[l THE ROYAL

@] SOCIETY

Reconstructing the eyes of Urbilateria

Detlev Arendt and Joachim Wittbrodt
European Molecular Biology Laboratory (EMBL), Meyerhofstrafle 1, 69012 Heidelberg, Germany

The shared roles of Pax6 and Six homologues in the eye development of various bilaterians suggest that
Urbilateria, the common ancestors of all Bilateria, already possessed some simple form of eyes. Here, we
re-address the homology of bilaterian cerebral eyes at the level of eye anatomy, of eye-constituting cell
types and of phototransductory molecules. The most widespread eye type found in Bilateria are the larval
pigment-cup eyes located to the left and right of the apical organ in primary, ciliary larvae of Protostomia
and Deuterostomia. They can be as simple as comprising a single pigment cell and a single photoreceptor
cell in inverse orientation. Another more elaborate type of cerebral pigment-cup eyes with an everse
arrangement of photoreceptor cells is found in adult Protostomia. Both inverse larval and everse adult
eyes employ rhabdomeric photoreceptor cells and thus differ from the chordate cerebral eyes with ciliary
photoreceptors. This is highly significant because on the molecular level we find that for phototrans-
duction rhabdomeric versus ciliary photoreceptor cells employ divergent rhodopsins and non-orthologous
G-proteins, rhodopsin kinases and arrestins. Our comparison supports homology of cerebral eyes in
Protostomia; it challenges, however, homology of chordate and non-chordate cerebral eyes that employ
photoreceptor cells with non-orthologous phototransductory cascades.
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1. INTRODUCTION

Pax6 homologues are essential for eye formation in verte-
brates (Hill et al. 1991; Walther & Gruss 1991; Chow et al.
1999) and Drosophila (Quiring el al. 1994; Halder et al.
19954). This led to the idea that Pax6 has an evolutionary
conserved function in triggering initial steps of eye
development (master control gene hypothesis) (Quiring
et al. 1994; Halder et al. 1995a; Gehring & Ikeo 1999).
Pax6 homologues have meanwhile been cloned from
various other Bilateria. Whenever eyes are present in the
Bilateria investigated, they express the respective Pax6
homologue (Appendix A), with the exception of the Hesse
organs in Branchiostoma (Glardon et al. 1998). On these
grounds, it has recently been proposed that the various
eye types found in Metazoa are derived from a common
Pax6-dependent precursor resembling a two-celled “proto-
type eye’ with a single photoreceptor cell (Halder ez al.
19956; Callaerts et al. 1997; Gehring & Ikeo 1999;
Pichaud et al. 2001). Genes belonging to the Six/sine oculis
family equally share common roles in eye development of
insects (Cheyette et al. 1994; Seimiya & Gehring 2000),
vertebrates (Oliver et al. 1995; Loosli et al. 1998, 1999) and
planarians (Pineda et al. 2000). Homology of eyes across
the Bilateria—and even across the Protostomia and
Deuterostomia split, a notion strongly rejected from the
morphological viewpoint (Salvini-Plawen & Mayr 1977,
Nilsson 1996)—is again open for discussion.

The congruities in insect and vertebrate eye develop-
ment add to a series of recent comparative studies that
have revealed unexpected similarities between these
phylogenetically remote groups. These studies have
revived the notion that ventral in insects corresponds to
dorsal in vertebrates (Arendt & Niibler-Jung 1994; Holley
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et al. 1995), and allow a reconstruction—uvia the detection
of putative interphyletic homologies—of the body plan of
Urbilateria, the stem species of all Bilateria (De Robertis
& Sasai 1996). Urbilateria should have formed a rather
elaborate centralized nervous system with an apical brain
(Thor 1995; Arendt & Nibler-Jung 1996; Reichert &
Simeone 1999), and longitudinal trunk cords along the
ventral body side (Arendt & Niibler-Jung 1999).

It is intended here to collect and review morphological
and molecular data available that relate to the question:
what type(s) of eyes existed in Urbilateria (if any at all)?
Nilsson (1996) has stated that ‘for an assessment of the
potential homology between eyes of animals from
different phyla, useful indicators are the eye’s ontogenetic
origin, the way photoreceptor cells are constructed, and
the molecular machinery responsible for light detection’.
In brief, this outlines the three major sections of this
paper. We also add a section about comparative anatomy
of bilaterian eyes, to explore what urbilaterian eyes might
have looked like.

