right). Development proceeds from top to bottom.

lens with gradient of refractive index with  The cephalopod eye forms from an epidermal placode

. . . through a series of successive infoldings, while the
the highest in the centre and the lowest in  vertebrate eye emerges from the neural plate and

the periphery (Jagger, 1992). In land- ?11_;1;1»:?: t1119e9(7);erlying epidermis to form the lens. From
dwelling vertebrates the transparent cornea

becomes a refractive device too, because on land the lens is exposed to air on one side and to
water on the other. Just adding the new optical power of the cornea to that of the spherical
lens would result in an eye forming the image far in front of the retina. How is the problem
solved then? To loose the protecting cornea is probably not a very save solution, hence it is
the lens which has to be rejected or modified. Indeed, the lens of land vertebrates retain their
lenses but with much weaker focusing power. In humans, for example, the cornea is
accountable for two thirds of the light-bending activity (Charman, 1991). During this
adaption, the lens become more a device for accommodation (focusing to different distances)
than for providing focusing power. As homogeneous lenses, the cornea too is not immune of
spherical aberration. In human, for example, this is counteracted by a slightly dome-shaped
surface of the lens.

Worth mentioning is the case of the cephalopod eye versus the vertebrate eye, since this was a

textbook example for convergent evolution (Figure 3.5.1). Although they are extraordinary
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similar in design, they differ in their ultrastructure as well as in their ontology. Anatomically,
there are two main differences. In the first place they use different types of photoreceptor
cells. Whereas cephalopods use rhabdomeric photoreceptor cells, the vertebrate retina consists
of ciliary photoreceptor cells. Secondly, the photoreceptor cells of cephalopods are orientated
towards the light-source, representing the everted configuration, whereas photoreceptor cells
of vertebrates are inverted, pointing away from the light-source. Also the embryonic origins
of the eye differ remarkably. Vertebrate eye development starts with a neuroectodermal
outgrowth from the lateral forebrain giving rise to an optic vesicle (Figure 3.5.1). The optic
vesicle comes into close contact with the overlying surface ectoderm and induces the
formation of the lens placode. Further development leads then to the invagination of the optic
vesicle, forming two retinal layers, an inner neuroretinal layer and an outer retinal pigmented
epithelium. Concomitantly, the lens placode develops into a lens and the covering epidermis
into a transparent cornea. In cephalopods however, all three structures, the retina, the lens and
the cornea develop from the surface ectoderm. Initially, the surface forms an eye placode of
thickened cells, which then invaginates to form the retina. The lens, iris and cornea form from
successive folds of the ectoderm that encircle the developing eye. In contrast to vertebrates,
the lens of cephalopods are acellular and develop as two approximately hemispheric halves

from two separate ectodermal sources (Sivak et al., 1994).

Another important optical system found in nature is the mirror eye. Since this eye-type was
extensively discussed for scallops in a previous section, a further description of the mirror eye

is unnecessary.

4. Eye evolution

In modern animals various eye-types with intriguing complexity and amazing acuity are
found. For a long time it was a complete enigma how such a perfect device as the vertebrate
eye, which is capable to adjust the focus to different distances and to adopt to different light
intensities and furthermore is able to correct spherical and chromatic aberration, could have
evolved. Already Darwin, in his seminal work “The origin of species”, admitted that the idea
of an organ as perfect as the eye could have been formed by natural selection seems plainly
counter-intuitive. Each part of the eye, as for example the lens or the retina, are essential to

enable proper vision. How is it possible then to explain eye evolution by natural selection if
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each of its components are nonredundantly needed for accurate function? Darwin, completely
aware of these troubles, proposed a genuine hypothesis. He assumed a primitive and yet
imperfect eye, a prototype eye, on which natural selection could act (Figure 4.1). This
prototype eye, Darwin proposed, consists of at least two cells: a photosensitive cell
(photoreceptor cell) and a pigment cell that shields the photoreceptor cell from one side.
Indeed such two-celled eyes were found, for example, in trochophora larvae and in planarians

(Figure 4.1) (Arendt and Wittbrodt, 2001; Gehring and Ikeo, 1999).

From this prototype then, more sophisticated
eye could have evolved in a gradual manner by
variation and natural selection. However the
prototype eye itself can not be explained by
natural selection, since natural selection can
~sz | only work once the eye functions at least
partially. Therefore the origin of the prototype
eye must have been a stochastically very im-

¢ | probable event. But what was the driving force

in evolution to generate a mechanism for light
perception? There is no necessary need for light

or visual perception to interact with the

Fig 4.1 Histological section through a prototype environment. There is a vast array of sensory

like —eye (Planaria torva) consisting of three  perceptions in animals ranging from olfactory
photoreceptor cells and one shielding pigment

cell. sti microvilli, sz photoreceptor cell, pbk  perception to the ability to sense electric fields
pigment cell nucleus. After (Hesse, 1897).

or to notice the terrestrial magnetic field.

However, there must have been a selective
advantage during evolution for light perception. Almost every, if not all organisms are known
to have the ability of light perception, from bacteria to protists up to higher metazoans.
Gehring and Roshbach (Gehring and Rosbash, 2003) proposed that the capability to detect
light must have been a selective advantage in the early phases of evolution. Geological studies
provide evidence that in precambrian times the atmosphere contained little oxygen and a
protecting ozone layer was lacking. Therefore organisms were exposed to heavy doses of de-
structive UV irradiation during daytime. The strong selective pressure by UV irradiation most
probably drove the evolution of specialized photoreceptors. Since life originated in the

oceans, Gehring and Roshbach suggest that the new feature to sense light intensity enabled

organisms to avoid UV irradiation by descending in the oceans. In a nutshell, the early
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Molluscs
Figure 4.2 Monophyletic evolution of various eye-types starting from a Pax6-dependent Darwinian prototype
eye consisting of one photoreceptor cell and a shielding pigment cell. From (Gehring and Ikeo, 1999).

environmental conditions on earth exerted a strong selective pressure in favour for the
evolution of a light sensing device in living organisms. As evolution went on, the new
acquirement of light perception was gradually developed to higher levels of complexity and

eventually gave rise to sophisticated eyes allowing spatial vision. Nature produced a plethora

of eyes in metazoans, at various
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locations and of breathtaking morphological diversity. The wealth of eye diversity caused
Neo-Darwinist to propose, most prominently Salvini-Plawen and Mayr (1961), that
photoreceptor organs originated independently at least in 40, but possible up to 65 or more
different phyletic lines. However their conclusion is purely based on comparative mor-
phological and ultrastructural reasons and excludes critical facts that argue rather for a mono-
phyletic origin of the eye. The most striking evidence for a monophyletic origin is found on
the molecular level. An important argument for a monophyletic origin is, for example, the
observation that all metazoans share the same visual pigment, rhodopsin. But even on pure
morphological reasons it is highly unlikely that eyes evolved 40 to 60 times independently in
different phyletic lines. The finding that within a single phyletic class of bivalvian molluscs
all major eye-types are represented (compound eyes in ark shells, camera-type eyes in cockles
(Cardium) and mirror eyes in scallops) makes it highly improbable that all these eye-types
evolved independently in the bivalvian class. Given that new formations are stochastically
rare events, it seems more plausible to propose that these eyes arose by divergent evolution
from a common ancestor eye than to argue for the rather improbable event that they emerged
independently. The most powerful evidence for a monophyletic origin of the eyes is found at
the level of specifying transcription factors. One of these, the gene Pax6, has been shown to
play a very important role in developing eyes throughout the animal kingdom. The wide use
of Pax6 as a master control gene for eye development can be best understood as a reflection
of a very ancient Pax6 involvement for the specification of a pre-bilaterian photoreceptor cell

precursor (Figure 4.2) (Gehring and Ikeo, 1999; Pichaud and Desplan, 2002).

5. Photoreception

5.1 Two different types of photoreceptor cells
All photoreceptor cells face the problem to store as many photopigment molecules as

possible to gain optimal light-sensitivity. Since the photopigment, rhodopsin, is a membrane
protein traversing the lipid bilayer seven times, storage can be enhanced by enlarging the
membrane surface. Indeed, photoreceptor cells do so by local in- or outfolding of their
membrane surface, forming a light-sensitive organelle. From ultrastructural studies it is long
known that nature found two ways to do so. One strategy is to fold the apical cell surface into

numerous microvilli forming a structure called rhabdom found in rhabdomeric photoreceptor
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Rhabdomere
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Cilium ——

Figure 5.1.1 Ciliary and rhabdomeric photoreceptor
structures. The photoreceptive membrane of
rhabdomeric photoreceptors is build up by tightly
packed tubular microvilli forming a rhabdomere.
Vertebrate rod outer segments (ROS) contain stacks
of membranous discs and are connected to the cell
body by a cilium. SMC: submicrovillar cisternae.
From (Hardie and Raghu, 2001Db).

Vertebrate rod  C€lls. Another strategy traced by nature is to

fold the ciliary membrane, as found in ciliary
1968; Eakin,
1982). Initially it has been proposed that

photoreceptor cells (Eakin,

rhabdomeric photoreceptors are characteristic

for protostomes, whereas ciliary

photoreceptors

deuterostomes (Eakin, 1968; Eakin, 1982).

are represented by
However it turned out that ciliary and
rhabdomeric photoreceptor cells co-exist.
This finding raised the question about the
phylogenetic relationship of these two photo-
receptor cell types. Some authors proposed
that all photoreceptor cells can be traced back
to a single precursor photoreceptor cell type
present in Urbilateria. Based on this view,
rhabdomeric and ciliary photoreceptor cells
may have evolved multiple times
independent from the urbilaterian precursor
cell. An alternative perception is, in view of

the widespread occurrence of both receptor

types in bilaterian, that both ciliary and rhabdomeric photoreceptor cell types were already

present in Urbilateria. New molecular data and the construction of phylogenetic trees for con-

served proteins used in the phototransduction pathway and quenching, like opsin, opsin-

coupled G-protein, arrestin and rhodopsin kinase, suggest that the two photoreceptor types

represent distinct paralogs. These findings favour the view that the two photoreceptor cell

types coexisted already in Urbilateria (Arendt, 2003). A plausible explanation is to argue that

a single pre-bilaterian photoreceptor cell precursor diversified into two distinct types just at

the outset of bilaterian evolution followed by subsequent gene duplication events and

concomitant functional diversification (Fig 5.1.2).
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Figure 5.1.2 Two conflicting scenarios for the evolution of rhabdomeric and ciliary photoreceptor cell types.
Alternative (a) considers the possibility that the ciliary and rhabdomeric photoreceptor cell types evolved multiple
times independently, whereas alternative (b) suggests that both photoreceptor cell types emerged and coexisted already

in Urbilateria. From (Arendt, 2003).
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5.2 Usage of distinct phototransduction pathways in rhabdomeric versus ciliary

photoreceptors

The first event in phototransduction is the absorption of a photon by the covalently
bound retinal, most commonly 11-cis retinal, which initiates the isomerization to all-trans
retinal (for review, see (Hargrave and McDowell, 1992). This is followed by a series of
interactions between the retinal and the opsin protein, leading to a conformational change of

opsin. The activated rhodopsin is now able to bind and activate a heterotrimeric G-protein.

@  Rhabdomeric (b) Ciliary Upon activation, the o-subunit of the G-

protein exchanges GDP for GTP and the a-
Fopsin subunit dissociates from the By-subunit
(Hamm and Gilchrist, 1996). Up to this point
the transduction events are shared by both the

rhabdomeric as well as the ciliary

photoreceptor. However the downstream

events differ (Figure 5.2.1). In ciliary

photoreceptors, the dissociated o-subunit of

G-protein binds to cGMP-phosphodiesterase

(PDE) and stimulates its hydrolytic activity

°
a2

Depolarization (d) Hyperpolarization

w0 by removing the inhibitory y-subunit (Figure

o

Membrane
potential
?

Membrane
potential

5.2.1B). The activated PDE now catalyzes

L Ll the hydrolysis of cGMP leading to a decrease

Figure 5.2.1 Usage of distinct phototransduction of intracellular cGMP concentration (Lamb,

paihvays i hadomeric versts Sy PhOORD 1995 ikt al., 1973). The low level of
(see text for more information; from (Nilsson, 2004). - GMP finally leads to the closure of cGMP-

gated cation channels on the cell membrane
and results in hyperpolarization (for review, see (Arshavsky et al., 2002).

In contrast to ciliary photoreceptors, the a-subunit of the G-protein in rhabdomeric
photoreceptors binds to the phosphoinositide-specific phospholipase C (PLCP) (Figure
5.2.1A). The PLCP then hydrolizes the membrane bound phospholipid, phosphatidyl inositol
4,5-bisphosphate  (PIP,) producing soluble inositol 1,4,5-trisphophate (InsP3;) and

diacylglycerol (DAG). This results, by a yet unknown mechanism, in the activation of cation-

permeable channels and to the depolarization of the membrane (Hardie, 2001a).
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6. Genes involved in the genetic cascade of eye development

6.1 The Pax Gene family

6.1.1 Pax genes in general
The Pax family of transcription factors are characterized by a highly conserved 128

amino acid long DNA-binding domain, the Paired domain and a Paired type homeodomain.
The first isolated gene containing a paired box was the segmentation gene paired from
Drosophila (Bopp et al., 1986). In the meantime, many Pax genes were isolated from various
metazoan species. The Pax genes can be grouped into four different classes depending on
whether they have an octapeptide or not and whether they have a complete, partial or no
homeodomain (Figure 6.1.1.1).

Data from crystallography indicate that the Paired domain consists of two independent
subdomains, an amino-terminal PAI domain and a carboxy-terminal RED domain (Czerny et
al.,, 1993; Xu et al., 1995)which recognizes a bipartite DNA site of about 17 nucleotides
(Czerny et al., 1993; Epstein et al., 1994a). The two subdomains structurally resembles the
helix-turn-helix (HTH) motif connected by a linker region. However, biochemical studies
suggest that the isolated Paired domain does not adopt a fixed conformation unless it is
incubated with DNA (Epstein et al., 1994a).

The PAI domain is generally more strongly conserved and seems to be dominant over
the RED domain. Three amino acids (at position 42, 44 and 47) within the PAI domain are
responsible for the different DNA-binding specificities between Pax2/5/8 and Pax6 (Czerny
and Busslinger, 1995). Pax6 is specified by the amino acids IQN at these positions, whereas
amino acids QRH define Pax2/5/8 specificity. However, recent evidence suggest that
intramolecular interactions with distinct DNA-binding domains can modify the activity of Pax
genes (Underhill and Gros, 1997). Moreover it has been shown that the Paired domain can
also act as a protein-protein interaction domain (Plaza et al., 2001; Underhill and Gros, 1997).
In addition to the Paired domain, the Pax genes have a second DNA binding domain, the 60
amino acid long Homeodomain. Most homeoproteins, including all Hox proteins bear a Gln at
position 50. In contrast, Pax homeodomains are always characterized by a serine at the
position 50, which is known to be crucial to determine the DNA binding specificity.
Homeodomains were found to bind to palindromic TAAT-like target sequences, either as a

homodimer or as heterodimers with other homeodomain containing transcription factors.
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Figure 6.1.1.1 Schematic representation of the different Pax gene families in mouse and human. All Pax
proteins contain a paired domain and, with the exception of the Pax4/6, an octapeptide. Pax2/5/8 have only a
partial homeodomain and the homeodomain lacks completely in Pax1/9 (kindly provided by W. Gehring).

Alternatively splicing and alternative promoters are common mechanisms of Pax
genes to modify the DNA binding characteristics. For example, alternative splicing within the
Paired domain of Pax3, Pax6 and Pax8 alters the DNA-binding specificities (Epstein et al.,
1994b; Kozmik et al., 1997; Vogan et al., 1996).

Pax genes (except Pax4 and Pax6) have an additional highly conserved eight amino
acid domain, the octapeptide, located in the linker region between the Paired and the
Homeodomain. The consensus amino acid sequence is HSIDGIL(G/S) for Pax3 and Pax7,
YSI(N/S)G(I/L)LG for Pax2, Pax5 and Pax8, and HVS(S/T)(N/D)ILG for Pax1l and Pax9
(Noll, 1993). Deletion studies suggest that the octapeptide has inhibitory activity mediated by
interaction of co-repressors, as for example the Groucho family (Eberhard et al., 2000; Lang

et al., 2005).
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Pax genes have been shown to play an important role in the development of various
organs. Examples for organs where Pax genes seem to be crucial are the eye (Pax6 and 2), the
skeleton (Pax1l and 9), the kidney (Pax2 and 8), B cells (Pax5), the thyroid (Pax8), the
pancreas (Pax4 and 6), the central nervous system (Pax2, 3, 5, 6, 7, 8) and the skeletal muscle

(Pax3 and 7).

6.1.2 Pax function in eye development
Pax genes are composed by different DNA binding domains, which may interact and

cooperate. As a result they are capable to regulate a very broad spectrum of genes organized
in networks or developmental programs. It has been proposed that the Paired domain and the
Homeodomain, each able to regulate separate biological programs independently, might have
been co-opted within a single Pax gene to regulate the development of the proto-type eye
(Kozmik, 2005). There are two essential building blocks which have to be generated to build
up a prototype eye: the dark pigment for shading and the photopigment to capture photons.
Several lines of evidences suggests that there are specific roles for the Paired domain and
Homeodomain in this process. It has been postulated that the Paired domain might be
predominantly involved in pigmentation programs, regulation of crystallin expression and for
general eye morphogenesis, whereas the Homeodomain is required for the expression of the
photopigment gene opsin. In favour for such a model is for example the finding that the Dro-
sophila Pax2 homolog sparkling, which has only a partial homeodomain, is required for the
development of pigment cells in the compound eye (Fu and Noll, 1997). Consistent with this
finding, murine Pax2 and Pax6 are also expressed in the developing retinal pigment
epithelium (Martinez-Morales et al., 2004). Pax6 and Pax2 were shown to bind and activate a
retinal pigment epithelium specific mitf promoter element in vitro (Baumer et al., 2003). The
microphthalmia-associated transcription factor, Mitf, has a conserved and fundamental
function in the development of melanin producing cells and directly regulates melanogenic
enzymes (Martinez-Morales et al., 2004). Mitf loss of function leads to a transdifferentiation
of retinal pigmented epithelia into unpigmented retina, whereas overexpression induces pig-
mentation in the neuroretina. Consistent with this idea, Pax3 has found to be expressed in
neural crest derived melanocytes (Martinez-Morales et al., 2004).

These findings may reflect an ancestral role of the Homeodomain in opsin regulation.
In vertebrates however, Pax6 is not expressed in ciliary photoreceptors and is, thus, not used

for activation of opsin genes. Interestingly, Pax6 is found to be expressed in the retinal
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ganglion cells of vertebrates, which are thought to be homologous to the ancestral
rhabdomeric photoreceptor cell type (Arendt, 2003). In the cause of evolution other
Homeodomain containing proteins were recruited to regulate opsin expression, such as Crx in
vertebrates or otd in Drosophila.

It has been proposed that at the origin of modern Pax genes, a Paired domain
containing protein (likely originated from a transposase) captured a Homeodomain through
gene fusion, leading to a protein family able to bind complex cognate DNA sites (Breitling
and Gerber, 2000). A Pax-B like gene mostly related to the Pax2/5/8 subfamily was isolated
from the sponge Ephydatia fluviatilus, one of the most primitive representatives of the animal
kingdom (Hoshiyama et al., 1998). The sponge Pax gene encodes for a degenerated but
nevertheless well recognizable Homeodomain, suggesting that the Pax genes are of
monophyletic origin which captured the Homeodomain very early in evolution and that
Homeobox-free Pax genes evolved by losing the Homeodomain. It seems plausible therefore
to postulate that the origin of Pax genes predates the origin of eyes and the nervous system.
Based on studies of visual system development and the role of Pax genes in very basal
animals, it seems that the Pax genes have a very ancient and fundamental role in eye devel-
opment (Kozmik et al., 2003; Nordstrom et al., 2003; Piatigorsky and Kozmik, 2004; Sun et
al., 2001).