(a) What is an eye?

The minimum setting for an eye involves a photo-
receptor in the vicinity of shading pigment, which allows
the detection of the direction of light. A simple eye con-
sists of one photoreceptor and one pigment cell. Such
prototype two-celled eyes are found, for example, in
trochophora larvae (sece below) and in planarians
(Gehring & Ikeo 1999). Our definition also includes
single photosensitive cells containing both photo- and
shading pigment (e.g. unicellular algae, turbellarian
‘epidermal eyes’, see Appendix B), but excludes photo-
receptor cells not combined with shading pigment (e.g.
deep brain photoreceptor cells).
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The starting point for the evolution of photoreceptor
cells is an epidermal ciliated cell with photopigment
(opsin + retinal =rhodopsin) molecules embedded in its
membrane. Retinal 1s the molecule transducing light
energy into electrical signals, and opsin is the covalently
bound protein carrier. To enhance light sensitivity, the
membranous surface enlarges locally by in- or outfolding,
to form a light-sensitive organelle (=photoreceptor). In
ciliary photoreceptors the ciliary membrane folds into
internal discs or tubules, or into outer microvilli or
lamellae. In rhabdomeric photoreceptors the apical cell
membrane folds into microvilli or lamellae, while the
cilium remains unchanged (but nevertheless is present—
though often rudimentary). (For examples, see figure 8.)

Pigment cells contain non-photosensitive, light-
absorbing pigment such as melanin or pterins. They often
acquire the capacity to secrete lens-forming material
(Eakin & Westfall 1964, 1965; Fischer & Brokelmann
1966).

Classification of eyes is based on levels of complexity.
‘Ocell’ are simple, multicellular eyes comprising photo-
receptor cells, pigment cells, and, optionally, additional
support cells—the two-celled eye being the simplest
variant. Structurally, ocelli often resemble ‘pigment cup
eyes’ where photoreceptors are embedded in a cup-
shaped layer of pigment cells. Because light can enter only
through the cup opening, the pigment-cup eye already
detects direction of light with some accuracy. Optionally,
light-harvesting lenses (or lens-resembling ‘Fullmasse’
(filling mass) of unknown function) are present.

Bilaterian eyes can be of inverse or everse design. In
inverse eyes, the receptive organelles of photoreceptor
cells project towards the pigment cup, while in everse eyes
they project away from it, towards the light. This formal
distinction was first introduced for Polychaeta (Hesse 1899)
and extended to the whole Bilateria (see figure 4 for
prototypic inverse eyes and figure 5a,b for everse eyes).
However, there are transitions between the two, both
ontogenetically and phylogenetically (see below).

Compound eyes are composed of a (species specific)
number of distinct units called ommatidia, described for
Polychaeta, Bivalvia and Arthropoda. Structurally, an
individual ommatidium on its own resembles a one
pigment-cup ocellus.

Complex eyes are found in Cephalopoda and
Vertebrata. They consist of cornea, iris, lens and retina.

(b) Homology of eyes in Bilateria?

Homologous features of two given animal groups are
those ‘that stem phylogenetically from the same
feature...in the immediate common ancestor of these
organisms’ (Ax 1989) so that their ‘non-incidental re-
semblances are based on shared information’ (Schmitt 1995).

In discussing the homology of bilaterian eyes, it is essen-
tial first to clarify the level of complexity implied in the
homology proposal. ‘Homology of cephalopod and verte-
brate eyes’ (Halder et al. 19955; Gehring & Ikeo 1999)
implies not more (and not less) than that Urbilateria
formed a prototype two-celled eye, as suggested by the
authors. Beyond that, ‘homology of cephalopod and verte-
brate complex eyes’ would imply that Urbilateria already
formed complex eyes with cornea, iris, lens and retina,
and has inherited all this to extant vertebrates and
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cephalopods. This is rather unlikely. Instead, complex eyes
(and also compound eyes) can ‘serve as textbook examples of
functional convergence or parallelism’ (Nilsson 1996).

The homology criteria formulated by Remane (1952)
have eased the identification of homologous structures.
These criteria were applicable at the classical morpho-
logical level but nowadays can also be applied at the mol-
ecular level. First, the most basic test for homology is to
check whether the compared structures form at similar
positions in a shared system of spatial reference, such as
conserved body plans, early axonal scaffolds, or expression
patterns of conserved early regionalization genes (see
below). This ‘criterion of position’ already excludes eyes
forming at ‘aberrant’ positions from any long-range homol-
ogy proposal. For instance, pygidial eyes at the posterior
end of sabellid polychaetes, or the cushion-like eyespots on
the arms of starfish will not find interphyletic counterparts.
(The possibility of organ displacement remains to be
considered, however, but this is unlikely in the above cases.)
Second, the ‘criterion of specific quality’ asks for similarities
of the compared structures in specific characteristics.
Again, this can apply at the structural or at the molecular
level. Structurally, we consider the inverse versus everse
design of bilaterian eyes and the eye-constituting cell types,
such as ciliary versus rhabdomeric photoreceptor cells.
Molecularly, one can compare the specific expression of
developmental control genes such as Pax6 (Appendix A) or
of downstream genes involved in the phototransductory
cascade (see below). Third, the ‘criterion of continuity’ asks
for interconnecting forms that can be identified in the onto-
geny and/or phylogeny of living species, or of extinct
species. We will discuss the phylogenetic ‘continuity’ of eyes
for the major bilaterian branches.

2. ANCESTRALITY OF CEREBRAL EYES?

In Bilateria there is a plethora of eyes, at various
locations and of remarkable structural diversity,
portrayed extensively for Polychaeta (e.g. Hesse 1899;
Verger-Bocquet 1984; Rhode 1991) and Molluscsa
(Barber et al. 1967; Barber & Wright 1969; Hughes 1970;
Land 19846). In an extensive survey, Salvini-Plawen &
Mayr (1977) have listed various eye types, many of which
they consider to be new evolutionary acquisitions (see
also Salvini-Plawen 1982). What is intended here is to
distil out recurrent eye types in Bilateria—which may, in
the end, reflect interphyletic homology. Most promising
candidates for evolutionary conservation across phyletic
boundaries are the paired cerebral eyes that form in ante-
rior body regions of various Bilateria, innervated by the
cerebral ganglia. We prefer the term ‘cerebral eyes’ to
‘cephalic eyes’ because the occurrence of a brain (cere-
brum) appears to be a more constant and reliable char-
acter than that of a head (cephalon). (For example, in
Bivalvia, there is no head due to the rather derived
morphology while a brain still forms.) The widespread
larval eyespots are ‘cerebral’ in nature because they form
in close vicinity to the developing brain. Notably, in all
Bilateria so far studied, the Pax6-expressing eyes are cere-
bral eyes, while the non-cerebral Hesse eyecups of the
lancelet do not express Pax6 (Appendix A).

Following the criterion of continuity, any homology of
cerebral eyes across Bilateria would require their presence
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Figure 1. Phylogenetic tree of the Bilateria, with cerebral eyes marked by arrows in an exemplary manner. For clarity, some
groups have been omitted. Current molecular phylogenies divide the Bilateria into three major branches, Deuterostomia,
Lophotrochozoa and Ecdysozoa (Field et al. 1988; Halanych ez al. 1995; Kim et al. 1996; Aguinaldo et al. 1997; and compare also
Peterson et al. 2000). We hold to this basal subdivision here although uncertainties remain (Winnepenninckx et al. 1998). Drawings
adapted from Dorresteijn et al. 1993 with kind permission of Springer-Verlag; Gerould 1906; Peterson et al. 1999 with kind
permission of The Company of Biologists Ltd; Riedl 1983, with kind permission of Blackwell Wissenschafts-Verlag; Willey 1898).