6.2 Pax6

6.2.1 Pax6 in general
Pax6 belongs to the Pax gene family of transcription factors and is highly conserved

throughout the animal kingdom. It was first isolated from vertebrates, first mice and humans
(Ton et al., 1991; Walther and Gruss, 1991), and shortly after it was cloned from zebrafish
(Puschel et al., 1992). The human Pax6 was isolated as a positional candidate for the ocular
and neurodevelopmental disorder aniridia. For proper eye development one wild-type allele is
not enough, hence heterozygous conditions lead to haploinsufficiency. Patients suffering
from aniridia have ocular abnormalities (Prosser and van Heyningen, 1998; van Heyningen
and Williamson, 2002) and moderate defects in the olfactory system and the brain (Ellison-
Wright et al., 2004; Sisodiya et al., 2001). The clinical picture of aniridia includes iris
hypoplasia, often combined with cataracts, corneal defects, foveal dysplasia, glaucoma,
nystagmus and foveal and optic nerve hypoplasia (Figure 6.2.1.1) (Hittner, 1989; Nelson et
al., 1984). About 80% of Pax6 mutations in humans lead to typical aniridia phenotypes
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(Prosser and van Heyningen,
1998), 10% of mutations involve
regulatory mutations (Kleinjan et
al., 2001; Lauderdale et al., 2000)
and about half of the remaining
10% cases are missense mutations
generating single amino acid
substitutions which cause less
severe phenotypes, e.g. foveal

hypoplasia,  Peter’s anomaly,

congenital cataracts and autosomal

Figure 6.2.1.1 Heterozygous Pax6 mutations in humans result in
sever to mild eye defects. From (Neethirajan et al., 2004). dominant keratitis (Prosser and

van Heyningen, 1998; van
Heyningen and Williamson, 2002). There are two reported cases of homozygosity, which led
to anophthalmia, noseless phenotype and severe brain defects (Glaser et al., 1994). In mice,
mutations in the Pax6 gene results in small eyes, a phenotype very similar to that of human
aniridia (Hill et al., 1991).
A Pax6 homolog was also found in Drosophila (Quiring et al., 1994). The Drosophila
Pax6 homolog showed high sequence similarities in both the paired (94% identity) and the
homeodomain (90% identity) to the vertebrate homolog. Very surprisingly it turned out that
the Drosophila Pax6 was the eyeless (ey) gene, known by a mutation affecting the eyes since
1915 (Hoge, 1915). This was a complete surprise because it was generally accepted that the
camera eyes of vertebrates and the compound eyes of insects are non-homologues and have
evolved independently. The finding that Pax6 is not only highly conserved in sequence
homology but also in its function led to the idea that Pax6 might be a universal master control
gene for eye development (Quiring et al., 1994). This hypothesis was further confirmed by
targeted gene expression of eyeless in other imaginal discs than the eye disc using the Gal4
system (Halder et al., 1995). Ectopic eyes were induced on the legs, wings, halteres and the
antennae of the fly. Another striking evidence for a strong functional conservation of Pax6
was the finding that ectopic expression of murine Pax6 can induce ectopic in the fly (Halder
et al., 1995). Consistently, the reciprocal experiment, overexpression of eyeless or twin of
eyeless (toy) in Xenopus embryos, leads to the development of vertebrate eye structures

(Onuma et al., 2002).
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6.2.2 Pax6 protein structure
Pax6 proteins have an N-terminally located 128 amino acid long Paired domain, a

linker region of variable length, a 60 amino acid long Homeodomain and C-terminal proline-
serine-threonine rich region (Figure 6.2.2.1A). The paired domain is a bipartite DNA
recognition domain, separated in a N-terminal PAI and a C-terminal RED subdomain (Czerny
et al., 1993; Xu et al., 1995). Both domains fold into a helix-turn-helix motif similar to the
homeodomain and are separated by a short linker. The N-terminal PAI subdomain is build up
by a short B-sheet, followed by a type II B-turn, three helices, which have a similar
conformation as the homeodomain, and a C-terminal tail (Figure 6.2.2.1C). The N-terminal 3-
sheet interacts with the sugar phosphate backbone of the DNA. The following B-turn fits
directly into the minor groove of the DNA and makes critical base contact. DNA binding
specificity of Pax6 is determined by the amino acids at position 42, 44 and 47 of the Paired
domain (Czerny and Busslinger, 1995). Isoleucine at position 42 and glutamate at position 44
are Pax6-specific, whereas the asparagine residue at position 47 is shared with Pax4. All other
Pax proteins have a glutamate at position 42, an arginine at position 44 and a histidine at
position 47. Three a-helices are following of which helix two and three fold into a helix-turn-
helix motif (Figure 6.2.2.1C). Helix 2 makes contact to the DNA phosphate backbone,
whereas recognition helix 3 fits into the major groove. The C-terminal tail of the PAI
subdomain contacts the minor groove (Halder et al., 1995; Xu et al., 1995).

The C-terminal RED subdomain contains three helices folding into a helix-turn-helix
motif. However, there is evidence that the RED domain of Pax6 is usually not involved in
DNA binding. It is suggested that the PAI subdomain which provides the more important
DNA contacts is sufficient for DNA binding (Cai et al., 1994; Chalepakis et al., 1991; Czerny
et al., 1993; Treisman et al., 1991). However, there is a Pax6 splice variant known (Pax6 5a)
which contains a 14 amino acid insertion in the PAI subdomain, which disrupts its DNA
binding capability and enables the RED subdomain to make contact to a binding site other
than the PAI consensus site (Epstein et al., 1994b). The crystal structure of a paired-type
Homeodomain has been determined by X-ray christallography (Wilson et al., 1995). The
homeodomain contains three helices folded into a globular domain which is organized into a
flexible N-terminal arm, followed by Helix 1 that is separated from Helix 2 by a loop (Figure
6.2.2.1C). Helix 2 and Helix 3 form a helix-turn-helix motif, Helix 3 being the recognition
helix. The N-terminal arm makes base-specific contacts with the minor groove, whereas Helix

3 makes contact with the mayor groove.
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Figure 6.2.2.1 Pax6 protein structure. (A) Schematic representation of the human Pax6 protein. (B) The
structural model of the Pax6 Paired domain in complex with a 26 bp DNA duplex. (C) The amino acid
sequence of the Paired domain and Homeodomain. Protein interactions with DNA are indicated below the
amino acid sequence; minor (m) groove, mayor (M) grove. Modified from (Tsonis and Fuentes, 2006).

6.2.3 Pax6 expression in the vertebrate eye

Pax6 has been examined in various vertebrates as for example in the mouse (Ton et
al., 1991; Ton et al., 1992; Walther and Gruss, 1991) and zebrafish (Krauss et al., 1991;

Puschel et al., 1992). The following description is based on observations in the mouse, but
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expression is similar in other vertebrates. The first morphological indication of eye
development starts with the formation of the optic pit. At this stage, Pax6 is broadly
expressed in the surface ectoderm including the optic pit. Subsequently, Pax6 is expressed in
the forming optic vesicle and the developing optic stalk. Later, as the optic cup starts to form,
expression becomes weaker and subsequently vanishes in the optic stalk. In the optic cup,
Pax6 is expressed in a distal-proximal gradient. Expression of Pax6 is first observed in both
epithelial layers of the optic cup, but becomes restricted to the inner layer, the presumptive
neuroretina, whereas expression in the outer layer, the presumptive retinal pigment
epithelium, is only seen near the rim of the optic cup. This distalmost part of the retinal
pigment epithelium will give rise to the future neuroectodermal components of the iris and the
ciliary body. During retinogenesis, Pax6 is found to be expressed in virtually all retinal pro-
genitor cells. However, as more and more cells differentiate into diverse cell lineages, Pax6
expression becomes restricted to distinct retinal cells (Marquardt et al., 2001). In the adult
neuroretina expression is restricted to the amacrine neurons, the ganglion cell layer and the
bipolar nerve layer.

In amphibians and fish the retina continues to grow throughout adult live to keep pace
with the increasing body size. The new retinal cells are generated from a specialized
proliferative zone in the peripheral rim of the neuroretina, the ciliary marginal zone (CMZ)
(Wetts et al., 1989). The CMZ progenitor cells are multipotent and can give rise to all retinal
cell types, including retinal pigmented epithelium cells (Wetts and Fraser, 1988). Similar to
the retinal progenitor cells in the embryonic murine retina, Pax6 is expressed in the distalmost
stem cells of the CMZ (Perron et al., 1998).

During eye development, Pax6 expression in the surface head ectoderm becomes
progressively restricted to the developing lens placode, nasal placode and adjacent tissue.
Subsequently, expression becomes further restricted, leading to separated expression in the
lens and nasal placode. As the lens placode comes into close contact with the outgrowing
optic vesicle, Pax6 expression level is increased in the placode and becomes restricted to the
proliferating lens epithelial cells. After the separation of the lens vesicle, Pax6 remains
expressed in the surface ectoderm destined to become the corneal epithelium (Grindley et al.,
1995). In the lens, expression continues in differentiating epithelial fiber cells. In guinea pigs,
Pax6 expression has been shown to peak in the epithelium of the lens, is reduced in the
equatorial region where cells differentiate into elongated lens cortical fibers and disappears in

older layers (Richardson et al., 1995).
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6.2.4 Pax6 expression in the fly eye
Eyeless expression in Drosophila is first detected at the germ band stage. Expression

is observed in a bilaterally symmetrical pattern in the brain, the anteriorly located primordia
of the eye imaginal discs and in every segment of the ventral nervous system (Quiring et al.,
1994). Later in development, expression is restricted to the brain region and the primordia of
the eye disc. At the third larval stage, eyeless is expressed anterior to the morphogenetic
furrow of the eye disc.

Expression of the second Pax6 homolog of Drosophila, twin of eyeless (toy), is first
detected at the cellular blastoderm stage in the posterior cephalic region including the region
of the presumptive optic lobe (Czerny et al., 1999). Subsequently, expression is observed in
the dorsolateral head ectoderm which will give rise to the brain and the visual system,
including the optic lobe, Bolwig’s organ (larval eye) and the eye imaginal disc, which further
develops into the adult compound eye and into three ocelli. After germband retraction, toy
expression is found in the eye imaginal disc primordia. At the third instar larval stage, toy is
expressed in the undifferentiated region of the eye disc which lies anterior to the

morphogenetic furrow.

6.2.5 Pax6 expression outside of the eye
Pax6 expression has been shown in many sites outside of the developing eyes. In

mammals, Pax6 is also expressed in the nasal placode, the pancreas, the gut, pituitary, brain
and spinal cord at the early stages of embryonic development (Walther and Gruss, 1991).
During embryonic development, Pax6 expression starts at the stage when the first
somites are formed and the neural fold begins to close in the cervical region (Gérard, 1995;
Grindley et al., 1995; Krauss et al., 1991; Puschel et al., 1992; Walther and Gruss, 1991).
Expression is first detected in the prosencephalon (forebrain) and rhombencephalon
(hindbrain), in the developing spinal cord and in a broad region of the head ectoderm. During
forebrain development, Pax6 expression is first detected in a broad domain in the
neuroepithelium, including the region of the prospective optic vesicles, telencephalon and
diencephalon (Grindley et al., 1995; Walther and Gruss, 1991). In the neural tube, Pax6
expression is mainly restricted to mitotically active cells in the ventral ventricular zone and
extends along the entire posteroanterior axis up to the thombencephalic isthmus. As the head
ectoderm starts to form the nasal and eye placode, Pax6 expression becomes restricted to the

placodes.
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Pax6 is expressed in the nasal placode and stays expressed in the placodal epithelium during
the formation of the nasal pit. Subsequently, expression is observed in the developing
olfactory epithelium (Grindley et al., 1995; Walther and Gruss, 1991).

In early stages of mouse pancreas development, Pax6 expression is first detected in
the foregut/midgut endoderm from which the pancreatic bud develops. During further
development, expression is maintained in a subset of cells of the dorsal and ventral pancreas.
In newborn mice, expression becomes restricted to the islets of Langerhans. Pax6 expression
in the pancreas of newborn mice has been detected in cells of the endocrine tissue expressing
insulin, glucagon, pancreatic polypeptide (PP), or somatostatin, corresponding to mature -,
a-, -, y-endocrine cells, respectively (Hill et al., 1999; St-Onge et al., 1997). Furthermore,
Pax6 expression was also found in the enterocrine cells of the small and large intestine (Hill
et al., 1999).

In Drosophila, the Pax6 homolog eyeless is expressed throughout the development of
the central nervous system and the eye (Quiring et al., 1994). During germ band extension, ey
is expressed in neuroblasts of the head, which will develop into parts of the brain. In the
ventral nerve cord, eyeless expression is restricted to three neuroblasts per hemisegment
(Callaerts et al., 1997; Quiring et al.,, 1994). The ganglion mother cell and neuron cell
progenies continue to express ey throughout the larval stages and in adult. The second Pax6
gene of Drosophila, toy, starts to be expressed earlier than ey. Toy expression is first detected
at the cellular blastoderm stage in the posterior procephalic region (Czerny et al., 1999). Until
germband retraction, foy expression is confined to the head region anterior to the cephalic
furrow. At this stage, foy expression is observed also in the ventral nerve cord, partially
overlapping with the expression of ey (Czerny et al., 1999). Later in development ey and toy
are also expressed in the mushroom bodies of the central nervous system (Callaerts et al.,
2001; Kammermeier et al., 2001; Noveen et al., 2000), which are high-order brain centers for
olfactory associative learning and elementary cognitive functions in the fly. Ey has been
shown to have an important function in axonal differentiation of the mushroom bodies neu-

rons (Callaerts et al., 2001; Kammermeier et al., 2001; Noveen et al., 2000).

6.2.6 The function of eyeless/twin of eyeless in Drosophila compound eye development
Beside eyeless, a second Pax6 homolog, twin of eyeless was discovered in Drosophila

which arose as a duplication event during insect evolution (Czerny et al., 1999). Both Pax6

homologs were shown to be able to induce ectopic eyes when ectopically expressed in
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Drosophila (Czerny et al., 1999; Halder et al., 1995). Toy was suggested to be upstream of ey.
Indeed, further investigations revealed an eye-specific enhancer of ey which is directly
regulated by 7oy (Hauck et al., 1999). Although ey and toy have partially redundant functions,
loss-of-function mutants for both ey and foy suggested that foy is required for the formation of
ocelli whereas ey is mainly involved in compound eye development (Kronhamn et al., 2002;
Punzo et al., 2002). Consistent with this finding, so was found to contain an ocelli-specific
enhancer which is regulated by oy, but not by ey (Punzo et al., 2002).

As just mentioned, so was found to be a direct target of ey and toy. The so eye-
specific enhancer contains five binding sites for ey and foy. TOY can bind to all five binding
sites, whereas EY recognizes only three of them.

So together with eyes absent (eya), a protein phosphatase (Li et al., 2003; Tootle et al.,
2003), are able to induce ectopic eyes when ectopically expressed (Pignoni et al., 1997),
probably by feed back activation of ey. The existence of a positive feedback loop was
confirmed by the finding of an eye-specific enhancer of the eyeless gene which is recognized
by SO (Pauli et al., 2005). Moreover, it was shown that so regulates its own expression by an
autoregulatory loop which is crucial for proper ocelli development.

Coexpression experiments suggested that EY, HH and DPP may function together as a
complex to promote cell proliferation in the eye disc and to prevent the premature expression

of the more downstream transcription factors so, eya and dachshund.

6.2.7 Pax6 function in vertebrate eye development
During eye development, Pax6 is expressed in different tissues and is required to

regulate the expression of a broad range of genes. Pax6 has been shown to play a crucial role
in common genetic programs such as cell proliferation and cell differentiation.

Initially, Pax6 is expressed in a broad domain of the anterior neural plate including the
cells which will give rise to the optic vesicle. Interestingly, Pax6 is dispensable for the
formation of the optic vesicles, as Pax6”" mice retain the capability to form the optic vesicle
and also the establishment of the neuroretinal and the retinal pigmented epithelium domains is
not perturbed (Grindley et al., 1995).

Although Pax6 is not required for the formation of the optic vesicle, it is required for
patterning the neuroretina. After optic cup formation, Pax6 is downregulated in the optic stalk
and the retinal pigment epithelium but remains expressed in the neuroretina (Macdonald and

Wilson, 1997). Expression in the neuroretina is found in the proliferating retinal progenitor
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cells, while it gets downregulated in most cells upon differentiation. Investigations of the
function of Pax6 in the neuroretina showed that it is required to maintain the multipotency of
retinal progenitor cells and for their normal proliferation. In Pax6-deficient retinal progenitor
cells, differentiation is reduced and exclusively amacrine interneurons are produced.
Importantly, Pax6 was shown to be required for the expression of several proneural genes,
including the retinal basic Helix-Loop-Helix genes Ngn2, Mashland Math5 (Marquardt et al.,
2001). Since retinogenesis has been shown to be normal in mice where the lens is eliminated
by deleting lens-specific Pax6 expression using the Cre/loxP system, Pax6 is thought to act
autonomously in the neuroretina (Ashery-Padan et al., 2000).

Several findings suggest that Pax6 plays an important function during early stages of
lens induction. In chimeric embryos of wild-type and Pax6/Pax6™ cells, for example, Pax6
/Pax6" cells are excluded from the surface ectoderm (Collinson et al., 2000). Furthermore, the
lens-specific marker fails to be expressed in Pax6/Pax6” mutant mouse embryos (Furuta and
Hogan, 1998; Wawersik et al., 1999). Moreover tissue recombinations between the optic
vesicle and the surface ectoderm of Pax6/Pax6 and wildtype rat embryos suggest that Pax6
is not essential for the inductive activity of the optic vesicle but rather has a cell autonomous
function in the surface ectoderm (Fujiwara et al., 1994). By deleting Pax6 exclusively from
the surface ectoderm after the lens bias stage using the Cre/loxP system, all lens structures
failed to form (Ashery-Padan et al., 2000). Interestingly, at this stage Pax6 is not required to
maintain the expression of the lens marker Sox2. Based on these results, it is suggested that
Pax6 function is essential in two successive stages of lens induction. Initially, Pax6 is
required to maintain the lens forming fate of the surface ectoderm by activating Sox2 in the
ectoderm. In the second stage, Pax6 activity is necessary to initiate lens differentiation by
controlling the expression of other lens specific regulatory genes such as Six3, ProxI and Eya
(Ashery-Padan et al., 2000). Six3, for example, has shown to be able to induce ectopic lenses
in fish (Oliver et al., 1996). Although at this stage Pax6 is not required to maintain Sox2
expression, Sox2 alone can not support lens formation in the absence of Pax6. This is
consistent with the finding that Pax6 binds cooperatively with Sox2 to the o crystallin
enhancer to mediate & crystallin expression (Kamachi et al., 1999; Kamachi et al., 2001.

Blanco et al., 2005).

6.3 The Six family genes

The first Six family gene isolated was sine oculis of Drosophila, which is known to

have an important function for compound eye morphogenesis (Cheyette et al., 1994; Serikaku
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Figure 6.3.1.1 Structure of the Six family proteins. Schematic representation of the mouse Six proteins
showing their characteristic structural features. The Six domain (blue) and the Six-type homeodomain
(yellow). The percentage of amino acid identity between the Six domains and between the Homeodomains
are indicated (Courtesy of D. Graziussi).

and O'Tousa, 1994). Subsequently, Six family genes were identified in many other species,
such as humans (Boucher et al., 1996; Boucher et al., 1995), mouse (Kawakami et al., 1996;
Oliver et al., 1995b), chicken (Bovolenta et al., 1998), frog (Seo et al., 1999), fish (Seo et al.,
1999; Seo et al., 1998) nematode (Seo et al., 1999) and planaria (Pineda et al., 2000).

A common feature of the Six proteins is the highly conserved Six-domain of 110 to
115 amino acids. Beside that, there is another conserved region, the 60 amino acid long Six-
type homeodomain. Characteristic for this homeodomain type is the lack of two highly
conserved amino acids generally found in most homeodomains; an arginine at position 5,
which is known to be important for the recognition of the DNA binding core sequence TAAT,
and a glutamine at position 12 in helix 1 (Serikaku and O'Tousa, 1994).

In mice, six members of the protein family have been identified (Figure 6.3.1.). Based
on sequence homologies in the Six domain and the Homeodomain, they can be grouped into
three subclasses: Six1/2, Six3/6 and Six4/5 (Seo et al., 1999). In Drosophila, three members
have been identified, sine oculis, optix and Dsix4 (Seo et al., 1999). Further, four members
have been isolated from Caenorhabditis elegans (Dozier et al., 2001) and at least one of each
subclass in basal metazoans (Bebenek et al., 2004; Stierwald et al., 2004). The Drosophila
sine oculis, which belongs to the Six1/2 subfamily, is required for the development of the

entire visual system, including the Bolwig’s organ (the larval photoreceptors), the three ocelli
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and the adult compound eye. Sine oculis has been shown to belong to the eye regulatory
network together with eyeless, twin of eyeless (toy), eyes absent and dachshund and to be a
direct target of EY and TOY (Niimi et al., 1999; Punzo et al., 2002). Optix, the Drosophila
Six3/6 homolog, is expressed in the eye imaginal disc and has the capability to induce ectopic
eyes in an eyeless-independent mechanism (Seimiya and Gehring, 2000; Toy et al., 1998).
The third member, Dsix4, was shown to be important for myoblast fusion (Kirby et al., 2001).

In vertebrates, Six3 and Six6 are expressed in the developing brain and eye (Kobayashi
et al., 1998; Loosli et al., 1999; Zuber et al., 1999) and at least Six3 is suggested to be under
direct control of Pax6.

Six5, has been shown to be critical for cataractogenesis and spermatogenesis (Sarkar et
al., 2000; Sarkar et al., 2004). Six/ and Six2 are involved in a broad array of developmental
processes. However, no function has been found for eye development. They are expressed in
the head mesoderm and are involved in mesodermal patterning in the mouse and limb tendon
development (Oliver et al., 1995a). Six/ was found to be expressed in the otic and olfactory
placode and is crucial for proper development of the nose and the auditory system (Laclef et
al., 2003b; Zheng et al., 2003). Moreover, Six/ is also suggested to play an important role in
myogenesis, since mice Six” embryos show selective loss of muscles, including distal
forelimb and hindlimb muscles and abdominal muscles (Laclef et al., 2003a). Consistent with
a putative role in myogenesis, Six/ and Six4 have been shown to be required for the

expression of Pax3 and myogenic regulatory factors (Grifone et al., 2005).

7. The opsin gene family

The opsins represent a large family of G-protein coupled receptors (GPCR), also know
as 7-transmembrane domain receptors, found in organisms ranging from archaea to humans
(Spudich et al., 2000). Common characteristics of opsin apoproteins are the seven
transmembrane a-helices and the covalently linked chromophore (retinal) which is attached to
the e-amino group of a lysine residue in the seventh helix through a Schiff base (Figure 7.1.1).
Their most prominent and most extensively studied function is their role in vision. Beside
that, opsins have very diverse functions, such as light-driven ion pumps, which mediates
phototaxis, or more specialized function such as the processing of retinaldehyde isomers.