at the base of each of the major branches (figure 1).
However, the still limited resolution in the branching
pattern of phylogenetic trees (Field et al. 1988; Halanych
et al. 1995 Kim et al. 1996; Aguinaldo et al. 1997,
Winnepenninckx et al. 1998) does not yet allow the re-
liable identification of basal groups in the Lophotrochozoa.
Moreover, even if an identified (extant) basal group
lacked eyes, we cannot infer that this was also true for an
(extinct) stem group. Secondary loss of eyes is a probable
process—even found in extant sister species—when
living in an aphotic environment. ‘Degeneration (of eyes)
may . ..occur when a phyletic line of marine invertebrates
with well-developed eyes invades a niche in which photo-
receptors are no longer maintained by selection (aphotic
zone, tunnelling in the substrate, etc.)” (Salvini-Plawen &
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Mayr 1977, p. 210). For example, this accounts for the
absence of eyes in some mollusc groups (Caudofoveata,
Scaphopoda, Monoplacophora) (Rosen et al. 1979), in
Clitellata (Annelida), or in Phoronida (Tentaculata).
However, other eyeless groups such as Solenogastres
(Mollusca), or Pterobranchia do not live in especially
aphotic habitats. Thus, should some kind of cerebral eyes
be ancestral for Bilateria, secondary eye loss will have
to be accounted for in these latter groups (Salvini-
Plawen 1982). As a conclusion, ancestrality of cerebral
eyes appears to be a tenable hypothesis in the light of
the widespread occurrence of cerebral eyes in Proto-
stomia (Ecdysozoa and Lophotrochozoa) and their
presence in Deuterostomia (in enteropneust
tornaria larvae).

lower
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Figure 2. Innervation of eyes from axonal scaffold in Insecta, Polychaeta and Vertebrata, and formation within the Ox-region.
Stars indicate position of polychaete adult eyes. Insect and vertebrate scaffolds modified after Arendt & Niubler-Jung (1996).
Abbreviations: ae, adult eyes; An, antennal nerve; BC, brain commissure; ce, compound eyes; Deut, deutocerebrum;

In, infundibulum; le, lateral eyes; mc, midline cells; Mes, mesencephalon; Mn, mandibular nerve; Perist, peristomium;

PC, posterior commissure; pe, pineal eyes; POC, postoptic commissure; Pros, prosencephalon; Prost, prostomium;

Prot, protocerebrum; St, stomodaeum; Trit, tritocerebrum.

(a) The early axonal scaffold

Considering next the criterion of position, cerebral eyes
in Bilateria obviously share their anterior position.
Beyond that, early axonal scaffolds can be utilized as a
conserved system for spatial reference (figure 2). In repre-
sentatives of all bilaterian superphyla, early axonal scaf-
folds consist of two longitudinal axon bundles on both
sides of the neural midline that form from the NEK-2.2-
specified medial column of the nervous system anlage
(Arendt & Niubler-Jung 1999). These run into an anterior
loop, the most anterior part of which is the prominent
brain commissure (Wilson e/ al. 1990; Boyan et al. 1995;
Therianos et al. 1995 D. Arendt & J. Wittbrodt, unpub-
lished data). On these grounds, homology of early axonal
scaffolds has been proposed (Arendt & Nibler-Jung
1996), making them a suitable reference system for the
developing visual system. In insects, annelids and verte-
brates, the outgrowing axons of the developing cerebral
eyes connect to the axonal scaffold at similar positions,
namely at the level of the very anterior brain commissure
(figure 2). However, since this similarity reflects rather
obvious functional constraints for cerebral eyes it is a
precondition rather than support for their homology.

(b) Molecular framework for spatial reference

The criterion of position can nowadays be tested at the
molecular level, in that the structures compared should
form in conserved body regions specified by homologous
regionalization genes. One such region is the Ot territory
located in the anterior body regions of all species exam-
ined (Bruce & Shankland 1998; Mitsunaga-Nakatsubo et
al. 1998; Stornaiuolo et al. 1998; Acampora & Simeone
1999; Hirth & Reichert 1999; Reichert & Simeone 1999;
Umesono et al. 1999; Wada & Saiga 1999; Kimura et al.
2000) (figure 2). Cerebral eyes originate from the Ofx-
region in vertebrates, insects, ascidians (Wada & Saiga
1999), planarians (Umesono et al. 1999) and polychaetes
(Arendt et al. 2001), and cerebral eye formation requires
functional Otx, at least in insects (Finkelstein et al. 1990;
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Vandendries ef al. 1996) and in vertebrates (Acampora &
Simeone 1999; Suda et al. 1999). Promoter studies indicate
that phototransductory molecules, such as opsins and
arrestins, are directly regulated by Otx- and Pax6-
transcription factors (Kimura et /. 2000). This under-
scores the affiliation of cerebral eyes to the Otx-expression
territory.

3. COMPARATIVE ANATOMY OF
CEREBRAL EYES IN BILATERIA

(a) Larval cerebral eyes

Conspicuous eyespots can be observed in primary,
ciliary larvae commonly found in Lophotrochozoa and in
basal Deuterostomia (figure 1). Their basic design and
widespread distribution in the Bilateria makes them a
plausible starting point for a comparative survey of bi-
laterian cerebral eyes. In many cases they locate to
similar positions, namely left and right of, but variable
distances to the apical organ. The ‘trochophora’ a
primary, ciliary larva with conspicuous apical eyespots, is
considered ancestral at least for Lophotrochozoa (Ax
1995). And since larval body plans appear to be widely
conserved during evolution (Arendt et al. 2001; Peterson et
al. 2000) (and see below), ancestrality of primary, ciliary
larvae with apical, cerebral eyespots could well extend to
Deuterostomia.

In Lophotrochozoa, the paired larval eyespots of the
polychaete trochophora larva match the bilaterian proto-
type two-celled eye. Their structure is exemplified in
figure 3a for Platynereis dumerilic (Rhode 1992). They are
referred to as inverse, because the photoreceptor, the
rhabdome, is orientated towards the concavity of the
pigment cell. Similar inverse larval eyes are found in
sipunculan worms and in flatworms (figure 34), two other
lophotrochozoan groups. However, in molluscs, pigment
and photoreceptor cells of larval eyes are arranged in an
everse manner (figure 3¢). Homology of mollusc and
polychaete larval eyes would thus imply a transition from
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Platynereis dumerilii (Polychaeta) Pseudoceros canadensis (Polycladida)

()

Ptychodera flava (Enteropneusta)

Lepidochiton cinereus
(Polyplacophora)

(e)

Figure 3. Two-celled and primitive pigment-cup eyes of primary ciliary larvae in Bilateria. Light grey, photoreceptor cell; dark
grey, pigment cell. (a) Larval eye of polychaete trochophora (Platynereis dumeriliz) after Rhode (1992). (b) Left larval eye of
turbellarian Miiller’s larva (Pseudoceros canadensts, Polycladida) after Eakin & Brandenburger (1980, 1981) and Fournier

(1984, p. 220, fig. 2c). Ciliary photoreceptor cell with transverse cilia indicated by open circles. (¢) Larval eye of mollusc
trochophora (Lepidochiton, Polyplacophora) after Bartolomaeus (19924). (d) Early larval eye of six-day enteropneust tornaria
larva (Ptychodera flava) after Brandenburger et al. (1973). (e) Late larval eye of tornaria (tentaculate stage) (Ptychodera flava)

after Brandenburger et al. (1973).

inverse to everse design in the evolution of molluscs. A
more detailed phylogenetic survey of larval eyes is given
in Appendix B.

What about larval cerebral eyes outside Lophotro-
chozoa? In ecdysozoan Crustacea, the first free-living
larval stage is the three-segmented nauplius larva. It
shows a tripartite larval eye that may trace back to
polychaete-like precursor forms (Appendix B). In lower
Deuterostomia, on the other hand, larval eyespots are
common in the tornaria larvae of Enteropneusta (e.g.
Stiasny 1914). Notably, in early tornaria eyespots
(figure 3d) the cellular arrangement very much resembles
that of larval eyes in trochophora larvae in that the recep-
tive organelles, the rhabdomens, are orientated towards
the concavity of the pigment cells (compare figure 3a with
3d). Deviating from this, in the later tornaria the larval
eyes acquire an everse design (figure 3e¢), a state analogous
to the polyplacophoran trochophora (compare figures 3¢
and 3e).