Based on their various functions and sequence comparison, they can be divided into two
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Figure 7.1.1 Two-dimensional model of bovine rhodopsin. Some of the key residues are indicated by filled
circles. Residues in grey circles are not modeled in the current structure. From (Palczewski et al., 2000).
clearly distinct families, type 1 and type 2 rhodopsins (for review, see (Spudich et al., 2000).
The archeal type 1 rhodopsin functions as light-driven ion transporters (bacteriorhodopsin and
halorhodopsin), as receptors involved in phototaxis and many yet unknown functions (as for
example in fungi, (Brown, 2004)). Type 2 rhodopsins include the photosensitive receptor
proteins in animal eyes, as well as receptor proteins in the pineal gland, hypothalamus and
other tissues of lower metazoans. All type 2 photoreceptors isolated so far are from higher
eukaryotes. Although there is almost no or only little sequence homology between type 1 and
type 2 rhodopsins, the three-dimensional protein architectures are quite similar. They both
share the 7-transmembrane architecture and in all known cases a retinal chromophore is
linked to a lysine residue in the 7™ helix by a Schiff base. The fact that microbial-type
rhodopsins have very little sequence homology to animal-type rhodopsins suggests an
independent origin. It might be possible that animal rhodopsin evolved from other rhodopsin-
related proteins which were originally unrelated to light-sensing receptors as for example
chemoreceptors. Evidence supporting this idea is the finding that rhodopsin and the AMP

receptor of Dictyostelium, which functions as an chemoattractant receptor, show significant
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sequence homology (Gehring, 2004; Klein et al., 1988). Further support for this idea comes
from the fact that Pax6 was shown to be critical not only for the development of the eye but
also for the nose. These findings raise the possibility that the visual system might have
evolved from a chemoreceptive system (Gaines and Carlson, 1995; Gehring, 2004).

Phylogenetic analysis of visual opsins employed by rhabdomeric and ciliary
photoreceptors suggests that they represent two distinct orthologous opsin groups,
“rhabdomeric opsins” and “ciliary opsins”, respectively (Arendt et al., 2004). Interestingly,
vertebrate ciliary opsins show higher homology to retinochromes than to rhabdomeric opsins.
Reciprocally, invertebrate rhabdomeric opsins show higher homology to vertebrate
melanopsin than to vertebrate ciliary opsins (Provencio et al., 1998; Provencio et al., 2000). In
terms of evolution this is interesting because it suggests that they may trace back to distinct
genes in Urbilateria. A plausible explanation would be to propose a single, pre-bilaterian
photoreceptor cell which was using an ancestral opsin for light detection. During the course of
evolution, the pre-bilaterian opsin duplicated to yield two opsin paralogs, the rhabdomeric and
the ciliary opsin. Subsequently, diversification gave rise to rhabdomeric and ciliary sister cell
types (Arendt et al., 2004).

The finding that opsins are also expressed in photoreceptive, non-visual tissues such
as the pineal gland or the skin, lead to the informal classification of opsins as either “visual”
or “non-visual” (Kawamura and Yokoyama, 1998; Kojima and Fukada, 1999; Van Gelder,
2004).

Interestingly, some recently identified opsins in vertebrates, which are not directly
involved in image forming functions, were found to reside in the retina, although not in the
rod or cone photoreceptors (Blackshaw and Snyder, 1999; Provencio et al., 2000; Sun et al.,
1997, Tarttelin et al., 2003). This non-visual opsins found in the retina may play secondary
roles in vision as for example to generate appropriate retinoid isomers for the visual opsins
(Hao et al., 2000).

An important function of non-visual opsins is their involvement in photoentrainment.
Almost all animals have an “internal clock™ to keep pace to the 24h day and hence to the
varying demands of day and night. To link the internal clock to the environmental circadian
rhythm, photoreception, respectively opsins are used as an interface.

In mammals, the master circadian pacemaker is the suprachiasmatic nuclei (SCN)
(Ralph et al., 1990). The light information for the SCN originates in the retina and runs
through the retinohypothalamic tract (RHT), formed from about 1% of total retinal ganglion

cells (Moore and Lenn, 1972). In mammals, photosensitive receptors involved in
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photoentrainment seems to be restricted to ocular photoreceptors since bilateral removal of
the eyes have been shown to abolish photoentrainment (Nelson and Zucker, 1981). Several
experiments showed that melanopsin expression is absent in rods and cones but are restricted
to the small subsets of RGC projecting to the SCN. These findings suggested that the
melanopsin expressing RGC might serve as photoreceptors to provide photic information to
the circadian pacemaking SCN (Provencio et al., 1998; Provencio et al., 2000; Sollars et al.,
2003).

In contrast to mammals, non-mammalian vertebrates have additional photoreceptor
organs developing from the forebrain (Korf, 1994). All non-mammalian vertebrates have a
pineal organ containing photoreceptors and deep brain photoreceptors, located at several sites
in the brain, which are important to regulate circadian physiology. Moreover, in teleost fishes,
a novel opsin family was recently found which are expressed in a wide array of tissues and
which are suggested to be involved in the photic regulation of peripheral clocks (Moutsaki et

al., 2003).
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I1. Material and Methods

1. Molecular methods

Standart molecular methods like DNA digestion, alkaline phosphate treatment,
phenol-chloroform extraction of DNA, ligation, miniprep, agarose gel electrophoresis etc,
were performed according to (Sambrook and Russel, 2001) and will not be further described.
Only additional information about some protocols less commonly used are given in this

section.

2. Collection of the animals

Arca noae were collected by Scuba divers from the Laboratoire Arago, Banyuls-sur-
mer (South of France; Mediterranean Sea), whereas Pecten maximus were obtained from
Roscoff (Northern France; Atlantic coast). The animals were transported to Basel and kept in
a seawater aquarium.

Pecten maximus larvae were collected during one week at IFREMER in Brest (France). The
larvae were directly fixed in 4% Paraformaldehyde and transported to Basel. There,

Paraformaldehyde was substituted by Methanol and the larvae were kept at -20°C until use.

3. Preparation of genomic DNA

Gonads were dissected and 3g of the tissue was homogenized in 15ml HB buffer using
a Polytron homogenizer. Equal volume of 1:1 Phenol/Chloroform was added and mixed by
vortexing until well mixed and eventually shaked for 30 minutes on a flash shaker.
The extraction mix was centrifuged at 18,000g for 10 minutes at 20°C and the aqueous (top)
phase was transferred eventually to a new tube. The extraction step was repeated twice. Two
volumes of 100% ethanol was added to the aqueous phase transferred to a new tube, mixed
and centrifuged at 18,000g at 20°C for 10 minutes. Eventually the pellet was washed with
70% ethanol and resuspended in TE.
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4. Isolation of mRNA and cDNA synthesis

Messenger RNA was extracted using the Dynabead® mRNA DIRECT KIT™ from
DYNAL® Biotech. For cDNA synthesis the SuperScript™ III First-Strand Synthesis System

for RT-PCR from Invitrogen was used and carried out as described by the manufacturer.

3. Cryosections

Open the mussel with strong dissection scissors.

Carefully dissect the mantle edge containing the eyes lined up in a row of black dots (4rca) or

individual eyes (Pecten) with small scissors,.

Tissue was fixed in 4% Paraformaldehyde

Embed in O.C.T.-compound Tissue-Tek (Miles Laboratories) and freeze in liquid nitrogen.
Mount onto metal block-holder and adjust temperature for sectioning at -20°C.

The thickness of the section is 12pum.

Collect the sections on Superfrost slide and immediately flatten on a 50°C hot plate for 1-2
min.

Let the slides air-dry for 1 hour to over night.

Postfix the slides 30min 4% Paraformaldehyde in PBS
Wash: 2x 10min PBS, 01% Tween-20
Dehydrate Smin each Ethanol series 30%, 70%,

95%, 100% EtOH/PBS

6. In situ hybridization protocol

1. Substitute MetOH with water using 75%, 50%, 25% MetOH (each 30")
2. Wash with DEPC water 10' @ RT
3. Wash with PBS-Tween 10' @ RT
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4. Postfix with 4% PFA for 30'

5. Wash twice with PBS-Tween for 15'

6. Prehybridization for 1h @ 55°C (put on rotator)

7. Substitute Prehybridization solution with Hybridization solution (50ng Dig-labeled
probe/ml) for 2h @ 55°C (rotator)

8. Substitute solution with 65°C prewarmed HB + probe (overnight @ 55°C, rotator)
9. Wash 3x with Wash solution for 30' @ 55°C (rotator)

10. Wash once with Wash solution for 30' (@ 60-65°C (rotator)

11. Wash 4x with SolutionlIl @ 60-65°C (2x 10', 2x 15'; rotator)

12. Add Solution IIT + Bufferl (1:1) ; 20' @ RT

13. Wash 3x with Bufferl @RT

14. Block with Bufferll for 1h @ RT

15. 1/2000 anti-DIG/BufferlI for 3h @ RT

16. Wash 3x with Bufferl for 60'

17. Wash with TMN

18. BCIP-NBT/TMN

19. Stop reaction in TE or T-PBS

Solutions
Prehybridization solution:

50% Formamide, 5xSSC, 100pg/ml tRNA, 100ug/ml Heparin, 0.1% Tween20, 10mM DTT

50ml Prehybridization solution:

Formamide :25.0ml
20xSSC :12.5ml
IM DDT : 0.5ml
Heparin (50mg/ml) : 0.1ml
yeast tRNA (10mg/ml): 0.5ml
QH,O : 11.4ml
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Hybridization solution:
50% Formamide, 5xSSC, 100ug/ml tRNA, 100ug/ml Heparin, 0.1% Tween20, 10mM DTT,
10% Dextran

50ml Hybridization solution:

Formamide :25.0ml
20xSSC :12.5ml
IM DDT : 0.5ml
Heparin (50mg/ml) : 0.1ml
yeast tRNA (10mg/ml): 0.5ml

Dissolve Smg Dextran in ~8ml of Water @ 55°C and add to the other components. Fill up to a
total volume of 50ml with QH,O.

Wash solution:

50% Formamide, 5xSSC, 0.1% Tween20

Solution III:

50% Formamide, 2xSSC, 0.1% Tween20

Buffer I

0.1M Maleic acid, 0.15M NaCl, 0.1% TritonX

Buffer II

1% Blocking solution in Buffer I

TMNT:

100mM Tris-HCI1 pH9.5, 100mM NaCl, 50mM MgCl,, 0.1% Tween20
50ml TMNT:

5M NaCl : 1.0ml
IM MgCl :2.5ml
Tris-HC1 9.5 :2.5ml

10% Tween20 :0.5ml
BCIP-NBT/TMNT (10ml)

TMNT: 10.0ml
NBT (75mg/ml 70% DMF): 18.0ul
BCIP (50mg/ml DMF): 35.0ul
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7. PCR Protocols

Amplification of Pax6 fragments by degenerated primers

initial denaturation 2min at 94°C
denaturation 30sec at 94°C
annealing 30sec at 50°C 40x
elongation Imin at 72°C
final elongation Smin at 72°C
stop 0 at 4°C

Amplification of Six fragments by degenerated primers

initial denaturation 2min at 94°C
denaturation 30sec at 94°C
annealing 30sec at 42°C 40x
elongation Imin at 72°C
final elongation Smin at 72°C
stop 00 at 4°C

Amplification of Opsin fragments by degenerated primers

initial denaturation 2min at 94°C
denaturation 30sec at 94°C
annealing 30sec at 52°C 40x
elongation Imin at 72°C
final elongation Smin at 72°C
stop 00 at 4°C

7.1 Degenerated Primers

Pax6 degenerated primers
PrdX5 (YYETG) forward: S>CAGCTCGAGNTAYTAYGARACNGG3’
Prd 33 (WEIRD) reverse: S>GTATCTAGAGTCNCGDATYTCCCA3’
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Six degenerated primers

Six-FP (PR(T/S/C)IW) forward: 5’TTYCCIYTICCIMRIWSIATITGGGA3’

Six-RP: (TQV(G/S)NWF) reverse: S’TTYTTRAACCARTTISIIACYTGIGT3’
SixDomainF (QVACVC) forward: 5’>CARGKBGCBWGYGTBTGYGA3’

SixHD-AS (NWFKNRRQR) reverse: 5’CKKCKGTTYTTRAACCARTTGSWVAC3’

Opsin degenerated primers

opsin-1s (forward): 5’TGGGCIIIIICCHTIITNGGNTGG3’
opsin-2s (forward): S’GCCTTYITIHTIRCITGGWCNCCNTAZ’
opsin-la (reverse): SSTTGGACAIIMCRTAIAYIAINGGRTT3’
opsin-2a (reverse): S’AACGCTAIIAIIGMRTAIGGNGTCCA3’

8 RACE PCR

Race PCR was performed using the 3’ RACE system for Rapid Amplification of
cDNA Ends Version E/ 5> RACE system for Rapid Amplification of cDNA Ends Version 2.0
from Invitrogen (Catalog No 18373-019 and Catalog No 18374-058). Experimental

procedures were carried out as described in the manufacturer’s protocol.

8.1 RACE primers

AnPax6 3° RACE

AnP63’racel (forward): 5’>CGACCACGTGCAATCGGCGGTAGC3’
Anp63°race2 (nested forward): 5S>’ AGCAAGCCAAGAGTAGCCACAAATGAT3’
AnPax6 5> RACE

AnP65’racel (reverse): S’ GCTACCGCCGATTGCACGTGGTCG3’

AnP65’race2 (nested reverse): S>ATCATTTGTGGCTACTCTTGGCTTGCT3’
PmaPax6 3° RACE

PmaP63’racel (forward): 5>CGAGCAATAGGCGGTAGTAAGCCCAGAG3’
PmaP63’race2 (nested forward): 5>GCCCAATACAAGAGGGAGTGTCCGTCAZ’
PmaPax6 5> RACE

PmaP65’racel (reverse): S’ GTATTGGGCTATTTTGCCTACGACGTC3’
PmaP65’race2 (nested reverse): S’>CACTCTGGGCTTACTACCGCCTATTGCTCGAG3’
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AnSix1/2 3> RACE

AnSix3’racel (forward): 5>CCGAGGACCATTTGGGATGGGG3’
AnSix3’race2 (nested forward): S>GCACATAATCCTTATCCTTCCCCG3’
AnsSix1/2 ’RACE

AnSix5’racel (reverse): S’ GGCATCCAAACATTCATAGCACS’
AnSix5’race2 (nested reverse): S’GGTGATTGTTTGGGACTCATCGGC3’
PmaSix1/2 3’RACE

PmaSix3’racel (forward): S>’TGGGACGGTGAGGAGACCAG3’
PmaSix3’race (nested forward): > GACTGGTATTCCCACAATCCCTAC3’
PmaSix1/2 RACE

PmaSix5’racel (reverse): > ATGAAAAGCCACTACGGCCTTAGC3’
PmaSix5’race2 (nested reverse): 5S>GTTCACAAGCTGGCAATGACC3’
AnOpsinX 3’ RACE

AnOps3’racel (forward): S>CCAACTTGAAGAACAGCCACACCCTGC3’
AnOps3’race2 (forward): 5’ GAGGCGATATCACAAGTCGTGGTATC3’
AnOpsinX S’RACE

AnOpsS’racel (reverse): S’GTCTGCTAGAGACTGGCCTGTCC3’
AnOps5’race2 (nested reverse): S’CGTACACGATGTACCATATGCTTCTATGG3’
PmaGqOpsin 3’RACE

PmaGqops3’racel (forward): 5> GCAAGGGAAATGGGCAGCATGG3’
PmaGqops3’race2 (nested forward): 5>GTCATGGAGTCCCTACGCTAC3’
PmaGqOpsin SRACE

PmaGqopsS’racel (reverse): 5>GTAGCGTAGGGAGTCCATGAC3’
PmaGqops5’race2 (nested reverse): S’CCATGCTGGCCATTTCCCTTGC3’
PmaOpsinX 3’RACE

PmaOps3’racel (forward): SSTGTTCAATAGACTGGACTTC3’
PmaOps3’race2 (nested forward): 5>CTTCTCCTGATAGGCCTGGTG3’
PmaOpsinX 5’RACE

PmaOps5’racel (reverse): S>CACCAGGCCTATCAGGAGAAG3’
PmaOps5’race2 (nested reverse): S’ GAAGTCCAGTCTATTGAACA3’
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9. Real-time quantitative PCR

Messenger RNA was extracted from different tissues using the Dynabeads® mRNA
DIRECT KIT™ (DYNAL® Biotech) and reverse transcribed using the SuperScript™ III
First-Strand Synthesis System (Invitrogen). From the obtained cDNA, 1ul was used as a
template for quantitative PCR amplification. Real-time PCR was performed by using a Light
Cycler (Roche) and QuantiTect™ SYBR®Green PCR kit (Qiagen) under the following
conditions: 15 minutes at 95°C, 15 seconds at 94°C, 20 seconds at 56°C, 10 seconds at 72°C
over 50 cycles. The fluorescence of the amplified products was analyzed during 5 seconds at
76°C after the elongation step. For each sample point, a melting curve was obtained at the end
of the PCR amplification to verify the specificity of the amplicon. In each experiment and for
each gene, a standard curve generated by four dilutions from each cDNA sample was included
in the PCR amplification to determine the expression value for each sample. As a
housekeeping gene for normalization of the data Elongation factor I alpha (Efla) was used.
The following specific primers used for real-time PCR were designed using a primer software

at (www.genscript.com/ssl-bin/app/primer).

9.1. Primers for real-time PCR

AnPax6:

forward: S>CACCATATCCAACCCATCAA3’
reverse: S’GCGCATTTGTTCATCAGACT3S’
PmaPax6

forward: 5’ GTCAACCAGTTGGGAGGAGT3’
reverse: 5’CCATTGGAAACCTGGAGAAT3’
AnSix1/2

forward: > ATATTTAAAGCGGGCTGTGGS’
reverse: S’ AGGGTGATTGTTTGGGACTC
PmaSix1/2

forward: S>CACAATCATCCCAAACTCCA3’
reverse: S’CACCGTCCCAAATAGTCCTT3’
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AnOpsinX

forward: 5’ AATATTGGGCGTAATTTGGG3’
reverse: 5’ GGCCTGTCCAGTCAATCGTAZY’
PmaOpsinX

forward: 5’>CTCCTGATAGGCCTGGTGTT3’
reverse: S’ ACTTTCACGTCCCTCTTGCTS’
PmaGqOpsin

forward: S>GCATGGCTGACAAACTCAAC3’
reverse: S’ATCTCCAAACTGGGCCATTAZS’
Anefla

forward: S TCGGGTACTGGTGAATTTGA3’
reverse: 5’ GGCCTCAGAGTATGGTGGTT3’
Pmaefla

forward: 5’ GGACAGTACAGAGCCACCCT?’
reverse: 5’CTCGATCATGTTGTCACCGT3’

10. Targeted expression of AnPax6 and PmaPax6 in Drosophila

Ectopic expression of AnPax6 and PmaPax6 in larval imaginal discs of D.

melanogaster was performed using the Gal4 system (Brand and Perrimon, 1993). Full-length

AnPax6 and PmaPax6 cDNAs were inserted as BgllI-Notl and Asp718-Notl fragments,

respectively, into the pUAST vector. For each construct, transformant flies from eight

independent transgenic lines were crossed to the dpp”"™*-Gal4; UAS-Gal4 driver line.

11. Scanning electron microscopy

For scanning electron microscopy, freshly hatched flies were narcotized and immersed

in 3% Glutaraldhehyde for 5 hours at room temperature. Subsequently, an ethanol

dehydration series was carried out. After critical point drying, they were mounted and coated

with gold.
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lll. Results (Arca)

1. Ultrastructure of the Arca noae compound eye

Individuals of Arca noae possess at least 100 or more eyes on each of their halves.
The eyes are situated on the outermost fold of the mantle edge (Figure 1.1D). This is in
contrast to most other eye-bearing bivalves, which usually carry their eyes on the middle fold
of the triply folded mantle edge (Waller, 1980). The eyes are mainly concentrated in the

posterior and anterior part of the mantle edge with the highest number anteriorly. The number

Figure 1.1 The eyes of Arca noae. A) Schematic drawing of an Arca compound eye (after Kiipfer) . B) Cross-
section through an Arca compound eye (Courtesy of Heinz Streble ). C) Cross-section through two pit eyes.
D) The mantle edge with a row of compound eyes.

of eyes gradually decrease towards more ventral regions, with no or only a few eyes at the
most ventral part of the mantle edge. Toward the posterior end, the number of eyes increases
again. The compound eyes are very variable in size. Larger eyes are generally found in the
most anterior regions, however also smaller eyes were found to be intermingled between

larger ones.
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The compound eyes appear heavily pigmented, disrupted by a regular array of hollow
tubes surrounded by pigment cells representing the ommatidial units (Figure 1.1B). This
arrangement of densely packed ommatidia gives the whole eye an appearance more
resembling a sponge than an eye.

Additionally, we observed numerous small pit eyes located around the compound eyes
(Figure 1.1C).

In contrast to the compound eyes of the ark clam Barbatia cancellaria, which were

shown to have a concave depression in the centre (Nilsson, 1994), the eyes of Arca noae are

of almost perfect convex shape.

Figure 1.2 Electron micrographs of the Arca noae compound eye (Courtesy of U. Sauder). A) Transversal
section through a compound eye showing a ciliary photoreceptor cell with surrounding pigment cells. B)
Transversal section through the photoreceptive element showing the 9 x 2 + 2 arrangement of the cilia (Ar-
rows). Abbreviations: N, nucleus; DMS, distal mitochondrial segment; PS, photoreceptive segment; PMS,
posterior mitochondrial segment.

Electron micrographs show that each ommatidium is build up by a funnel-shaped tube
of pigment cells with a photoreceptor cell at the bottom of the depression (Figure 1.2A).
Above the photoreceptor cell, the empty space of the pigment funnel is filled by long
microvilli. We can not deduce from our electron micrographs whether these microvilli are
parts of the photoreceptor cell or produced by the shielding pigment cells. However, a
previous study investigating the compound eyes of Barbatia, suggests that the microvilli are
build from the unpigmented, distalmost part of pigment cells surrounding the receptor cell
(Nilsson, 1994).

The eye surface of Arca is covered by small extracellular vesicles.
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The photoreceptor cell can be divided into four distinct regions along the
proximodistal axis as already proposed for the compound eye of Barbatia (Nilsson, 1994)
(see also Figure 1.2A). Most distally, the cell nucleus is located, followed by a region with
numerous small mitochondria. Directly subjacent lies the photoreceptive segment and most
proximal a few large mitochondria are found. At the proximal tip the axon emerges and joins
the pallial nerve.

The photoreceptive element is build up by numerous cilia with enlarged membranes
(Figure 1.2B). Each cilium provides several flattened sacks giving rise to the whole
photoreceptive element composed of numerous piled membranes. Contrary to the cilia found
in rods and cones of vertebrates which have a 9 x 2 + 0 microtubuli arrangement, Arca ciliary

photoreceptors have a complete (9 x 2 + 2) set of microtubules (Figure 1.2B).
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2. Arca noae Pax6 (AnPax6)

The finding that all three major eye-types are represented in the same phylogenetic
class, the Bivalvia, raises the question about their phylogenetic relationship. Originally it was
supposed that these eye-types evolved polyphyletically as new formations within the
bivalvian class (Salvini-Plawen and Mayr, 1977). However, the finding of Pax6 as a key
regulator in eye morphogenesis throughout the animal kingdom suggests a monophyletic
origin of the eye. Therefore, the investigation of Pax6 is an excellent starting point to

investigate the phylogenetic relationship between different eye-types.

2.1 Isolation of the AnPax6 full length cDNA

In order to isolate a Pax6 homolog from Arca noae we started by using a low-
stringency PCR approach using two degenerated primers directed against two highly
conserved regions within the paired domain (YYETG and WEIRD). A 135 basepair long
fragment, designated AnPax6-PCR1, was isolated from genomic DNA showing extensive
sequence homology to other known Pax6 homologs (Figure 2.1). At the amino acid level the
fragment showed sequence homology of 90% to the corresponding part of mouse and human

Pax6, 89% to eyeless and 88% to squid Pax6.

0.1 kb

—
— | PD 1D —

AnP6PCR1

AnP63’RACEI

AnP65°RACEI

Figure 2.1 Schematic of the AnPax6 full length cDNA. The open reading frame is boxed and the Paired
domain and Homeodomain are indicated by a light grey and a dark grey box, respectively. The PCR clone, the
3’Race clone and 5’Race clone are shown underneath.

To get the complete sequence information of AnPax6, we further generated two sets of
specific nested primers for each direction, upstream and downstream, to carry out RACE-
PCR (Rapid Amplification of cDNA Ends). The primer sets correspond to the amino acid se-
quences RPRAIGGS and SKPRVATND of the paired domain. Messenger RNA was isolated
from the eye-bearing mantle tissue using magnetic beads covalently linked oligo-dT tails
(Dynabeads Oligo(dT),s) Reverse transcription and PCR amplification was carried out by us-

ing a 3’RACE procedure. After a second round of nested PCR amplification, we were able to

60



isolate a fragment, designated AnPax6-3’RACE, which spans the 3’prime region of the paired
box, the linker region between the paired box and the homeobox, the homeobox and the com-
plete 3’-terminal region of AnPax6 (Figure 2.1). To isolate the 5’upstream region of AnPax6
we carried out a 5> RACE-PCR. A fragment was isolated, designated AnPax6-5'RACE,
containing the 5’ region of the paired domain, the coding sequence upstream of the encoded
Paired domain and the 5’-untranslated region (Figure 2.1).

Using specific primers directed against the outermost 5’-end and 3’-end of AnPax6

sequence, we finally isolated the uninterrupted full length cDNA of AnPax6.

2.2 Nucleotide and amino acid sequence of AnPax6
The AnPax6 cDNA has a length of 1625 bp and a predicted open reading frame of

1416 bp encoding a protein of 472 amino acid residues (Figure 2.2.1). A putative initiator
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Q = 472

cttcggaggaaaaaaaaaaaaaaaa 1625

Figure 2.2.1 Nucleotide and deduced amino acid sequence of AnPax6 cDNA. The paired domain is boxed in red,
the homeodomain in green. The conserved linker region and the conserved amino acids flanking the
homeodomain are underlined. The stop codon is indicated by an asterisk.
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methionine codon was found 39 codons upstream of the encoded Paired domain. A

termination codon was found at position 1504, 111 codons downstream of the encoded

homeodomain. The paired domain has a length of 128 amino acid residues and is separated by

a 91 amino acid long linker region from the 60 amino acid long homeodomain. The carboxy-

terminal region has a length of 111 amino acids.

2.3 Sequence comparison of the Paired domain
At the amino acid level, the AnPax6 paired domain has 94% sequence homology to

the corresponding domain of the mouse and human Pax6 (Ton et al., 1991; Walther and

Gruss, 1991), 95% to zebrafish, nemertine (Lineus) and squid (Loligo) paired domain (Krauss
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Figure: Comparison of the amino acid sequences between paired domains of different species. The secon-
dary structure of the domain is shown at the top of the figure. The Arca sequence is shown in full; for other
sequences only differing amino acids are shown. Dots represent identical amino acids. Shaded bars indicate Pax6-
specific amino acid residues. Numbers behind the sequences give percent identity compared to Arca (first row).
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et al., 1991; Loosli et al., 1996; Tomarev et al., 1997), 91% to EY and TOY paired domain
(Czerny and Busslinger, 1995; Quiring et al., 1994) (Figure 2.3.1). The paired domain of
AnPax6 is most similar to the paired domain of Pecten maximus Pax6 (97%). The flatworm
Dugesia (Callaerts et al., 1999), which has a strongly diverged paired domain, and the
nematode C. elegans (vab-3), (Zhang and Emmons, 1995) show significantly lower sequence
homology to the paired domain of AnPax6 (80% and 84%, respectively).

The amino acid residues at position 42 (Isoleucine), 44 (Glutamate) and 47
(Asparagine) of the paired domain have been shown to determine Pax6 DNA binding
specificity, with the asparagine at position 47 also found in other Pax proteins (Czerny and
Busslinger, 1995). In AnPax6, all three corresponding amino acids are conserved (Figure
2.3.1). Moreover, all other Pax6 specific amino acid are conserved in AnPax6. Consistently,
AnPax6 has a serine at position 21, alanine at position 34, arginine at position 66, cysteine at
position 91, isoleucine at position 114 and an alanine at position 128.

Compared to human and mouse Pax6 paired domain, there are eight variations found
in the amino acid sequence of AnPax6 (positions 1, 25, 78, 79, 82, 110, 111 and 112). At four
positions AnPax6 differs from the majority of Pax6 paired domains. However, the amino
acids at these positions are shared with at least one other Pax6 homolog. The asparagine at
position 78 is shared with Dugesia, the aspartate at position 79 with C. elegans, the glycine at

position 82 with Lineus and the glutamate at position 112 with Xenopus.

2.4 The linker region

The paired domain and the homeodomain of AnPax6 are linked by a 91 amino acid
long linker region. Linker regions of known Pax proteins show only little sequence homology
with the exception of a small eleven amino acid long motif, MYDKLGLLNGQ (Figure
2.2.1). This motif is highly conserved in vertebrate and most invertebrate Pax6 and is also
found in AnPax6.

The conserved octapeptide which is found in all other groups except the Pax4/6 group,
is lacking in the AnPax6-linker region. At the C-terminal end of the linker, immediately adja-
cent to the homeodomain, a stretch of four amino acids are highly conserved in Pax6 proteins

(Figure 2.2.1).
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2.5 Sequence comparison of the homeodomain
The homeodomain of AnPax6 shows sequence identity to other Pax6 homologs

ranging from 75% to 98% (Figure 2.5.1). Amino acid identity of the homeodomain is 98% to
the cephalopod mollusc Loligo, 95% to Lineus, 93% to the aligned vertebrates and C. elegans,
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Figure 2.5.1 Comparison of the amino acid sequences between homeodomains of different species. The secon-
dary structure of the domain is shown at the top of the figure. Shaded bars indicate the Pax6-specific amino
acids. The Arca sequence is shown in full; for other sequences only differing amino acids are shown. Dots
represent identical amino acids. Numbers behind the sequences give percent identity compared to Arca (first

row).
92% and 88% to Eyeless and Toy homeodomains, respectively. Like for the paired domain,
lowest sequence identity is found to the homeodomain of the planarian Dugesia (75%).
Compared to human and murine Pax6 homeodomains, AnPax6 diverges at four positions (10,
11, 15 and 36,) (Figure 2.5.1).

In the third helix of the homeodomain, which is the DNA recognition domain, the
AnPax6 amino acid sequence is homologues to all other known Pax6 homeodomains.
Moreover, all amino acids known to be specific for Pax6 homeodomains are conserved in
AnPax6 (Figure 2.5.1).

The carboxy-terminal region of AnPax6 has a length of 111 amino acid (Figure 2.2.1).
Immediately adjacent to the carboxy-terminus of the homeodomain, AnPax6 has a seven
amino acid long sequence motif (KLRNQRR, Figure 2.2.1), which is highly conserved and
found in most other Pax6 homologs (Loosli et al., 1996).

The high sequence homology and particularly the conservation of Pax6 specific amino

acid residues suggests that AnPax®6 is indeed a bona fide Pax6 homolog.
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2.6 Real-time PCR expression analysis of AnPax6

Real-time PCR is an extremely sensitive method to quantify low abundance
messenger RNA. A big advantage of this method is that it is not necessary to quantify the
concentrations of mRNA or cDNA in a sample before exposing it to real-time PCR. We
decided to use this technique because our first attempt to identify AnPax6 expression in Arca
compound eyes by in situ hybridization failed. Furthermore, real-time PCR is a helpful tool to

screen multiple tissues for Pax6 expression.

0.8

0.6

0.4
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eye/ mantle nantle nuscle gill

Figure 2.6.1 Anpax6 gene expression analysis in different tissues. Graphs display relative values normalized
to elongation factor expression levels.

To do so, mRNA was isolated from eye-bearing mantle tissue. Further, mRNA was
isolated from mantle tissue without eyes as a control, from muscle tissue and from gill tissue.
Isolated mRNA was reverse transcribed to single stranded cDNA by using random primers.
To conduct real-time PCR, specific primers were designed for an amplicon size of 128 bp
within the linker region of Anpax6. Real-time PCR expression analysis was done at least three
times on independent cDNA templates, each generated from a different individual, using the
Light cycler (Roche). As a reference to compensate for variations in quality and quantity of
the preparations we used the housekeeping gene Anefla (Arca noae elongation factor 1a.).

Real-time PCR data from Arca noae show only weak AnPax6 expression in the eye-
bearing mantle tissue (Figure 2.6.1), confirming the negative results obtained by in situ

hybridization expression analysis. Also in the mantle and muscle tissues, Anpax6 expression
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levels was found to be very low (Figure 2.6.1). Surprisingly, high AnPax6 expression levels
were found in the gills, about 300 times higher than in the eye-bearing mantle tissue. Because
only relative expression values are obtained by real-time PCR, absolute expression levels are
not deducible. However, the observation of high Cr values (threshold cycle, the first
significant increase in the amount of PCR product) in the amplification plot (data not shown)
suggests rather low expression levels. Moreover, the failure to confirm AnPax6 expression in

the gills by in situ hybridization also argues for low expression levels.

2.7 AnPax6 is able to induce ectopic eyes in Drosophila melanogaster
Unfortunately, there are no tools available to study Pax6 function in Arca. Transgenic meth-

ods have not been established for this organism and no mutants or appropriate cell lines are

available. Thus, to have a rudimentary idea whether AnPax6 might have the potential to

Gal4 protein

Fo Gald protein s 8 function as an eye selector gene, we
b 3 . . .
: _._._._.__'_ X decided to test whether it can induce
UAS UAS  not expressed . . .
ectopic eyes in Drosophila.
l In the fly, ectopic eye formation on
the wings, antennae and legs can be
. Gald protein induced by ectopic expression of the
. Gal4 protein
Gal4 protein
28 s38s — eyeless cDNA in various imaginal
enhancer ; =GmOmBumbe  Gald = UAS  expressed .
= T s press discs (Halder et al., 1995) under the

control of the GAL4-UAS system
Figure 2.7.1 Targeted expression of AnPax6. FO: The driver .
line dpp™™ GAL4; UAS-GAL4 is crossed with the UAS-  (Brand and Perrimon, 1993). GAL4
AnPax6 line. F1: The progenies of this cross ectopically

express AnPax6 in various imaginal discs. is yeast specific transcriptional

activator which is able to drive
transcription of any gene of interest when introduced into the fly and if the gene of interest is
preceded by several GAL4 upstream activating sequences (UAS).
Similar results were obtained by ectopic expression of the mouse, ascidian and squid
Pax6 that are all capable to induce ectopic eyes in the fly (Glardon et al., 1998; Halder et al.,
1995; Tomarev et al., 1997). For this functional assay, AnPax6 full length cDNA was inserted
into the pUAST vector and injected into yellow/white strain embryos. Several UAS-AnPax6
transgenic lines were generated. Since an initial attempt to generate ectopic eyes failed when
we used the dpp™™ Gal4 line, we used the dpp”™™ Gal4; UAS-Gal4 line for stronger
activation. Eight independent UAS-AnPax6 lines were crossed to flies of the dpp™™* Gal4;
UAS-Gal4 driver line (Figure 2.7.1).
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In all generated crosses, ectopic eye structures were induced on legs and wings of
adult flies (Figure 2.7.2). Scanning micrograph show distinct hexagonal facets and
interommatidial bristles (Figure 2.7.2A and B). The ommatida of the ectopic compound eye

show similar organization to that in the compound eye, although the interommatidial bristles

are irregularly spaced.

Figure 2.7.2 Ectopic eye structures in Drosophila melanogaster induced by overexpression of the bivalvian
AnPax6. (A, B) Micrograph of ectopic eyes. (C, D) Scanning electron micrograph of ectopic eyes. (A) Over-
view of an adult fly with several ectopic eyes on the legs. (B) Dissected leg with a large outgrowth of eye tis-
sue. (C) Overview of the fly. (D) Higher magnification of C. The ectopic eye has an array of hexagonal om-
matidia and interommatidial bristles. Arrows point to ectopic eyes.
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3. Arca noae Six1/2 (AnSix1/2)

The Sine oculis gene of Drosophila, which is a homolog of the Six1/2/so subfamily,
was found to be involved in the eye regulatory network and to be a direct target of ey and toy
(Niimi et al., 1999; Punzo et al., 2002). Consistently, the so homolog of planarians has been
shown to be essential for eye regeneration (Pineda et al., 2000). In addition, the Drosophila
Six3/6 homolog optix can induce ectopic eyes in an eyeless-independent way (Seimiya and
Gehring, 2000). Coincidently, the vertebrate Six3 and Six6 are also expressed in the eye
(Kobayashi et al., 1998; Loosli et al., 1999; Zuber et al., 1999) whereby at least Six3 is
suggested to be under direct control of Pax6 (Ashery-Padan et al., 2000; Chow et al., 1999).

3.1 Isolation of the Arca noae Six1/2 (AnSix1/2) full-length cDNA

In search for Arca noae six genes, a PCR approach was conducted using degenerated
primers corresponding to the highly conserved C-terminal end of the six domain (PRTIWD)
and the conserved C-terminal region of the six homeodomain (TQVSNWF).

A fragment of 165 bp, designated AnSixPCR1 (Figure 3.1.1), was isolated from
eye/mantle-specific cDNA templates which showed high sequence homology to the
corresponding part of other six proteins. Subsequently, the obtained fragment was extended
by RACE using specific nested primers. Two overlapping fragments were isolated, designated
AnSix5’RACEI and AnSix3’RACEI, spanning the encoded protein sequence as well as the
non-coding regions (Figure 3.1.1).

0.1 kb

— ] SD HD |

AnSixPCR1

AnSix3’RACEI

AnSix5’RACE]

Figure 3.1.1 Schematic of the AnSix1/2 full length cDNA. The open reading frame is boxed and the six
domain and homeodomain are indicated by grey boxes. The PCR clone, the 3° RACE clone and 5° RACE
clone are shown underneath.

3.2 Nucleotide and deduced amino acid sequence of AnSix1/2
The full length AnSix1/2 cDNA has a length of 1629 bp encoding a 305 amino acid

long protein (Figure 3.2.1). A putative initiator methionine was found 23 codons upstream of

the encoded six domain. The 60 amino acid long homeodomain is immediately adjacent to the
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115 amino acid long six domain. A termination codon is found 108 codons downstream of the

six homeodomain at position 1072.
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Figure 3.2.1 Nucleotide and deduced amino acid sequence of AnSix//2 full-length cDNA. The Six domain is
boxed in red, the Six homeodomain is boxed in green.

3.3 The six domain
Within the six domain, AnSix1/2 shows highest sequence identity to the

corresponding region of Pecten maximus Six1/2 (97% identity) and the polychaete
(Platynereis) Six1/2 homolog (94% identity) (Figure 3.3.1). High sequence homology
(around 90%) is also found to vertebrate Six1 and Six2. Significantly lower sequence identity
is found to cnidarian (71%) and planarian (74%) Six1/2 homologs.

Two amino acids within the six domain of AnSix1/2 deviate from all other Six1/2
homologs (position 45 and 68). At the C-terminal end of the six domain, AnSix1/2 has a
tetrapeptide (TIWD) which is also found in the vertebrate Sixl homolog and in Six1/2
homologs of invertebrates (Figure 3.3.1).
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1. Six]1 Homo sapiens

2. 8ix]1 Danio rerio

3.8ixl Gallus gallus

4, STX2 Human

5.58ix2 Danio rerio

6. Six2 Gallus gallus

7. Sine oculis Drosophila melanogaster
8.8ix1/2 Platynereis dumerilii
9.8ix1/2 Dugesia japonica

10. Six1/2 Cladonema radiata

11. 8ix1/2 Arca noae

12.Six1/2 Pecten maximus

1 10 20 20 40 50 58
| | I |
1. T ACNIC GG G SEPAC s AKANMMA G
2. T ACMC GG G SEPAC s AKAVMA G
3. T ACMC GG G SEPAC S AKA A G
4. T ACMC GG G SEPAC S AKAMMA G
5. T ACMC GG G SEPAC S AKANMMA G
6. T ACMC GG G SEPAC s AKAMMA G
7. T ACMC AG G sSEraQ@c S AKAMMA G
8. T ACMC GG A SEPAC S AKA A G
9. T ACMC GG A SEPPC S TAKAAMA
10. T ACMC SG S SEPS S AKC A G
1. T ACMC GG A SEPAC S AEAMMA G
12. T ACMC GG A SEPAC s AKA A G
60 70 80 90 100 110 115
| | | | | %id
1. S SP P A A GRPBEGANG PBEPRT 91
2. S SP P A A GRPEGANG PEPRT 90
3. S SP P A A GRPEGAMG PEPRT 91
4, S SP A A A GRPEGANMG PEPRS 90
5. S SP P A A GRPEGANMG PEPRS 90
6. S SA P A A GRPEGANMG PEPRS 90
7. SA A A A GRPEGAMG PEPRT 83
8. SP P A A GRPEGANMG PEPRT 94
9. SP A GRSEGANMA PEPRT 77
10. TQ T G A GRPEGANMG PEPRT 71
1. AP P A A GRPEGANMG PEPRT 100
12. SP P A A GRPEGANMG PEPRT 97

Figure 3.3.1. Comparison of the amino acid sequences between six domains of different species. The per-
centage of sequence identity to the respective AnSix1/2 amino acid sequence are indicated at the end of each
line.

3.4 The six homeodomain
A diagnostic amino acid sequence specific for Six1/2 homeodomains is the

tetrapeptide ETSY, which corresponds to positions 3 to 6 of the first helix within the
homeodomain (Seo et al., 1999) and which is also found in AnSix1/2 (Figure 3.4.1). The
homeodomain of AnSix1/2 shows highest sequence identity to the corresponding Platynereis
Six1/2 homeodomain (97%; Figure 3.4.1), but is also highly homologous to the vertebrate six
homeodomains of Six1 and Six2 (92-95%). Cladonema and Dugesia Six1/2 homologs display
the most diverged homeodomain sequence (85% and 88% identity, respectively) compared to
that of AnSix1/2 (Figure 3.4.1). The sequence homology among the two bivalvian Six1/2
homologs is rather low within the homeodomain (92%) compared to the high sequence

identity found to other Six1/2 homologs of less related species (Figure 3.4.1). AnSix1/2 and
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1. GEETSMC S AHNPMPSP AEATGETTT S AA
2. GEETSMC S T PMPSP AEATGERTTT ] AA
3. GEETSMC S AHNPMPSP AEATGETTT S AA
4. GEETSMC S AHNPNMPSP AEATGERTTT ] AA
5. GEETSMC S T PMIPSP AEATGETTT S AA
6. GEETSMC S AHNPNMPSP AEATGERTTT S AA
7. GEETSMC S S PMPSP AEATGETTT S AA
8. GEETSMC S AHNPNMPSP AEATGERTTT S AA
9. GEETSMC S PMPSP A TSETTT S AA
10. GEETSMC S S PMPSP SQGTGHESTT S AA
1. GEETSMC S AHNPMPSP AESTGETTT S AA
12. GEETSMC s s PMIPSP AEGTGETTT S AA

Figure 3.4.1 Sequence comparison of the six homeodomains of different species. The percentage of
sequence identity to the respective AnSix1/2 amino acid sequence are indicated at the end of each line.