In conclusion, larval cerebral eyespots in primary,
ciliary larvae share an apical position and have in
common a very simple structure, comprising one to a few
photoreceptor cells and one to a few pigment cells, mostly
arranged in a characteristic inverse manner. This is in line
with the notion of evolutionary conservation. Homology is
supported by the similar employment of rhabdomeric
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photoreceptor cells, as will be outlined in §4. There is a
general tendency towards increasing cell numbers of both
photoreceptor and pigment cells. Evolutionary conserva-
tion of larval eyes in Bilateria would also involve a transi-
tion from inverse to everse in at least two independent
lines (molluscs and enteropneusts). These are recurrent
themes in the evolution of cerebral eyes in adult Bilateria.

(b) Inverse cerebral eyecups: neoteny of larval eyes

Outwardly directed eyecups of inverse design are not
restricted to larvae, but also occur in adults. Examples of
their structure are given in figure 4 and an evolutionary
overview in given in Appendix C. In polychaetes, the
structure of adult inverse eyes either closely matches the
larval pattern (figure 4a), or shows a more elaborate
design (figure 4b4) revealing a tendency to increase
pigment and photoreceptor cell numbers (Verger-Bocquet
1984, p. 291). As described for Polygordius, polychaete
inverse cerebral eyes are persisting larval eyes (Branden-
burger & Eakin 1981).

Inverse adult eyecups have also been described for other
lophotrochozoan groups, for example Nemertini (Vernet
1970; Storch & Moritz 1971) (figure 4¢) or flatworms
(figure 4d,e). As in the polychaetes, adult flatworm
inverse eyecups develop directly from the larval eyespots
(Appendix C). Characteristic for flatworm inverse eyes,
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Polygordius cf. appendiculatus
(Polychaeta)
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Cura pinguis (Polycladida)

Lineus ruber (Nemertini)

Dugesia japonica (Tricladida)

Figure 4. Inverse eyes in Bilateria. Light grey, photoreceptor cell; dark grey, pigment cell. (a) Polygordius cf. appendiculatus,
Polychaeta, after Brandenburger & Eakin (1981, fig. 1F). (b) Flabelligeridae, Polychaeta after Spies (1975) and Verger-Bocquet
(1984). (¢) Lineus ruber, Nemertini, after Vernet (1970, fig. 15A). (d) Cura pinguis, Polycladida, after Durand & Gourbault (1977)
and Fournier (1984). (e) Dugesia japonica, Tricladida, after Kishida (1967, fig. 32E).

there 1s a tendency of eye duplication, a tendency to
generally increase cell number (Hesse 1897; TFournier
1984) and there is an evolutionary series from inverse to
everse design, as noted by (Hesse 1902).

Due to their very similar structure, cerebral inverse
eyes of polychaetes, flatworms and nemerteans are con-
sidered ‘obviously homologous’ by Salvini-Plawen & Mayr
(1977), who also hold the view of extreme polyphyly of
eyes. However, the similar structure of adult inverse eyes
is apparently due to the fact that they represent larval
inverse eyes neotenously taken over by the adults. This
can casily have occurred several times convergently and
thus would make adult inverse eyes a case of evolutionary
parallelism (independent evolution from homologous
sources) (Hodin 2000).

(c) Everse pigment-cup adult eyes in Protostomia

There is another recurrent type of cerebral eyes in
adult Bilateria, the everse pigment-cup eyes. Examples of
structure are given in figure 5, and an evolutionary over-
view in Appendix C. The everse eye type may represent a
second, distinct type of eye conserved in Bilateria
because, in contrast to the inverse adult eyes, it is not a
derivative of the larval eyes but represents a separate
formation, at least in the cases studied (polychaetes,
sipunculans, arthropods: Appendix C). Everse eye devel-
opment is exemplified for the polychaete Platynereis in
figure 6. Characteristically, there is a transitory develop-
mental state very reminiscent of inverse larval eye design
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(compare figure 3a and 3d to figure 6¢). In this respect,
Platynereis everse eye development resembles that of enter-
opneust larval eyes, where a similar inverse-to-everse tran-
sition occurs (figure 3d,¢). This ontogenetic transition might
recapitulate a phylogenetic inverse-to-everse transition as
postulated above, e.g. for polyplacophoran larval eyes.