PmaSix1/2 differ at five positions (14, 15, 18, 21 and 37) within the homeodomain
(Figure 3.4.1). However, the amino acid sequence is highly conserved in the recognition helix
3 at the C-terminal end of the homeodomain.

The C-terminal region comprises 107 amino acids rich in serine (15%) and proline
(9.3%), suggesting the presence of transactivation functions (Figure 3.2.1). Numerous amino
acid doublets are found in the C-terminal region of the protein, a feature also found in other
six proteins (Pineda et al., 2000) for which the significance is not known.

The high sequence conservation within the six domain and the homeodomain, together
with the phylogenetic analysis of AnSix1/2 strongly suggest it to be a member of the Six1/2
family.

3.5 Real-time PCR expression analysis of Ansix1/2

In Drosophila, so was shown to be expressed in the optic lobe primordia anterior to
the cephalic furrow (Cheyette et al., 1994) Later, so expression is detected in the eye discs on
both sides of the morphogenetic furrow. Just in front of the furrow, so is expressed within the
undifferentiated cells of the eye disc primordium, whereas posterior to the furrow expression
becomes restricted to individual photoreceptor cell clusters (Cheyette et al., 1994).

Furthermore, so is also expressed in the ocelli region of the eye disc.

71



0.8 -

0.6

0.4 -

0.2 -

0 =
eye / mantle nantle nuscle gl

Figure 3.5.1 Ansix1/2 expression analysis in different tissues of Arca. Graphs display the relative values
normalized to elongation factor expression levels.

In vertebrates, Six/ was found to be expressed in the otic and olfactory placode (Laclef
et al., 2003b; Zheng et al., 2003) and is also suggested to play an important role in
myogenesis (Laclef et al., 2003a). Coincidently, Six//2 of the cnidaria Cladonema is
expressed in the subumbrellar striated muscle and Six//2 expression was also observed in
nerve cells of Cladonema (Stierwald et al., 2004).

To investigate Ansix1/2 expression in various tissues of Arca, we carried out a real-
time PCR analysis. Messenger RNA was isolated from eye-bearing mantle tissue, mantle
tissue without eyes, muscle tissue and gill tissue and reverse transcribed using random
primers to generate cDNA. Specific primers to conduct real-time PCR were designed which
generate a 118 bp long amplicon. Real-time PCR expression analysis was carried out three
times independently using different cDNA templates isolated from three different individuals.
As a reference for normalization and to compensate variations in the quality and the quantity
of different cDNA preparations we used the housekeeping gene Aneflo.

In the eye-bearing mantle tissue and the mantle tissue, only low level of AnSix1/2 ex-
pression was observed (Figure 3.5.1). In contrast, much higher expression levels were found
in the muscle and the gill tissues (Figure 3.5.1).

No AnSix1/2 expression was detected in the muscle and gill tissues by in situ

hybridization. However, the high Cr-values indicated by the real-time PCR amplification plot
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(data not shown) suggest low expression levels, most likely below the threshold levels needed

to detect in situ hybridization signals.
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4. Arca naoe opsin gene (AnOpsinX)

A peculiarity of the Arca compound eye is the use of ciliary photoreceptor cells, in
contrast to most other compound eyes that employ rhabdomeric photoreceptor cells. Theses
two photoreceptor cell types not only differ in their morphological fine structure but also in
the employment of different types of opsins. Phylogenetic analysis clearly groups the opsins
in two clusters: ciliary photoreceptor cells, dominantly found in vertebrate eyes employ c-
opsins, whereas rhabdomeric photoreceptor cells which are generally found in compound eyes
employ r-opsins (Arendt et al., 2004). The fact that the Arca compound eye represents the
atypical case employing ciliary photoreceptor cells raises the question about which opsin type

is used in these compound eyes.

4.1 The isolation of AnOpsinX full-length cDNA

In search for opsin genes in Arca we used a low-stringency PCR approach using
degenerated primers raised against two highly conserved regions within the fifth and seventh
transmembrane helix of opsins. Eye-bearing mantle tissue was used to isolate mRNA and to
generate eye/mantle tissue-specific cDNA templates. A 474bp long fragment, designated
AnOpsPCR1, was isolated (Figure 4.1.1). The fragment showed 33% amino acid sequence
identity to the Go-coupled rhodopsin of the sea urchin Strongylocentrotus and 29% to the Go-
coupled rhodopsin of the pacific scallop Patinopecten.

To obtain the full cDNA sequence, the fragment was extended by RACE using
specific primers. Two overlapping fragments spanning the coding and untranslated regions

were isolated, designated AnOps5’RACE1 and A4nOps3’RACEI (Figure 4.1.1).

0.1kb

— [T ifmifwv] [v] vt [lvi] |

AnOpsPCRI

AnOps3’RACEL

AnOpsS’RACEL

Figure 4.1.1 Schematic of the AnOpsinX full length ¢cDNA. The open reading frame is boxed and the
transmembrane domains are indicated by grey boxes which are serially numbered. The PCR clone, 3> RACE
and 5° RACE clones are shown underneath.
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4.2 Nucleotide and deduced amino acid sequence of AnOpsinX

The full length AnOpsinX cDNA has a length of 1865 bp with a putative open reading

frame of 1179 bp coding for a 390 amino acid long protein (Figure 4.2.1). A putative

translation initiation site is found 30 codons upstream of the encoded helix I and the

termination codon is located at position 1382, 73 codons downstream of helix VII. The C-

terminal region has a length of 72 amino acids.

atgtaatctgaggttgtiggaagggaaatatctaattcatgaatectcatgattgtttteataaaggegtacttgaagacataaaaaattgggagttgate
tttaagcttgattattctagtgaaaatacagattgtttgaaaaaactttggtttgtgectggaacttacatcattgggaaatatttaacagettatttttyg
aacatcttgaagatgtcaacaaatataacatgtgaagtttgeaataatacaacagaaggeagtggaatatttcaagetaagaacgageatttgttgecta
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tctcgaaaactgca
E T &
tcctgacaagtaqtaaattccchaaqcagctg
S K F E E 2 A

tgaagctactgaaatctaaaaaatctogtgttgotoccaggggaaatccaacttgaagaacagecacacccetgetagaagacgatcaccttcagaacgteyg
vV K L L. K 8 K K 8§ R vV A P G E I Qg L E E Q P H P A R R R 5 P 5 E R R

gtgttatagaggcgatatcacaagtegtggtatctatataggtacacaagaagtggtectteccagttgaaagacatgttttctgacatacttagecaaaaa
¢ Y R GGDI TSR GI Y I G T QE V V L P V EZRHV F *

aacatctaagacagattcagagagcaggaatgttocggeoggegtocagactgattatgaatttgttettgaaatatgaattteccagttaaattgtatggaa
aagattttgttgcagagggtaatatctagataggtttattatggacagatgaactttgtgtattegattecaaagettaatcttactecacatttatget
taattcatatacaaggtgttcccgttctttatatatggggettagtatgaatcgtatggegtcataaccecccatgtgetggacacaacgatatcattgta
ctatttcttttatgeoatecatacatagttcatttggagacttttttttcgtgtgtgatttgatatatattaatgagattaacttattcattacatgacgaa
tacataatatttattcatgagttaaaggtaagatataagaacaaaaaaaaaaaaaaaaaaaaaaa
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Figure 4.2.1 Nucleotide and deduced amino acid sequence of the AnOpsinX full-length cDNA. Boxed amino
acid sequences (red) correspond to the transmembrane domains serially numbered from I to VII. The highly con-

served lysine of helix VII is underlined.

Seven transmembrane domains were identified by multiple alignments of opsins and

by comparison to the well studied two-dimensional structure of bovine rhodopsin (Palczewski

et al., 2000). Importantly, the highly conserved lysine residue which covalently links the

chromophore through a Schiff base to the opsin protein is also found in the seventh

transmembrane domain of AnOpsinX (Figure 4.2.1).
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4.3 Structural analysis of AnOpsinX
The hydropathy plot of AnOpsinX suggests several hydrophobic segments (Figure

4.3.1). In particular, six hydrophobic segments are obvious from the blot, consistent with six
of the seven putative transmembrane helices. The seventh helix does not show well in the
hydropathy analysis, most probably because it is quite polar in the middle with one lysine

(K308) and two serines (S309 and S313).

00 100 200 300

Figure 4.3.1 Hydropathy analysis of AnOpsinX. Six hydrophobic segments are apparent in the plot,
corresponding to six of total seven transmembrane domains.

We generated a two dimensional model of AnOpsinX (Figure 4.3.2) based on multiple
sequence alignment and comparison to the two-dimensional model of bovine rhodopsin
(Palczewski et al., 2000). This model offers a structural template for other G-protein coupled
receptors (GPCR) since the length of the seven transmembrane helices and the three
extracellular loops are expected to be nearly the same for most of the family members
(Palczewski et al., 2000). Variations are mostly found in the intracellular loops, particularly in
the third cytoplasmic loop which is critical in the binding of G-protein, arrestin and rhodopsin
kinase, and probably reflects the specificity of the receptor.

The asparagine residue at position 50 (N55 in bovine rhodopsin; see also Figure 7.1.1
of section 7.1 in the Introduction) of helix I is highly conserved among related proteins and
was shown to be responsible for the interhelical hydrogen bond to D79 (D83 in bovine
rhodopsin) another conserved amino acid in helix II (Figure 4.3.2).

The first cytoplasmic loop of GPCRs generally has several positively charged amino
acid residues which may be critical for proper insertion into the membranes (Hartmann et al.,

1989), a feature also found in AnOpsinX (K59, K63 and K66).
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At the extracellular end of helix III a highly conserved cysteine is found at position 106 (C110

in bovine rhodopsin), which is likely involved in a disulfide bond with a second cysteine

found at position C183 (Figure 4.3.2).
In bovine rhodopsin, E113 in helix III is the counterion for the protonated Schiff base
formed between the retinal and K296. In AnOpsinX, the corresponding position for the

counterion is occupied by an aspartate (D109; Figure 4.3.2).
All opsins contain a highly conserved E(D)RY motif at the C-terminal end of helix III,

which have been implicated in the regulation of the receptor’s interaction with its G-protein.

In AnOpsinX, a cysteine (C130) instead of a glutamate or an aspartate is found at the first
position, whereas the arginine (R131) and the tyrosine (Y132) residues of the motif are
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Figure 4.3.2 Two dimensional model of AnOpsinX. Modified after (Hartmann et al., 1989). Some of the key

residues which are conserved in opsin proteins are shown in filled circles.

conserved (Figure 4.3.2).
The third cytoplasmic loop, C-I1I, is critical in the binding of G-proteins, arrestin and

rhodopsin kinase and is highly variable among different GPCRs. Compared to bovine
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rhodopsin, C-11I of AnOpsinX is considerably longer, probably reflecting a deviated function
and specificity in G-protein binding.

Four highly conserved residues, F261, W265, Y268 and A269 were found to surround
the B-ionone ring of retinol in bovine rhodopsin. Three of these four amino acids, W279,
Y282 and A283 are conserved at the corresponding positions of AnOpsinX (Figure 4.3.2).
Helix VII is critical for rhodopsin function because it contains the lysine (K296 in bovine
rhodopsin) which forms the retinylidene linkage with the chromophore. In AnOpsinX the cor-
responding lysine is found at position 299 (Figure 4.3.2).

The C-terminal end of helix VII contains a highly conserved NPXXY motif which is
found in all GPCRs, corresponding to N305, P306, 1307, V308 and Y309 in AnOpsinX
(Figure 4.3.2).

4.4 Real-time PCR expression analysis of AnOpsinX

Because we couldn’t detect any AnOpsinX expression in the compound eye of Arca by
in situ hybridization, we considered the possibility that AnOpsinX may have a non-visual
function expressed also outside of the eye.

To pursue this assumption, we performed a real-time PCR expression analysis of
AnOpsinX. Messenger RNA was isolated from eye-bearing mantle tissue, mantle tissue
without eyes, adductor muscle and gill tissues and reverse transcribed using random primers
to generate tissue-specific cDNA templates. For real-time PCR, specific primers were
designed that generate amplicons of 116 bp. Three independent real-time PCR experiment
were carried out. For each experiment, a different set of cDNA templates isolated from a
different individual was used. To compensate for differences in the quality and quantity of the
cDNA samples and for normalization, we used the Arca noae specific housekeeping gene
Aneflo.

Consistent with our in situ hybridization data, AnOpsinX was found to be expressed
only at low expression levels in the eye-mantle tissue (Figure 4.4.1). Much higher expression
levels were found in the gills and the adductor muscle (Figure 4.4.1). Although much higher
AnOpsinX expression levels are found in muscle and gill tissues no expression was detected
by in situ hybridization. However, the high Cr-values indicated by the real-time PCR
amplification plot (data not shown) suggests that AnOpsinX expression might be below the

threshold levels to detect transcripts by in situ hybridization.
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IV. Results (Pecten)

1. Pecten Pax6 (PmaPax6)

Pecten maximus represents the mirror eye, a further eye-type found in bivalves which
we were investigating. As a starting point to study the evolutionary relationship between the
compound eye of Arca and the mirror eye of Pecten, a Pax6 homolog was isolated from both

species.

1.1 Isolation of PmaPax6 full length cDNA

To isolate the Pax6 homolog of Pecten, we used the same PCR approach as previously
described for the isolation of AnPax6. Using degenerated primers directed against two regions
highly conserved in all known paired domains corresponding to the amino acid sequences
YYETG and WEIRD, we were able to isolate a 135 bp long fragment, designated
PmaP6PCRI1 (Figure 1.1.1), from genomic DNA. The isolated fragment showed more than
90% sequence identity at the amino acid level to the corresponding part of the paired domain
of other Pax6 proteins.

Subsequently, we designed a set of specific nested primers corresponding to the amino
acid sequence RAIGGSKPRYV and AQYKRECPS to extend the fragment by RACE-PCR. For
that purpose, mRNA was extracted from excised eyes and reverse transcribed to cDNA
templates. By 3’RACE-PCR we isolated a fragment, designated PmaP63’RACE1 with a
length of 1233 bp (Figure 1.1.1). The 5’-end of PmaPax6 was isolated by a 5S’RACE-PCR

yielding a fragment, designated PmaP63’RACE1, comprising the amino-terminal part of the

0.1 kb
—

— | PD | ED I

PmP6PCR1

PmP63’RACEI

PmP65RACEL

Figure 1.1.1: Schematic of PmaPax6 full length cDNA. The open reading frame is boxed and the Paired
box are indicated by grey boxes. The PCR clone and the RACE-PCR clones are shown underneath

paired domain, the encoded protein sequence upstream of the paired domain and the 5’
untranslated region. By using gene-specific primers directed against the outermost regions of

PmaPax6 we finally isolated a full-length PmaPax6 clone.
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1.2 Nucleotide and deduced amino acid sequence of PmaPax6 full-length
cDNA
The isolated PmaPax6 cDNA has a length of 1915 bp and a predicted open reading

frame of 1422 bp encoding a protein of 474 amino acid residues (Figure 1.2.1). A putative
initiator methionine is located 42 codons upstream of the encoded paired domain. The
termination codon is found at position 1631, 156 codons downstream of the encoded
homeodomain. The paired domain has a length of 128 amino acids and is linked to the 60
amino acid long homeodomain by a 89 amino acid long linker region. The C-terminal region

of PmaPax6 has a length of 155 amino acids.

accgctaaaggattaatttttgacaatctecgttcatgecaagacataaaaacttecatttettcatcaaaaaacctgggttgttateggetttgtcaaggt 100
tgtaaagaaaagacggaaatcggcattgtttggatectgaggatattttgagtgaagtttttocgtgattaactttttgtatgtggaagttacaagaagaa 200
gtgaacttatgacaacaacactggaagagaaagtgatgccgtccaaagacgacgaatcagtgggetotgttggtagtoccggaagtgraagtaatggege 300
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atgcratcacaatattggcoccgagactacaatgataacctcctacatgtgatgacaatttgttcaaaacttcecggaagtaatcttecccagactcagtettg 1700
M P S Q Y W P R L Q * 474

atcaagtgtgattggtacagattatagccaaactcggaacctgaccaataggaagagaactgaaaagogogggattatcatgeatggaaaaagaaggatg 1800
ctttaccgaatctggaatcggtgtcattggaggtcgacgatacctegactactaccttacataacagggttattgaaacccegttcaaaggtgaaagega 1900
aaaaaaaaaaaaaaa 1815

Figure 1.2.1 Nucleotide and deduced amino acid sequence of PmaPax6 cDNA. The paired domain is boxed in
red, the homeodomain in green. The PmaPax6 linker region contains a MYDKLGLLNGQ motif (underlined) that
is highly conserved in most Pax6 linker regions.

81



1.3 Sequence comparison of the paired domain
The paired domain of PmaPax6 shows 91% sequence identity to the corresponding part

of the mouse and human Pax6 (Ton et al., 1991; Walther and Gruss, 1991), 92% identity to
the zebrafish Pax6 paired domain (Krauss et al., 1991) and 89% identity to Phallusia Pax6,
Ey and Toy paired domain (Czerny et al., 1999; Glardon et al., 1997; Quiring et al.,
1994)(Figure 1.3.1). High sequence homology is found to the Pax6-specific paired domains of
the closely related lophotrochozoan species Lineus (94% sequence identity) (Loosli et al.,
1996) and Loligo (93% sequence identity) (Tomarev et al., 1997)). Consistent with the close
phylogenetic relationship of Arca and Pecten, the paired domains of AnPax6 and PmaPax6
show high sequence identity (97%). Compared to human and mouse the PmaPax6 paired
domain deviates at eleven positions (1, 25, 78, 79, 82, 106, 108, 110, 111, 112 and 128).

However, all Pax6-specific amino acids are conserved within the paired domain of PmaPax6,
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Figure 1.3.1 Comparison of the amino acid sequences between paired domains of different species. The secon-
dary structure of the domain is shown at the top of the figure. The shaded bars indicate the Pax6 specific amino
acids. The Pecten sequence is shown in full; for other sequences only differing amino acids are shown. Dots
represent identical amino acids. Shaded bars indicate Pax6-specific amino acid residues. Numbers behind the se-
quences give percent identity compared to Pecten (first row).
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with the sole exception of a cysteine which substitutes an alanine at the C-terminal end.
Compared to AnPax6, PmaPax6 differs only at four positions (106, 108, 112 and 128). The
two cysteines at position at position 108 and position 128 are not found in any other Pax6

homolog and therefore seem to be Pecten-specific.

1.4 The linker region
The linker region of PmaPax6 has a length of 89 amino acid residues. The highly

conserved sequence motif (MYDKLGLLNGQ) found in most Pax6 homologs is also
conserved in PmaPax6 (Figure 1.2.1). Moreover, a conserved amino acid stretch (LKRK) is

found at the C-terminal end of the linker region (Figure 1.2.1).

1.5 Sequence comparison of the homeodomain
The homeodomain of PmaPax6 and the Pax6 genes from other species differ at

positions in the first two a-helices and in the turn of the helix-turn-helix motif, whereas the
recognition helix is identical (Figure 1.5.1). Moreover all Pax6-specific amino acids are
conserved within the homeodomain of PmaPax6.

At the amino acid level, the homeodomain of PmaPax6 is 100% identical to the
homeodomain of AnPax6. Very high amino acid sequence identity is also found to the Pax6

homeodomains of the lophotrochozoan species Loligo and Lineus (98% and 97%,

respectively).

4' ol |—| 02 |—| a3/4 I—

1 10 20 30 40 50 60 %id
Pecten LORNRTSFTAAQIESLEKEFERTHYPDVFARERLAQKIDLPEARIQVWFSNRRAKWRREE 100
0 100
Mus, Homo = ......L.. QE. . A e A e e e 93
Zebrafish  _._....... QE. .. A i A e aaaaaa 93
Xenopus  _........ QE. . A . A e 93
Phallusia  ........ SQE.V. A i S 90
Loligo ... _.... A e aiaaaan 98
Lineus  ........ L 97
Eyeless _._._....... ] O A T 92
toy 0 LL.L..L- SNE. Do 3 90
Dugesia BN S _N . ND..NL...oooo.s S..K.S.NLKVA.T. ... ... 75
C.elegans  L......... R 0 P Qe e 95

Figure 1.5.1 Comparison of the amino acid sequences between homeodomains of different species. The secon-
dary structure of the domain is shown at the top of the figure. Shaded bars indicate the Pax6-specific amino
acids. The Arca sequence is shown in full; for other sequences only differing amino acids are shown. Dots
represent identical amino acids. Numbers behind the sequences give percent identity compared to Arca (first
row).
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The carboxy-terminal region of PmaPax6 has a length of 136 amino acids, 25 amino

acids more than the carboxy-terminal region of AnPax6 (Figure 1.2.1 and Figure 2.2.1 of

section 2.1 in Results chapter II1.). Just adjacent to the homeodomain PmaPax6 has a seven

amino acid long motif (KLRNQRR), which is also found in most other Pax6 homologs

(Figure 1.2.1).

1.6 Phylogenetic analysis of bivalvian AnPax6 and PmaPax6
We generated a phylogenetic tree by the neighbour joining method using the full-

length paired domain, full-length homeodomain and flanking regions of Pax6 proteins as a

basis for analysis (Figure 1.6.1).

Within the tree, AnPax6 and PmaPax6 cluster together, confirming the close

phylogenetic relationship of Arca noae and Pecten maximus. Moreover, both Pax6 genes

cluster within the lophotrochozoan clade.

bootstrap 1000 cycles

0.1
201 sites Poisson model

PaxB Acropora millepora

100

Pax6 Dugesia japonica
Twin of eyeless Drosophifa melanogaster

Pax6 Phallusia mammilata

Pax8 Paracentrotus lividus

Eyeless Drosophila melanogaster
Pax6 Branchiostoma floridae

Pax6 Xenopus laevis

49 Pax6 Danio rerio
Pax6 Coturnix japonica
| 82 PAX6 Homo sapiens
9] 71" Pax6 Mus musculus

Pax6 Arca noae

Pax6 Pecten maximus
Pax6 Lineus sanguineus

Pax8 Loligo opalescens
Pax6 Platynereis dumerilii

Figure 1.6.1 Phylogenetic analysis of 4. noae and P. maximus Pax6 proteins. The phylogenetic tree confirms the
close relationship between AnPax6 and PmaPax6 (both highlighted in red) and their close relationship to the
lophotrochozoan clade. The tree was generated by the neighbour joining method using 201 sites from the paired
domain, homeodomain and flanking regions. Bootstrap percentage values (1000 replicates) are indicated over the
corresponding nodes.
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1.7 Real-time PCR expression analysis of PmaPax6
Similar to AnPax6, a we were not able to detect PmaPax6 expression in the Pecten

mirror eye by in situ hybridization. To be sure that there is indeed no PmaPax6 expression in
the eye we carried out a real-time PCR analysis, which is far more sensitive than in situ
hybridization. To generate cDNA templates for real-time PCR, we isolated mRNA from eyes,
muscle tissue, mantle tissue, ovary and gill tissue. Reverse transcription was performed by
using random primers. Specific primers were designed that generate amplicons of 131 bp
within the paired domain of PmaPax6. Three independent real-time PCR experiments were
carried out. For each experiment a different set of cDNA templates was used, each isolated
from a different individual. To compensate for differences in the quality and quantity of the
cDNA samples and for normalization we used the Pecten- specific housekeeping gene,
Pmaefla.

Only weak PmaPax6 expression was detectable in the eye by real-time PCR,
explaining our negative results obtained by in situ hybridization (Figure 1.7.1). Also in the
muscle tissue, mantle tissue and ovary tissue PmaPax6 is only weakly expressed (Figure
1.7.1). Interestingly, PmPax6 expression was found to be significantly higher in the gills than
in any other tissue investigated (Figure 1.7.1). This is consistent with our previous

observation that Anpax6 is also much higher expressed in the gills.

1,

0.8

0.6

0.4

0.2 1

0 =
eye mscle nantle ovary gill

Figure 1.7.1 PmaPax6 expression analysis in different tissues. Graphs display the relative values
normalized to elongation factor expression levels.

&5



1.8 Expression analysis of PmaPax6 in Pecten larvae by whole mount in situ
hybridization

We couldn’t detect any PmaPax6 expression in the eyes of adult Pecten by in situ
hybridization. However, we took into consideration that Pax6 may be important for eye
morphogenesis during earlier developmental stages of the animal. Unfortunately, we encoun-
tered serious problems to find a source for early developmental stages (e.g. veliger larvae) of
Pecten. A big disadvantage is, for example, that it is impossible to collect Pecten larvae in
their natural environment. First of all, because spawning is seasonal and the time-point varies
from place to place, making it utterly impossible to anticipate the accurate spawning time.
Secondly, veliger larvae are very small (60-250um) and are difficult to distinguish between
other bivalvian species.

In principle, artificial spawning is possible but needs serious conditioning of the
animals, impossible to accomplish without accurate facilities. Moreover, Pecten veliger larvae
have to be nourished with a combination of various algae. Another serious problem are
bacterial infections which frequently contaminate the entire breeding. Therefore, without the

appropriate facility it was beyond our power to rear Pecten larvae.

Figure 1.8.1 Bilateral larval eyes of Pecten veliger. (A) Lateral views of veliger larvae indicate one of the
two bilateral eyes (B) whereas ventral views of veliger larvae indicate both eyes. Scale lines, 200um.

After numerous attempts we finally got access to Pecten veliger larvae thanks to
IFREMER in Brest (France) as they set up an experiment to study optimal rearing conditions.
Unfortunately we were forced to restrict our investigations to a limited set of developmental
stages because larval development takes long and we had only a short time-frame to collect
larvae. Therefore we had to limit our sampling to the time-point where larval eyes start to

appear (eyed veliger, Figure 1.8.) up to pediveliger stages just prior to metamorphogenesis
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(day 16 to day 27 after fertilization; for further discussions designated as stage 16 to 27). So
far little is known about larval eyes of scallops, but it is assumed that they consist of one

pigmented cell and a photoreceptor cell (Hodgson and Burke, 1988).

A

Figure 1.8.2 In situ hybridization on veliger larvae (stage 18) using DIG-labeled probes for PmaPax6. (A) Lat-
eral view indicating PmaPax6 expression in the gill primordia. (B) Ventral view demonstrating PmaPax6 ex-
pression in bilateral gill primordia. (C) Negative control with Sense probe. (D) Close-up of A (Nomarski) indi-
cating the gill bud. (E) Schematic of Pecten veliger larva (from Beninger et al., 1994). aa, anterior adductor
muscle; gb, gill bud; pa, posterior adductor muscle; s, stomach; v, velum. Scale lines, 50um.

At stage 27, the larval eyes are well visible under the binocular (Figure 1.8.1). At
earlier stages however, weakly pigmented cells within the eye regions were only visible at
higher magnification by light microscopy.

To investigate Pax6 expression in Pecten veliger larvae we carried out whole mount in
situ hybridization using a DIG-labeled PmaPax6 antisense probe on veliger larvae from stage

16 to stage 27.
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We couldn’t detect any staining in the larval eyes but surprisingly we found staining in
the gill primordia (Figure 1.8.2).

PmaPax6 expression was found to be very week at stage 16 and 17 (data not shown)
and started to be expressed more strongly in larvae stages 18 to 24. At subsequent stages (25-
27), PmaPax6 expression diminish and gets also masked by higher background levels (data

not shown).
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1.9 Targeted expression of PmaPax6 in Drosophila melanogaster
Similar to the situation in Arca, it is not possible to study Pax6 function in Pecten due

to the lack of mutants, transgenic techniques and appropriate cell lines. Therefore we tested
whether PmaPax6 has the potential to induce ectopic eyes in Drosophila.

PmaPax6 full length cDNA was

Gal4 protein

i et pecicin s 3 inserted into the pUAST vector
e : -.....-..'_'- X and injected into yellow/white
" o norerpressed strain embryos. Several UAS-
l PmaPax6 transgenic fly lines
were generated and subse-
o quently eight independent UAS-
Pl Gal4 rotein 3 iisiag PmaPax6 lines were crossed to
g8 l'a m- . . . brink

: comomomo-ENGHIN UAS  expressed flies of the driver line dpp

UAS

GAL4; UAS-GAL4 (1.9.1). All
Figure 1.9.1 Targeted expression of AnPax6. FO: The driver line . .
dpp”™ GAL4; UAS-GALA4 is crossed with the UAS-4nPax6 driver ~ €ight — crosses  resulted in
line. F1: The progenies of this cross ectopically express AnPax6 in

various imaginal discs. progenies with ectopic eye

structures on the wings and the
legs (1.9.2). Scanning electron micrographs show the fine structure of the ectopic eyes
(1.9.2C and D) . The facets are well organized and also interommatidial bristles are seen

(Figure 1.9.2D), although their spacing is quite irregular.
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Figure 1.9.2 Ectopic eye structures in Drosophila melanogaster induced by overexpression of the
bivalvian PmaPax6. (A, B) Micrograph of ectopic eyes. (C, D) Scanning electron micrograph of
ectopic eyes. (A) Overview of an adult fly with several ectopic eyes on the legs. (B) Dissected leg
with a large outgrowth of eye tissue. (C) Overview of the fly. (D) Higher magnification of C. The
ectopic eye has an array of hexagonal ommatidia and interommatidial bristles. Arrows point to ec-
topic eyes.
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2. Pecten maximus Six1/2 (PmaSix1/2)

2.1 Isolation of the PmaSix1/2 full-length cDNA

In search for Pecten maximus Six genes we followed a PCR approach using
degenerated primers corresponding to highly conserved amino acid sequences found in all Six
subclasses. The forward primer corresponds to the conserved N-terminal region QVACVC of
the Six domain, whereas a reverse primer was designed corresponding to the C-terminal
region NWFKNRRQR of the Six homeodomain. PCR was conducted on eye-specific cDNA
templates.

We were able to isolate a 498 bp long fragment, designated PmaSixPCR1 (Figure
2.1.1), spanning nearly the entire six domain and homeodomain. A BLAST search against the
GenBank database using the isolated fragment showed high sequence homology to the Six1/2
subclass. To obtain the full sequence information of PmaSix1/2 cDNA the obtained fragment

was extended by RACE using specific nested primers resulting in two fragments designated

PmaSix3’RACE and PmaSix5’RACE (Figure 2.1.1).

0.1 kb

— I SD [ b ] |

PmaSixPCRI

PmaSix3’RACE

PmaSixd’RACE

Figure 2.1.1 Schematic of the PmaSix1/2 full length cDNA. The open reading frame is boxed and the Six domain
and Homeodomain are indicated by grey boxes. The PCR clone, 3’ RACE clone and the 5° RACE clone are
shown underneath.

2.2 Nucleotide and deduced amino acid sequence of PmaSix1/2
The full length PmaSix1/2 cDNA is 2082 bp long with a putative open reading frame

of 924 bp encoding a 308 amino acid long protein (Figure 2.2.1). A putative initiator
methionine is located 23 codons upstream of the encoded six domain. The six domain has a
length of 115 amino acids followed by a 60 amino acid long six homeodomain. The C-
terminal region which follows the six homeodomain has a length of 111 amino acids rich in
serine (11.8%), proline (9.7%) and threonine (7.3%). The stop codon is found at position

1048, 76 codons upstream of the encoded homeodomain.

91



ctagattgagaacagacagacagattcaatatcacaacacgetgaaattgttgttttettettttaacagtgeattttagacctggaaacggggecaget 100
tcggacectacgeggaccttecgatgttacacgaaccagetecgtecatecggagteggatcacegtetecggegatgettetgtecttegg 200
M L H E P A P 5 53 G V G 5 P 53 P A M L L 5 F 26

gtcaaggatcgcgatcattctcagggtggeccaccagectcggacaggatgttggttegectcaaagtgatacgacaaaggatga 800
v K D RDHSQGGHQULGOQUDV G S P Q S DTT K D D 226

tctaagtgatgatgcattatcggtaccacaacacatacagacgaaactggaaccacaggagacgccaaactctcacacacatacccatectcatagttee 900
L s b bpbA L 358 V P Q H I QT KL E P @ E T P N S HTHTH P H 5 58 259

gtgtatgcecgatcttcaaaaagetatgeccaaacgegeatttacatectageategggaacageggtectecgeccggaagtggggtgttatetgtcacaa 1000
v ¥y A 0D L g K A M P N A HL H P 5 I G N 5 G P F P G S5 G V L 5 V T 292

atggttcgaaccaagatgttggacttcttcatgaatatcaaacactatgaaagtattgacaacaatttaaacaacaaaaagtactaaaacgtgtgaaaat 1100
N G 8 W @ D vV 6 L L HE Y @ T L * 308

tcattcatgatataatgtttctectgtgaatatttgtgagaccaaagtttaccaagatatggtacaagttctaatgtgecataataatattaataataate 1200
aaacctatagtatttgcgecatgectcggatatggaccggaagtactgeccagaaatcaaaatgtctgtttecgggecaacatggeggecatgetgettgecaa 1300
tcecacttgacactacgtttgetteocgaatggagattatacatggatttageagaatttaatatacactggagagagtgegataaggggagaaageaact 1400
taacatgatacattaagtgttgtctogtgaaaatgttatgtgcttggttggatgtttcagtgaccaagattgtgtggtggagttateccattcagetttett 1500
tataatttttttttctgeggggcatgtgtattgtttcaaaatttatgttgecagaaaatcaaaagtattagaaattaattattaaattttagaacatagat 1600
caagtgcaatttcattaatatgtaagttaacgtgtgtgtattcctaaagtaacaaaatcaaactgatagtaaactttcgtcaacatttaattaaaaatta 1700
acattttctttacatttaataagtattgtaaatatatgaaaattgtttgaataactaatacagaacaaatgtagatcttcacttttttatttaaaaaaaa 1800
agagaagaacaagttcaatgatattgtatccaggtaaaaaatggaacaatattttgagaaaaaaaatatttcectgtcagaatectttcoccoctttatataact 1900
tgctattggtgatttcgttctcaatgecaattggttttatcaatggggtecgtcatatttcaccaattggaagacgaaacacttttcaattttaacgcaaac 2000
taattttctgattagaacacctgctactcaaattattattaataaatacaatcaaatgataaaaaaaaaaaaaaaaaaaaaa 2082

Figure 2.2.1: Nucleotide and deduced amino acid sequence of PmaSix1/2 full-length cDNA. The six domain is boxed
in red, the six homeodomain is boxed in green.

2.3 The six domain
Within the six domain PmaSix1/2 shows high sequence homology to the

corresponding region of AnSix1/2 (97% sequence identity; Figure 2.3.1). Only four amino
acid substitutions are found compared to AnSix1/2 (position 45, 64, 68 and 85). Beside the
high sequence homology to AnSix1/2, the six domain of PmaSix1/2 shows highest sequence
identity to the six domain of the lophotrochozoan polychaete Platynereis Six1/2 homolog
(96%). Much lower sequence identity is found to the cnidarian Cladonema Six1/2 (76%) and
the planarian Dugesia Six1/2 protein (82%).

The six domain of PmaSix1/2 diverges only at one site compared to the majority of

Six1/2 homologs (position 64).
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5. S SP P A A GRPEGAMG PEPRS 91
6. S SA P A A GRPEGAMG PEPRS 92
7. SA A A A GRPEGAMG PEPRT 83
8. SP P A A GRPEGAMG PEPRT 96
9. SP A GRSEGAMA PEPRT 78
10. TQ T G A GRPEGAMG PEPRT 73
1. AP P A A GRPEGAMG PEPRT 97
12. 5P P A A GRPEGANMG PEPRT 100

Figure 2.3.1 Comparison of the amino acid sequences between six domains of different species. The
percentage of sequence identity to the respective PmaSix1/2 amino acid sequence are indicated at the end
of each line.

2.4 The six homeodomain
As typical for Six1/2 homeodomains, PmaSix1/2 exhibit the diagnostic tetrapeptide

ETSY at the N-terminal part of the homeodomain (Figure 2.4.1). The PmaSix1/2
homeodomain shows highest sequence similarity to the Drosophila sine oculis homeodomain
(95%; Figure 2.4.1). In general, high sequence identities are obvious between the six
homeodomain of PmaSix1/2 and that of other Six1/2 homologs, often exceeding 90%. Lower
sequence homology is found for the six homeodomain of Dugesia Six1/2. However, the

recognition helix are identical in all Six1/2 homologs (Figure 2.4.1).

93



1. SIX1 Homo sapiens

2. 8ix1 Danio rerio

3.8ix1 Gallus gallus

4. SIX2 Human

5.8ix2 Danio rerio

6.S8ix2 Gallus gallus

7.8ine oculis Drosophila melanogaster
8.8ix1/2 Platynereis dumerilii
9.Six1/2 Dugesia japonica
0.8ix1/2 Cladonema radiata
%.Sixlfz Arca noae

1
1
12. 8ix1/2 Pecten maximus

10 20 30 40 50 60

%hid

1. GEETSMC S AHNPMPSP AEATGETTT S AA 93

2. GEETSMC S T PMPSP AEATGERTTT ] AA 93

3. GEETSMC S AHNPMPSP AEATGETTT S AA 93

4. GEETSMC S AHNPNMPSP AEATGERTTT ] AA 93

5. GEETSMC S T PMIPSP AEATGETTT S AA 93

6. GEETSMC S AHNPNMPSP AEATGERTTT S AA 93

7. GEETSMC S S PMPSP AEATGETTT S AA 95

8. GEETSMC S AHNPNMPSP AEATGERTTT S AA 93

9. GEETSMC S PMPSP A TSETTT S AA 88

10. GEETSMC S S PMPSP SQGTGHESTT S AA 20
1. GEETSMC S AHNPMPSP AESTGETTT S AA 92
12. GEETSMC s s PMIPSP AEGTGETTT S AAE 100

Figure 2.4.1 Sequence comparison of the six homeodomains of different species. The percentage of
sequence identity to the respective AnSix1/2 amino acid sequence are indicated at the end of each line.
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2.5 Phylogenetic analysis of A. noae and P. maximus Six1/2
A phylogenetic tree was constructed on the basis of the full six domain and

homeodomain of various Six homologs using the neighbour joining method (Figure 2.5.2).
The phylogenetic analysis confirms the classification of the Arca and Pecten Six genes into
the Six1/2 subfamily. Moreover AnSix1/2 and PmaSix1/2 clusters together, indicating the

close phylogenetic relationship between Arca and Pecten.
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Figure 2.5.1 Phylogenetic analysis of Arca and Pecten Six proteins (highlighted in red) confirms their classifica-
tion into the Six1/2 subfamily. The tree was generated by the neighbour joining method using 180 sites from the
full six domain and homeodomain. Bootstrap percentage values (1000 replicates) are indicated over the corre-
sponding nodes.
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2.6 Real-time PCR expression analysis of PmaSix1/2

To get a general overview of PmaSix1/2 expression we performed a real-time PCR
expression analysis in various tissues. Messenger RNA was isolated from eyes, mantle tissue,
muscle tissue, ovary and gill tissue and reverse transcribed using random primers to generate
cDNA templates. Specific primers for real-time PCR were designed for an amplicon size of
142 bp within the Six domain. Three independent real-time PCR expression analysis were
carried out on cDNA templates generated from mRNA isolated from three different
individuals. The Pecten-specific housekeeping Ef1o was used as a reference for normalization
and to compensate for variations in the quantity and quality of the cDNA preparations.

Real-time PCR expression data show only little PmaSix1/2 expression in the eye
relative to other examined tissues (Figure 2.6.1). Also in the ovaries, expression levels are
low, comparable to expression levels found in the eye. Real-time PCR analysis suggests
slightly more PmaSixI/2 expression in the mantle tissue than in the eye and ovary tissue.
Significant higher expression is found in the gill. However, no PmaSix1/2 expression was
found in any of the examined tissues by in situ hybridization, suggesting that PmaSix1/2 is
expressed below the threshold levels to detect transcripts by in sifu hybridization. Consistent
with low expression levels is the observation of high Cr-values indicated by the real-time

PCR amplification plot (Data not shown).

1+
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eye mantle muscle ovary gill

Figure 2.6.1 PmaSix1/2 expression analysis in various tissues of Pecten. Graphs display the relative
values normalized to elongation factor expression levels.

96



2.7 Expression analysis of PmaSix1/2 in Pecten larvae by whole mount in
situ hybridization

No PmaSix1/2 expression was detected in the eye nor in any other tissue of adult
animals by in situ hybridization. In Pecten veliger larvae (stage 21 to 24), however,
expression was found in three distinct areas (Figure 2.7.1). Because the staining was rather

weak and faded when examined by higher magnifications under the light microscope, it was

A B

Figure 2.7.1 In situ hybridization on veliger larvae (stage 24) using DIG-labeled probes for PmaSix1/2. (A)
and (C) Lateral view of Pecten veligers. (B) and (D) Ventral views of Pecten veligers. (A) Lateral view of
veliger larva indicating staining in the putative gill primordia (arrow), the putative posterior adductor mus-
cle (red arrowhead) and the putative anterior adductor muscle (black arrowhead). (B) Ventral view of
veliger larva shows bilateral PmaSix1/2 expression in the putative gill primordia (black arrow) and the pu-
tative posterior (red arrowhead) and anterior (black arrowhead) adductor muscles. (C) and (D) Negative
control using a sense probe for PmaSix1/2. Scale lines: 100um.
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difficult to identify superimposed tissues. Therefore, we were not able to assign the staining to
the respective tissues with absolute certainty. However, the anatomical locations of the
stainings suggests expression in the anterior and posterior adductor muscles (Fig 2.7.1A and
B).

Moreover, expression was found in a region just anterior to the posterior adductor

muscles, which most likely correspond to the gill primordia (Fig. 2.7.1A and B)
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3. Opsin genes in Pecten maximus

The scallop mirror eye is unique in that it contains two layers of photoreceptor cells: a
proximal retina with rhabdomeric photoreceptor cells and a distal retina with ciliary
photoreceptor cells. In the pacific scallop Patinopecten yessoensis, two distinct opsin genes
have been isolated (Kojima et al., 1997). One of them, Scop?2 (or Go-coupled rhodopsin) was
found to be expressed in the ciliary retinal layer. The second, Scopl (or Gg-coupled
rhodopsin), was suggested to be expressed in the rhabdomeric photoreceptor cells since an

antibody against the squid Gg-coupled rhodopsin cross-reacted to the scallop proximal retina.

3.1 Isolation of two Pecten opsin genes (PmaGqOpsin and PmaOpsinX)

In search for opsin genes in Pecten maximus we used a low-stringency PCR approach
using degenerated primers as already illustrated for the isolation of AnOpsinX. From eye
specific cDNA templates we were able to isolate two 474bp long fragments, designated
PmaGqOpsPCR1 and PmaOpsPCR1 (Figure 3.1.1A and B). When compared to the databases
(GenBank), the PmaGqOpsPCR1 fragment exhibited 55% amino acid identity to the scallop
Patinopecten yessoensis Gg-coupled (rhabdomeric) rhodopsin, 52% identity to the octopus
Pareledone turqueti rhodopsin and 49% identity to the rhabdomeric opsin of Platynereis
dumerilii. In contrast, the latter fragment showed only little sequence identity when compared
to the databases (GenBank). Highest amino acid sequence identity was found to a yet

unspecified mosquito opsin genes of Aedes aegypti (42%) and Anopheles gambiae (38%).

A

0.1 kb

— o {fw i vl Pl [P il |

PmaGqOpsPCRI

PmaGgOps3'RACEI

PmaGqOps5"RACE]

0.1kb
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— [r o T vl [v] [wirl]lvil —
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PmaOps3'RACE]
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Figure 3.1.1 Schematic of PmaGgOpsin (A) and PmaOpsinX (B) full length cDNA. The open reading
frames are boxed and the transmembrane domains are indicated by grey boxes serially numbered. The PCR
clone, 3° RACE and 5° RACE clones are shown underneath.
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The opsin fragments were subsequently extended by RACE using specific primers yielding
two clones for each opsin gene, designated PmaGqOps5S’RACEL / PmaGqOps3’RACEI and
PmaOps5’RACE1 / PmaOps3’RACEI, respectively (Figure 3.1.1A and B).

3.2 Nucleotide and deduced amino acid sequence of PmaGqOpsin full-length
cDNA

The full length PmaGqOpsin cDNA has a length of 1978 bp encoding for a open
reading frame of 372 amino acids (Figure 3.2.1). A putative initiation site is found 26 codons
upstream of the encoded helix I. The termination codon is found at position 1202, 64 codons
upstream of helix VII. The 5’-untranslated region has a putative length of 85 bp. In contrast,
the 3’-untranslated region is much longer with a putative length of 777 bp. By multiple
alignments of opsins and comparison to the secondary structure of bovine rhodopsin

(Palczewski et al., 2000) we were able to identify seven transmembrane helices. Moreover,
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Figure 3.2.1 Nucleotide and deduced amino acid sequence of PmaGqOpsin cDNA. Boxed amino acid
sequences (red) correspond to the transmembrane domains, numbered form I to VII. The highly conserved
lysine in the seventh transmembrane domain which is characteristic for opsin proteins is underlined.
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the lysine residue specific for opsin proteins was found in helix VII of PmaGqOpsin (Figure
3.2.1)

3.3 Nucleotide and deduced amino acid sequence of PmaOpsinX full-length
cDNA

The full-length PmaOpsinX has a length of 1612bp encoding for a 397 amino acid long pro-
tein (Figure 3.3.1). A putative initiator methionine is found 37 codons upstream of helix I and
the termination codon is found 86 codons (position 1362) upstream of helix VII. The 5’-
untranslated region has a putative length of 170bp, whereas the 3’-untranslated region has a
putative length of 251bp.

By multiple alignments and comparison to the two-dimensional model of bovine rhodopsin
(Palczewski et al., 2000), seven putative transmembrane helices have been identified. In addi-
tion, the opsin specific lysine, which is essential for the binding of the chromophore, is found

at the appropriate position (K302) in helix VII (Figure 3.3.1).
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aaaaaaaaaaaa 1612

Figure 3.3.1 Nucleotide and deduced amino acid sequence of PmaGqOpsin full-length cDNA. Boxed sequences

(red) correspond to the seven transmembrane domains, numbered from I to VII. The highly conserved lysine
residue in the seventh transmembrane helix is underlined.
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3.4 Structural analysis of PmaGqOpsin
Several hydrophobic segments are suggested by the hydropathy plot of PmaGqOpsin

(Figure 3.4.1). Of the seven putative transmembrane helices commonly found in opsins, six
hydrophobic segments are obvious from the plot. Since the seventh helix is quite polar in the

middle, with a lysine and a serine residue, it does not show up very well.
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Figure 3.4.1 Hydropathy blot of PmaGqOpsin. Six of seven transmembrane domains of PmaGqOpsin are
apparent in the hydropathy blot.

A two-dimensional model of PmaGqOpsin was generated (Figure 3.4.2) by multiple
sequence alignment and by comparison to the two-dimensional model of bovine rhodopsin
(Palczewski et al., 2000). Typically, the highest degree of variation is found in the
intracellular loops of PmaGqOpsin, in particular the third cytoplasmic loop (C-III; Figure
3.4.2).

The highly conserved asparagine residue (N55 in bovine rhodopsin) found in the first
helix of most GPCRs is also in helix I at position 47 of PmaGqOpsin.

Two lysine residues (K58 and K61) are found in the first cytoplasmic loop of
PmaGqOpsin (Figure 3.4.2), consistent with the finding that the first cytoplasmic loop of
GPCRs generally have several positively charged amino acids which may be important for the
proper insertion into the membrane (Hartmann et al., 1989). At the N-terminal end of helix
III, a highly conserved cysteine among GPCRs is found at position 103 in PmaGqOpsin
which is likely to be engaged in a disulfide bond with C181.

At the C-terminal end of helix III, PmaGqOpsin has a highly conserved motif,
E(D)RY, which is suggested to regulate the interaction of GPCRs with their corresponding G-
protein (Figure 3.4.2). Two out of three amino acid residues are conserved in PmaGqOpins

(E127 and R128), whereas the third is substituted by a cysteine (C129).
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A tyrosine residue at position 106 serves as a counterion of the protonated Schiff base in
PmaGqOpsin (Figure 3.4.2).

The third cytoplasmic loop, C-III, is highly variable in GPCRs and is highly critical
for G-protein binding. In PmaGqOpsin, C-III shows highest amino acid identity to Gg-
coupled rhodopsins (rhabdomeric opsins) with the highest homology to scallop (Scopl) and

squid rhodopsin.
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Figure 3.4.2 Two-dimensional model of PmaGqOpsin (modified after Palczewski et al., 2000). Some of the key
residues which are conserved in opsins are shown in filled circles.

Four highly conserved amino acids, F261, W265, Y268 and A269 were found to
surround the B-ionone ring of retinol in bovine rhodopsin (Palczewski et al., 2000) In

PmaGqOpsin, these amino acids are located at the corresponding positions F261, W265,
Y268 and A269 of helix VI (Figure 3.4.2).
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The critical lysine residue of helix VII is found at position K299 in PmaGqOpsin
(Figure 3.4.2). Moreover, the highly conserved NPXXY motif is conserved in PmaGqOpsin,
corresponding to N305, P306, 1307, V308 and Y309. Adjacent to helix VII, there is a putative
cytoplasmic a-helix, spanning the region from P314 to C326 in PmaGqOpsin.

A stretch of three amino acids in the C-terminus is highly indicative of the ciliary-
opsin and rhabdomeric-opsin families (Arendt et al., 2004). In PmaGqOpsin, we detected a
HPK-motif (H313, P314 and H315) which is shared among rhabdomeric opsins (Figure
3.4.2).

3.5 Structural analysis of PmaQOpsinX
The hydropathy blot confirms the existence of several hydrophobic elements in PmaOpsinX

(Figure 3.5.1). As typical for GPCRs, six hydrophobic segments of seven putative
transmembrane helices are obvious, whereas the seventh, which is quite polar in the middle (a

lysine and two serines in PmaOpsinX) showed up less evidently.
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Figure 3.5.1 Hydropathy plot of PmaOpsinX. Six of seven putative transmembrane domains are obvious in
the hydropathy plot.

We generated a two-dimensional model of PmaOpsinX (Figure 3.5.2) by multiple alignments
and by comparison to the two-dimensional model of bovine rhodopsin (Palczewski et al.,
2000).

As typical for opsins, the first transmembrane domain of PmaOpsinX has a highly
conserved asparagine at position N78 (Figure 3.5.2). Generally, GPCRs have several
positively charged amino acids in the first cytoplasmic loop and which are suggested to be
important for the correct insertion of the protein into the membrane (Hartmann et al., 1989).

Deviating from the general rule, PmaOpsinX has only one positively charged amino acid
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(R73) in the first cytoplasmic loop. A characteristic cysteine at the N-terminal end of helix III,
common to all GPCRs, is also found at position S112 of PmaOpsinX and is most likely
engaged in a disulfide bond with C189. In contrast to rhabdomeric opsins and ciliary opsins
which usually have a glutamate or a tyrosine as a counterion, PmaOpsinX has a histidine at
the corresponding position (H113).

The proline residue (P267 in bovine rhodopsin) of helix VI, which was found to be
highly conserved among GPCRs and leads to a strong bending of the helix is found at the
corresponding position 273 in PmaOpsinX (Figure 3.5.2). Moreover, the conserved amino
acid residues of helix VI, which were shown to surround the -ionone ring of retinol in bovine
rhodopsin, are also found in PmaOpsinX (F268, W271 and Y274) with the only exception of

S265 which replaces the alanine residue commonly found in GPCRs.
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The highly conserved and functionally important lysine of helix VII is found at position K302
in PmaOpsinX. Furthermore, the NPXXY motif typical for opsins is also found in
PmaOpsinX, corresponding to N308, P309, L310, I311 and Y312 (Figure 3.5.2).

A putative cytoplasmic a-helix, spanning the region from R317 to T329 is found just adjacent
to helix VII.

3.6 Phylogenetic analysis of Arca and Pecten opsin genes
The construction of a phylogenetic tree by the neighbour joining method revealed that

the Pecten Gg-coupled rhodopsin gene clearly clusters within the rhabdomeric opsin
subfamily (Figure 3.6.2A). By the neighbour joining method we could not assign the Arca
opsin gene AnOpsinX and the Pecten opsin gene PmaOpsinX to any of the known opsin
subfamilies with statistical significance. The main reason is that the NJ method is based on

the Distance Method which generally leads to the loss of information.

A B

0.0, 64% . 0.0; 43.7%
———— Amphiop1,2 e GPROP11
0.46; 22.1% 0.6; 9.6%
e SCOP2 Scop2
1.41; 0.1% ) 0.62; 8.4% )
r-opsins r-opsins
1.62; 0.0% . 0.96; 3.8% .
e PEMOPSIN — encephalopsin
1.34; 0.0% 1.09; 0.5%
c-opsins — C-0PSiNS
outgroup outgroup

Figure 3.6.1 Local bootstrap probabilities estimated for alternative assignments of AnOpsinX (A) and
PmaOpsinX (B), respectively, to various opsin subfamilies. Differences of log likelihood (dlkl) and percentage
of local bootstrap probabilities are indicated over the branches. c-opsin: ciliary opsins, r-opsins: rhabdomeric

Therefore, we generated a phylogenetic tree (Figure 3.6.2) by the maximum likelihood
method and estimated the local bootstrap probabilities (LBP) for different tree topologies by
using the MOLPHY program (Adachi and Hasegawa, 1996).
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Phylogenetic analysis indicates that the Arca opsin gene (4nOpsinX) most likely (dlkl = 0.0;
distance of log likelihood) clusters with the Go-coupled opsins (Amphiopl and Amphiop2)
(Koyanagi et al., 2002) of Amphioxus (Figure 3.6.1A). However, we can not exclude that
AnOpsinX clusters to the Go-coupled opsin Scop?2 of the pacific scallop Patinopecten (Kojima
et al., 1997) ( dlkl = 0.46; Figure 3.6.1A). The possibility that AnOpsinX clusters to c-opsin, 1-
opsin or peropsin subfamilies can be excluded (dlkl > 1.0; Figure 3.6.1A). With a LBP of
13.8% (Figure 3.6.1A) we can not exclude the possibility that AnOpsinX does not cluster to
any of the examined opsin subfamilies and therefore may constitute a new subfamily.

The Pecten opsin gene, PmaOpsinX, most likely clusters to the yet uncharacterized
mosquito opsin gene gropll (dlkl = 43.7%; Figure 3.6.1B). Weak support is found for the
possibility that PmaOpsinX clusters to Scop2 (dlkl = 0.6), rhabdomeric opsins (dlkl = 0.62) or
encephalopsin (dlkl = 0.96) (Figure 3.6.1B). The possibility that PmaOpsinX clusters to
ciliary opsin subfamilies can be excluded (dlkl > 1.0; Figure 3.6.1B). We can not exclude,
with a LBP of 34%, the possibility that PmaOpsinX does not cluster to any of the examined

opsin subfamilies and may, therefore, constitute a new opsin subfamily (Figure 3.6.1B).
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Figure 3.6.2 Phylogenetic trees of visual pigments. (A) Phylogenetic analysis of PmaGqOpsin (red) by the NJ
method demonstrates its classification as a rhabdomeric opsin. Bootstrap percentage values (1000 replicates) are
indicated over the corresponding nodes. (B) Phylogenetic analysis of AnOpsinX and PmaOpsinX (red) by the ML
method. Local bootstrap percentage values are indicated over the corresponding nodes.
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3.7 Real-time PCR expression analysis of PmaGqOpsin and PmaOpsinX

Two opsin genes were isolated from Pecten. By sequence comparison and phylogenetic

analysis we were able to unambiguously identify PmaGqOpsin as a Gq-coupled rhodopsin

most closely related to the pacific scallop Scopl gene. Due to the fact that PmaOpsinX

showed no obvious homology to any of the known eye-specific opsin genes we considered the
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eye mantle muscle ovary

PmaOpsinX
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; R

mantle muscle

Figure 3.7.1 Expression analysis of Pecten opsins by
real-time PCR. (A) PmGqOpsin expression; (B)
PmOpsinX expression. Graphs display relative values

normalized to elongation factor expression level.

possibility that PmaOpsinX may have a
non-visual function and might also be ex-
pressed outside of the eye. Therefore, to
get a general overview of opsin expression
in various tissues, we performed a real-
time PCR expression analysis. Eyes,
mantle tissue, adductor muscle tissue,
ovary tissue and gill tissue were used to
isolate mRNA and to generate cDNA.
Expression analysis was done three times
on independent cDNA templates generated
from three independent individuals. The
Pecten Elongation factor Pmaefla was
used to compensate for variations in the
quality and quantity of cDNA preparations
and for normalization.

As expected, PmaGqOpsin was found to
be expressed exclusively in the eye (Figure

3.7.1A). In contrast, PmaOpsinX showed

expression in all examined tissues, with the

strongest expression found in the eye and the gill (Figure 3.7.1B). However, the high Cr-

values indicated by the real-time PCR amplification plot and the failure to detect any

PmaOpsinX expression by in situ hybridization suggests low expression levels, probably

below the threshold levels needed to detect in situ hybridization signals.
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3.8 Expression analysis of PmaGqOpsin in Pecten eyes by in situ
hybridization

Consistent with our data from real-time PCR which suggest high expression in the
mirror eyes of Pecten, strong staining signals were detected on cryo-sections of Pecten eyes
by in situ hybridization (Figure 3.8.1A)
Expression of PmaGqgOpsin was found to be limited to the proximal rhabdomeric cell layer
(Figure, 3.8.1A)). This is consistent with the recent finding that a rhabdomeric specific Gg-
type is expressed in the rhabdomeric cell layer of the pacific scallop Patinopecten yessoensis

(Kojima et al., 1997).

Figure 3.8.1 In situ hybridization on cryo-sections of the Pecten mirror eye using a DIG labeled probe for
PmaGqOpsin. (A) Expression of PmaGgOpsin is restricted to the proximal rhabdomeric photoreceptor cell
layer. (B) Control experiment using a DIG labeled sense probe for PmaGgOpsin. Bar = 0.1mm.
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V. Discussion

Understanding how eyes evolved requires analysis of the key regulatory genes
involved in eye development. While morphological comparisons of eye anatomy led to the
view that various eye-types arosed independently during evolution (Salvini-Plawen and Mayr,
1977), the finding that Pax6 has a conserved functions during eye development in various
eumetazoans suggests that animal eyes evolved from a common, simple proto-type eye
(Gehring and Ikeo, 1999).

In order to gain further evidence for this idea, we focused our investigations on two
bivalvian species, Arca noae and Pecten maximus, each representing a different eye-type,
making them suitable animals to test the hypothesis of monophyletic eye evolution.

To introduce new animal models into a laboratory is often associated with several
constraints. Due to the lack of functional assays, such as transgenic methods or appropriate
cell lines, we were restricted to more descriptive research. In addition, a bottleneck of our
investigation was the inability to obtain early developmental stages.

Spawning and gametogenesis are seasonal in scallops and Arca (Berg and Strand,
2001; Peharda et al., 2006). There are one or two spawning peaks each year, depending on the
geographical location of the population making the collection of embryos and larvae difficult.
In general, artificial fertilization of Pecten maximus is possible. However, the animals have to
be conditioned for spawning, since passage of the oocytes through the oviduct is necessary to
reactivate meiosis (Robert and Gérard, 1999) and therefore, in contrast to many other sea
animals, it is not possible to get ripe eggs by stripping. Well-elaborated facilities and excellent
sea-water conditions together with appropriate nutrition supply are essential to conduct suc-
cessful artificial fertilization (personal communication, P. Miner). Because of the lack of
appropriate facilities and the lack of technical know-how, it was beyond our power to carry
out artificial fertilization to study development. Thanks to IFREMER in Brest (France), we
finally got access to at least some larval stages at the end of this PhD. Unfortunately, we were
limited to only a few developmental stages (day 16 to day 27 after fertilization). Nevertheless,
we succeeded to collect Pecten larvae from developmental stages where the larval eyes start

to appear.
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1. The Arca noae compound eye

The compound eyes of Arca noae differ from those of arthropods in having only one
photoreceptor cell per ommatidium instead of eight or nine visual cells. Another striking
difference is the usage of ciliary photoreceptor cells, quite contrary to the universal use of
rhabdomeric photoreceptor cells in arthropod compound eyes.

In addition, in contrast to compound eyes in arthropods, we could not find any real
lens structures in the compound eyes of Arca. This is consistent with the previous finding that
the compound eyes of the closely related ark clam Barbatia cancellaria have neither a lens
nor any other focusing structures (Nilsson, 1994). However, Nilsson (Nilsson, 1994) has not
taken into consideration that the numerous small mitochondria, distally located to the
photoreceptive element may have a lens-like function. Support for this idea comes from few
cases, reported from planarians, where the lenses are of mitochondrial origin (Rhode and
Watson, 1991) or build up by numerous small mitochondria (Bedini et al., 1973).

Further investigations of the optics will be needed to ascertain whether the
mitochondrial arrangements in Arca indeed have a focusing function.

Interestingly enough, Electron micrographs of Arca compound eyes show a huge
amount of vesicles appearing to bud off from the microvilli that fill the pigment funnel above
the photoreceptor cell. Although this feature is also observed in Barbatia (Nilsson, 1994), it is
much more pronounced in Arca. Therefore, it can not be ruled out that the high density of
vesicles may play a role as refractive devices in Arca.

Another interesting feature of the 4rca compound eye are the numerous microvilli that
fill the pigment funnel above the photoreceptor cell. From our electron micrographs we can
not deduce whether the microvilli are formed by the ciliary photoreceptor cell or by the
surrounding pigment cells. Independent of their origin we propose two equal possibilities for
their function. Either they may serve as guiding devices for light-rays or they may serve as a
second receptive field for light perception. For further studies it will be warranted to search
for opsin genes expressed in the microvilli.

Another interesting question is whether the ciliary photoreceptor cells of the non-
cerebral eyes of Arca are orthologous to the ciliary photoreceptor cells found in the cerebral
eyes of vertebrates. Consistent with an orthologous relationship between non-cerebral and
cerebral ciliary photoreceptor cells is the finding that ciliary photoreceptor cells of Pecten

hyperpolarize in response to light (Gorman and McReynolds, 1969). Furthermore, cGMP is
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used as a second messenger system in both, ciliary photoreceptors of Pecten and rod and
cones of vertebrates.

Unfortunately, several attempts to investigate the physiological response of visual
excitations in Arca compound eyes by electroretinogramm and patch clamp failed due to
technical problems.

Further investigations on the molecular actors of phototransduction and on the
physiological responses induced by photostimulation will be important to shed light on the
relationship between non-cerebral eyes of bivalves and cerebral ciliary photoreceptors of

vertebrates.

2. The cloning and expression of AnPax6 and PmaPax6

2.1 Sequence conservation of AnPax6 and PmaPax6
We isolated Pax6 homologs from two bivalvian species, Arca noae and Pecten

maximus. The two DNA-binding domains, the paired domain and the paired-like
homeodomain, share high sequence homology to all known Pax6 genes. Importantly, all
Pax6-specific amino acids of the paired domain and the homeodomain are conserved in
AnPax6 and PmaPax6, with the only exception of a cysteine residue at the N-terminal end of
the PmaPax6 paired domain which is usually occupied by an alanine in other Pax6 proteins.

Additionally, sequence homology is found in the eleven amino acid long motif
MYDKLGLLNGQ, which has been found in almost all Pax6 genes and is absent in all other
Pax gene families (Loosli et al., 1996). Furthermore, in both, AnPax6 and PmaPax6 we found
several conserved amino acids (LKRK and KLRNQRR) flanking the homeodomain.

Another conserved region is also found at the C-terminal end of Pax6 proteins
(Tomarev et al., 1997) which is also found in AnPax6 but lacks in PmaPax6.

AnPax6 and PmaPax6 show an overall amino acid sequence identity of 83%,
consistent with the close phylogenetic relationship between Arca and Pecten. Outside of the
bivalvian class, AnPax6 and PmaPax6 show highest overall amino acid sequence identity to
the cephalopods Euprymna scolopes (72% and 71%, respectively) and Loligo opalescence
(72% and 71%, respectively) confirming the close phylogenetic relationship between bivalves
and cephalopods, both belonging to the phylum of molluscs. Moreover, AnPax6 and
PmaPax6 show high overall amino acid sequence identity to the polychaete Platynereis

dumerilii (65% and 62%, respectively), consistent with the close evolutionary relationship
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between molluscs and annelids. Although the overall amino acid sequence identity of AnPax6
and PmaPax6 is much lower compared to Pax6 of the nemertine Lineus sanguineus (53% and
52%, respectively), high sequence homology is found for the paired domain (95% and 93%)
and the homeodomain (97% for both, AnPax6 and PmaPax6).

Phylogenetic analysis using 201 sites from the paired domain, homeodomain and
flanking regions of Pax6 confirms the close phylogenetic relationship between molluscs,
annelids and nemertines, which all belong to the lophotrochozoan clade.

The high sequence conservation and phylogenetic analysis unambiguously identify

AnPax6 and PmaPax6 as orthologs of the Pax6 gene.

2.2 Expression of Pax6 in Arca and Pecten
Since bivalves continue to grow throughout their lifetime and eyes of different sizes

are found along the mantle edge of Arca and Pecten, it was tempting to assume that new eyes
are formed during ongoing growth. However, in contrast to our initial assumption, we were
not able to find any eyes of intermediate developmental stages, beside the general observation
that some eyes are obviously smaller than others but do not show any differences in their
anatomy compared to larger eyes. Therefore, eye development could not be followed in adult
animals.

Nevertheless, we decided to investigate Pax6 expression in the eyes of adult Arca and
Pecten animals since we assumed that Pax6 may have cell specification functions in the
growing eyes. A similar situation, supporting our assumption, is found in the retina of
amphibians and fish, which also continue to grow throughout adult life. In these animals, new
retinal cells are added from stem cells located in a specialized proliferative zone, the ciliary
marginal zone (CMZ) (Johns, 1977; Straznicky and Gaze, 1971; Wetts et al., 1989).
Interestingly, in Xenopus, the least determined, distalmost CMZ stem cells were shown to
express Pax6 (Perron et al., 1998). Pax6 was found to be required for the multipotent state of
retinal progenitor cells in the differentiating retina of mice (Marquardt et al., 2001) and
remains expressed in the retinal ganglion cells and amacrine cells of the adult retina.

However, no Pax6 expression was found in the compound eyes of adult 4rca animals
nor in the mirror eyes of adult Pecten animals. In both cases, our data from quantitative real-
time PCR indicate only very low levels of Pax6 expression in the eye. Concordantly, no Pax6

transcripts were detected in the eyes of both species by in sifu hybridization.
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In view of these results, it is possible that Pax6 does not play a role in the growing
process of bivalvian eyes. In favour of this assumption, no expression was found in the
developing adult eyes of the polychaete Platynereis at the time-point of photoreceptor
development, although these eyes exhibit life-long growth and add hundreds of cells to the
initial eye primordia (Arendt et al., 2002). Of course we can not rule out the possibility that
Pax6 may play an important role during the early steps of eye development. Further studies
will be necessary to investigate Pax6 expression and function at animal stages where the
peripheral eyes start to develop. So far it is not known when they start to form. We assume,
that they likely start to develop in juvenile animals after metamorphosis but early initiation
processes may also occur earlier during metamorphosis. Further investigations will be
important to screen various developmental stages during metamorphosis and of juvenile
animals in order to find the initial steps of eye development and subsequently carry out
expression analysis of genes involved in the early genetic cascade of eye development.

In contrast to the adult eye of Platynereis, Pax6 expression was detected in all stages
of eye development in the larval eye. Quite similar to the larval eye of Platynereis, Pecten
was found to have larval eyes composed of one pigment cell and a photoreceptor cell
(Hodgson and Burke, 1988). The close phylogenetic relationship between Platynereis and
Pecten and the finding of Pax6 expression in the larval eyes of Platynereis suggested a similar
role of Pax6 in the larval eyes of Pecten. It is very likely, that most of the lophotrochozoans
have larvae with eye spots. Unfortunately, developmental stages are not easily accessible as
already mentioned.

Although we focused on pediveliger stages where the eyes start to appear, we could
not detect any Pax6 expression in the larval eye. Since we were limited to just a few larval
stages, it is difficult to interpret this result. Indeed, we cannot exclude, therefore, that we
missed the proper time-point of Pax6 expression required for eye development.

Rather unexpected, we found Pax6 expression in the gill anlagen of Pecten larvae.
Consistent with this result, we were also able to detect Pax6 expression in the gills of adult
animals by quantitative real-time PCR. At present, we can just speculate about the putative
function of Pax6 in the gills indicating a putative function of Pax6 in gill development.

It is noteworthy that bivalves have a paired sensory structure, called osphradium,
located along the most lateral margins of the gill axis as raised ridges of tissue (Beninger and
Donval, 1995). They consist of both, ciliated sensory cells and bipolar neurons. Osphradia are
proposed to have appeared early in the evolution of molluscs (Yonge, 1947) and are most

highly developed in gastropods. Initially, a sensory role in monitoring water quality was
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suggested (Yonge, 1947). Further studies indicated a chemoreceptive function of osphradia
(Dorsett, 1986). Moreover, it has been suggested that the osphradia of bivalves may play a
role in the reception of chemical spawning cues and the synchronization of gamete release
(Beninger and Donval, 1995; Haszprunar, 1987a).

A putative function of Pax6 in the osphradia of bivalves is supported by the finding
that Pax6 is not only involved in eye morphogenesis but also in the development of the nose
and other chemosensory organs (Walther and Gruss, 1991). Consistent with this, Pax6 expres-
sion in cephalopods was found in the olfactory organs and around the suckers on the ventral
surface of the arms, which are rich in chemo- and mechanosensory neurons (Hartmann et al.,
2003; Tomarev et al., 1997). Interestingly, Pax6 was also found to be expressed in the gills of
the cephalopod Euprymna (Hartmann, 2000). The usage of Pax6 in both, the olfactory and
visual system supports the idea that these structures may have a common ancestral origin.
Notably, there are several common features shared between the development of the olfactory
and visual system. In vertebrates, for example, both systems derive from the ectoderm and
undergo inductive interactions with defined regions of the brain. Moreover, both placodes
share the expression of Pax6, Six3, Eyal and Dachl (Chen et al., 1997; Pignoni et al., 1997,
Purcell et al., 2005).

Further experiments will aim to determine the precise localization and function of
Pax6 in the gills of bivalves. Moreover, it will be interesting to investigate the evolutionary
relationship between the osphradium of bivalves and other olfactory systems.

In a functional assay, both, AnPax6 and PmaPax6 were able to induce ectopic eye
structures in Drosophila. This suggests that at least some of the Pax6 target sequence are
conserved between Bivalvia and the fly. We can not exclude that ectopic expression of
bivalvian Pax6 may lead to the induction of the resident eyeless gene. However, the high
degree of sequence conservation of the DNA-binding domains suggests the possibility that

also other downstream target genes may be regulated.

3. Cloning and expression of AnSix1/2 and PmaSix1/2

3.1 Sequence conservation of AnSix1/2 and PmaSix1/2
We showed that the isolated six genes from Arca and Pecten belong to the sine

oculis/Six1/2 subclass. This is corroborated by the diagnostic amino acid sequence ETSY

from positions 3 to 6 in helix I of the homeodomain (Seo et al., 1999). In addition,
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phylogenetic analysis shows clustering of AnSix1/2 and PmaSix1/2 to other sine oculis/Six1/2
subclass members at high bootstrap values. The six domain of AnSix1/2 and PmaSix1/2 show
high amino acid sequence identity to the six domain of the polychaete Platynereis (94% and
93%, respectively) and more than 90% sequence identity was found to the six domains of
vertebrate Six1/2 subclass members. The homeodomain of AnSix1/2 shows highest identity to
the homeodomain of Platynereis (97%), whereas the homeodomain of PmaSix1/2 shows
highest sequence similarity to the homeodomain of Drosophila sine oculis (95% sequence
identity).

The Six family can be grouped into three major subgroups (Seo et al., 1999). In
vertebrates, due to several whole genome duplications, two gene members or more have been
identified for each of the three subgroups. The presence of a so homolog in sponges (Bebenek
et al., 2004) suggests that the Six genes may have arisen very early in metazoan evolution. In
cnidarians, which form the closest out-group to the Bilateria, three six genes, one of each
subgroup, were isolated (Stierwald et al., 2004). Therefore, it was supposed that the Six gene
family arose before the separation of Urbilateria and Cnidaria (Bebenek et al., 2004).

So far, only few studies have been carried out on the Six gene family in
lophotrochozoans. However, representatives of each subclass of the Six family genes have
been found in planarians (Bebenek et al., 2004; Pineda et al., 2000; Pineda and Salo, 2002). In
molluscs, only six genes of the Six1/2 subclass have been isolated so far (Bebenek et al.,
2004) but none of the two other subgroups. The recovery of all Six gene subclasses in
cnidarians and in basal lophotrochozoans (planarians) strongly suggests that all three
subclasses may also exist in molluscs. Further investigations of Six family genes in molluscs

are required to understand the conserved function of this gene family.

3.2 Expression of AnSix1/2 and PmaSix1/2

Similar to the situation described for Arca and Pecten Pax6, we could not detect any
Six1/2 expression in the adult compound eyes of Arca nor in the adult mirror eyes of Pecten
by in situ hybridization. Weak Six//2 expression was found by real-time PCR, however the
high Cr-values indicated by the amplification plot suggest expression below detectable levels
for in situ hybridization. Although difficult to interpret, these negative results suggest that
Six1/2 may not be involved in the ongoing growth of adult eyes.

In Drosophila so is required for the formation of the entire visual system and is

expressed from early embryonic stages onwards (Cheyette et al., 1994; Seimiya and Gehring,
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2000). Similarly, in the polychaete Platynereis, Six1/2 is continuously expressed in the
developing larval and adult eyes (Arendt et al., 2004). In planarians, Six//2 is also expressed
in regenerating eyes and knock down experiments by RNA interference during regeneration
leads to a complete inhibition of eye formation (Pineda et al., 2000).

Due to the fact that Six//2 seems to be required for the entire visual system, including
the larval eyes of basal metazoans, we were interested whether we can find Six//2 expression
in the larval eyes of Pecten.

In contrast to our initial assumption we could not detect any Six//2 expression in the
larval eyes of Pecten by in situ hybridization. Again, this result is difficult to interpret since
we were limited to only a few larval stages and might have missed the essential
developmental stages when Six//2 is expressed. Interestingly enough, we found Six//2 in
three distinct regions outside of the eye region. Because of the weak staining signal and the
difficulties to identify superimposed structures through the shell, we were not able to assign
the stainings to the corresponding tissues with absolute certainty. However, based on the
position of the staining and by comparison with the available anatomical data of Pecten
larvae, we suppose expression in the gill primordia and in the developing anterior and
posterior adductor muscles (personal communication, P. Benninger). Consistent with a
putative role of PmaSix1/2 in muscle and gill development is the finding that genes of the
Six1/2 subfamily are involved in the development of the olfactory system as well as in
myogenesis (Laclef et al., 2003b; Oliver et al., 1995a; Zheng et al., 2003). In mice, Six/ is
strongly expressed in the nasal placode and later in the olfactory epithelium, and homozygous
mutants for Six/ display nasal disorganization (Laclef et al., 2003b). Moreover, Six/ was
shown to be required in myogenesis of vertebrates (Heanue et al., 1999; Laclef et al., 2003a).
Six1 is suggested to regulate MyoD and myogenin expression in the limb buds and Six1™~
homozygous mice die at birth and display severe muscle hypoplasia (Laclef et al., 2003a).
Similarly, Six1/2 expression is also found in the striated muscle layers of jellyfish suggesting
a conserved function in muscle development among eumetazoa (Stierwald et al., 2004).

As already mentioned, the gills of bivalves exhibit a sensory field involved in
chemoreception. Therefore, it is tempting to speculate that PmaSix1/2 may have a function in
the development of the chemosensory system of the gills as it could be the case for PmaPax6.
Interestingly, a similar situation is found in vertebrates where both Pax6 and Six/ participate

in the development of the nose.
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4.Cloning and expression of three opsin genes in bivalvian molluscs

In search for opsin genes in bivalves, we have isolated one opsin gene from Arca and
two opsin genes from Pecten. The two-dimensional models and the conservation of amino
acid residues diagnostic for opsin proteins along with phylogenetic analysis strongly suggest a
photosensory role for these genes.

PmaGqOpsin was found to be strongly expressed in the rhabdomeric photoreceptor
cells of the proximal retina in the Pecten mirror eye. PmaGqOpsin shows high amino acid
sequence identity to the Gg-coupled rhodopsin (Scopl) isolated from the pacific scallop
Patinopecten yessoensis (Kojima et al., 1997), belonging to the rhabdomeric-opsin type.
Although no expression analysis was carried out for Scop!, in situ hybridization staining was
shown for the a-subunit of the G, type G-protein, the protein supposed to interact with Scop1,
in the proximal retina of the mirror eye (Kojima et al., 1997).

Our expression analysis of PmaGgOpsin indicates that this rhabdomeric opsin is
indeed expressed in the rhabdomeric photoreceptor cells of the Pecten mirror eye. The
orthology of PmaGqOpsin to rhabdomeric opsins is further supported by comparative
sequence analysis. At the transition from transmembrane domain VII to the cytoplasmic tail a
highly conserved stretch of amino acids (ALSHPKF) was found in PmaGqOpsin, a motif
which is specific for rhabdomeric opsins. This stretch was found to play a crucial role in the
binding of G-proteins (Marin et al., 2000). Furthermore, the third cytoplasmic loop which is
also important to make contact with the G-protein is, as typical for rhabdomeric opsins,
considerably longer than in ciliary opsins. Moreover, the counterion for the protonated Schiff
base is a tyrosine in PmaGqOpsin, another feature shared with all rhabdomeric opsins (Arendt
et al., 2004). Consistent with the sequence comparison, phylogenetic analysis shows
clustering of PmaGqOpsin with rhabdomeric opsins. Comparative sequence and phylogenetic
analysis, therefore, univocally identify PmaGqOpsin as a rhabdomeric-opsin type.

The situation is less clear for the second opsin gene isolated from Pecten, PmaOpsinX.
Comparative sequence analysis shows several deviations from other known opsin genes.
Within the regions known to be important for interaction with G-proteins, PmaOpsinX shows
no sequence homology to any other known opsins. In particular, no sequence homology was
found at the transition from the transmembrane domain VII to the cytoplasmic tail where, at
least in the case of rhabdomeric and ciliary opsins, a highly conserved amino acid motif is

found (SHPK(F/Y)R and VFMNKQF, respectively (Arendt et al., 2004). Furthermore, the
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third cytoplasmic loop of PmaOpsinX, which is also known to be crucial for G-protein
interactions (Terakita et al., 2002) does not show any sequence homology to other opsins.

A peculiarity of PmaOpsinX is the usage of a histidine residue as a counterion for the
Schiffbase, in contrast to ciliary opsins and rhabdomeric opsins which generally have a
glutamate or a tyrosine residue as a counterion. However, variations at this position is not
untypical for opsin genes and do not allow any conclusion for the protein function.

Phylogenetic analysis indicates that PmaOpsinX most likely clusters to the so far
uncharacterized mosquito opsin gene gropll. Little support was found that PmaOpsinX
belongs to any other of the known opsin subfamilies. Interestingly, it is very likely that
PmaOpsinX may constitute a novel opsin subfamily (34% Local bootstrap probability).
Real-time PCR experiments showed expression in all examined tissues. However, the high
Cr-values indicated by the real-time PCR amplification plot and the fact that we could not
detect any PmaOpsinX expression by in situ hybridization suggests very low expression
levels.

Our observation by real-time PCR that PmaOpsinX is expressed in various tissues
raised the question about its function. Recently, a similar broad expression was found for a
novel opsin gene family identified in teleost fish (Moutsaki et al., 2003). These opsin genes,
named teleost multiple tissue (tmt) opsins were found to be expressed in a wide variety of
tissues (e.g., eyes, kidney, heart, embryonic cell lines). Based on the observation that these
opsin genes are expressed in cell lines that possess a light entrainable clock, it was suggested
that these tmt-opsins may play an important role for the photic regulation of teleost peripheral
circadian clocks (Moutsaki et al., 2003). Therefore, it is tempting to speculate that
PmaOpsinX acts as a photopigment involved in the photic regulation of peripheral clocks.
Further studies will be warranted to search for genes involved in circadian rhythm, as for
example the bmal gene (an ortholog of the Drosophila cycle gene) (Van Gelder, 2004) and to
investigate whether expression will co-localize to PmaOpsinX expression domains.

The third opsin gene, AnOpsinX, was isolated from Arca. Comparative sequence
analysis and phylogenetic analysis revealed that AnOpsinX most probably belongs to the Go-
coupled opsin subfamily. At the border between the 7" transmembrane domain and the C-
terminal, a stretch of three amino acids is highly indicative of ciliary and rhabdomeric opsin
families (Arendt et al., 2004). This amino acid stretch plays an important role in G-protein
interaction and alteration of this tripeptide was found to diminish G-protein interaction (Marin
et al., 2000). Although it was reported that Go-coupled protein miss such a fingerprint, we
found that AnOpsinX shares a SSK motif (position 322, 323 and 324) with two Go-coupled
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opsin genes recently identified in the sea urchin Strongylocentrotus (Raible et al., 2006). The
third cytoplasmic loop, however, which is also important for G-protein activation (Terakita et
al., 2002) is longer than usual in 4AnOpsinX and shows no sequence homology to any other
opsin gene at the corresponding region.

The usually highly conserved E(D)RY motif at the C-terminal end of helix III deviates
in AnOpsinX. Instead of a glutamate or an aspartate residue at the first position of this motif,
AnOpsinX has a cysteine (C130). Interestingly, the same substitution is also found in the Go-
coupled opsin (Scop?2) of the pacific scallop Patinopecten (Kojima et al., 1997).

Phylogenetic analysis also indicates that AnOpsinX most probably clusters to the Go-
coupled opsins of Amphioxus (Koyanagi et al., 2002). Moreover, we can exclude that
AnOpsinX clusters to the ciliary-opsin, rhabdomeric-opsin or peropsin subfamilies. Recent
results from sea urchin (Raible et al., 2006) suggests that the Go-coupled opsins identified in
amphioxus, sea urchin and Patinopecten comprise an ancient Go-opsin family, supporting the
notion that AnOpsinX is a member of the Go-coupled opsin subfamily. However, we can not
rule out the possibility (13.8% local bootstrap probability) that AnOpsinX may constitute a
novel opsin subfamily.

Our real-time PCR expression data suggest expression of AnOpsinX in the muscle and
the gills, whereas very little expression was detected in the eyes and mantle tissue. The
finding that AnOpsinX is expressed in muscle and gill tissues points to the possibility that
AnOpsinX may play a role in the regulation of peripheral circadian clocks as already proposed

for the putative function of PmaOpsinX.

5. Conclusions and Perspectives

The aim of this thesis was to test the recently proposed idea that all eyes found in
eumetazoans derive from a common Pax6-dependent ancestor eye (Gehring and Ikeo, 1999).
We focused our investigations on two bivalvian species, Arca noae and Pecten maximus, each
representing a different eye-type. The fact that different eye-types are present within the same
phylogenetic class, makes them perfect candidates to investigate eye evolution.

We isolated two transcription factors, Pax6 and Six//2, known to be high up in the
regulatory genetic cascade of eye development, from both species. In contrast to our initial
assumption, we were not able to detect definite Pax6 and Six//2 expression in the larval and

adult visual systems of Arca and Pecten. Indeed, in eyes of adult animal we detect only small
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amounts of Pax6 and Six1/2 consistent with the absence of in situ staining in the larval and
adult eyes.

These are negative results and therefore difficult to interpret. It is tempting to
speculate that both, Pax6 and Six1/2, are probably not necessary for the ongoing growth and
maintenance of adult eyes. However, we can not exclude that Pax6 and Six//2 may be critical
in early stages of eye development.

A serious problem of our investigations was the inaccessibility of various embryonic
stages of both species. Further studies will aim to investigate a broader window of embryonic
stages. An alternative to study larval eyes would be to use an other species easier to breed and
to cultivate in the laboratory, as for instance oysters. Although adult animals of oysters have
no eyes, the veliger larval stages are known to have eye spots. (Coon et al., 1990; Galtsoff,
1964). Therefore, at least for the investigation of larval eyes, oysters might be the animal of
choice.

Surprisingly, we found Pax6 expression and very likely also Six//2 expression in the
gill primordium of Pecten veliger larvae. Moreover, we found Pax6 expression in the gills of
adult animals in both, Arca and Pecten by real-time PCR. Although very speculative, Pax6
and Six//2 might be involved in the development of the osphradium. An additional role of
Pax6 could be the maintenance of the sensory components of the osphradium in the adults.

In a second project, we have isolated three opsin genes, one from Arca and two opsin
genes from Pecten. Whereas from Pecten one opsin gene (PmaGgOpsin) was unambiguously
identified as a Go-coupled opsin, which is specifically expressed in the rhabdomeric
photoreceptor cells of the proximal retina, the classification of the two other opsin genes
remains unclear. Phylogenetic analysis indicate that each of them may constitute a novel type
of opsin subfamily.

Interestingly, real-time PCR revealed opsin expression in various tissues, suggesting a
putative role in the photic regulation of peripheral molecular clocks. To determine whether
these opsin genes indeed play a role in the photic regulation of circadian rhythms, it will be
useful to search for components of the clocks such as bmal/cycle, per/tim and to elucidate
whether expression of these genes colocalize with opsin expression.

In conclusion, this work provides new molecular comparative insights into the eye
evolution of two bivalvian species, each representing a different eye-type. In addition, we
found that Pax6 and Six1/2 are expressed in the gill primordium of Pecten larvae as well as in
the adult gills of both Arca and Pecten. These new findings raise several interesting questions

concerning their functional role in the gills and sensory organs in general. Are Pax6 and
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Six1/2 implicated in the establishment of the chemosensory fields of the gills and what is their
functional role in adult gills?

Furthermore, we isolated two new opsin genes, which probably constitute novel opsin
subfamilies and, strikingly, are expressed in various tissues. These findings opens the door for
several more investigations concerning their function and may lead to a better understanding

of opsin evolution and the diversification of photoreceptor cells.
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