Among lophotrochozoans, everse adult eyes are found
in carnivorous polychaetes (figure 5a), various molluscs
(figure 5b and 5¢), and sipunculans (figure 5d;
Appendix C). They all have in common a very specific
structure with photoreceptive cell processes traversing the
pigment cell layer. Everse eyes have also been described
for Ecdysozoa and repeatedly considered homologous to
polychaete everse eyes on the basis of detailed structural
comparisons (Eakin & Westfall 1965; Hermans & Eakin
1974; Salvini-Plawen & Mayr 1977). However, there is a
strong caveat to this. Given that an evolutionary transi-
tion from inverse to very similar everse eyes took place in
independent evolutionary lines, the everse eye design as
such can only be a weak argument for evolutionary
conservation. Clearly, a comparative analysis of everse-
eye-specific molecular markers is a very promising tool to
clarify this issue.

(d) Cerebral adult eyes in chordates:
inverse or everse?
There are no examples of adult everse eyes in the lower
Deuterostomia because in adult enteropneusts and ptero-
branchs eyes are entirely lacking (Dawydoff 1948). In
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Octopus vulgaris
(Cephalopoda)

Phascolosoma agassizii

(b)

Helix pomatia (Gastropoda)

(e)

Ascidia nigra (Tunicata)

(Sipunculida)

Figure 5. Everse cerebral eyes in Protostomia. Light grey, photoreceptor cell; dark grey, pigment cell; white circles, lens vesicles;
black circles, photoreceptor cell pigment vesicles; spotted pattern represents lens. (a) Everse eye in Platynerers dumerilii, Polychaeta,
after Fischer & Brokelmann (1966). (b) Everse eye in Helix pomatia, Gastropoda, after Hesse (1908) and Land (19844). (¢) Everse
eye of Octopus, Cephalopoda, after Yamamoto et al. (1965). (d) Everse eye of Phascolosoma agassizii, Sipunculida, after Hermans &

Eakin (1969). (¢) Semi-inverse eye of Ascidia nigra, Tunicata, after Jefleries (1986, p. 107f).

(»)

(© ()

Figure 6. Developing adult eye in: (a) early; (b) late two-day-old larvae; (¢) late three-day-old larvae; and (d) in three-week-old
young worm of Platynereis dumerilic (Polychaeta). Light grey, photoreceptor cell; dark grey, pigment cell; white circles, lens
vesicles; black circles, photoreceptor cell pigment vesicles. After Rhode (1992).

chordates, on the other hand, cerebral eyes are present.
They are ‘inverse’ because photoreceptor cells in the
ascidian ocelli (Dilly 1961; Eakin & Kuda 1971; Dilly &
Wolken 1973), in the Branchiostoma frontal organ (Lacalli
1996) and lamellate organ (Ruiz & Anadon 19915), as
well as vertebrate lateral eyes and the medial pineal/
parictal eyes, are all directed inwardly towards the
pigment cells, away from the light. However, the inverse
character of chordate eyes can essentially be traced back
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to an everse situation inverted by neurulation (figure 7).
Since neurulation is a derived feature of the chordates,
chordate cerebral eyes thus become conceptually equiva-
lent to everse cerebral eyes in non-chordate groups.
Obviously, this does not sustain homology but rather
describes the way chordate and non-chordate eyes can be
compared at all.

Depicted 1n figure Se is the ocellus of Ascidia nigra (Dilly
1961; Jefferies 1986, p. 107f). It bears some resemblance to
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non-chordate everse eyes in that the apical processes of
photoreceptor cells project through the cup-shaped layer
of pigment cells into the cavity of the cup (Eakin & Kuda
1971). However, ascidian ocelli differ in an important
aspect: while in the vast majority of non-chordate everse
eyecups rhabdomeric photoreceptor cells are employed,
the photoreceptor of the ascidian ocelli 1s a modified
cilium. This difference in the photoreceptor cell type is of
high phylogenetic significance, as will be outlined in the
next two sections.

4. RHABDOMERIC VERSUS CILIARY
PHOTORECEPTORS: AN ENIGMATIC DICHOTOMY

There is a clear bias of photoreceptor cells to either
enlarge the apical cell membrane or the -ciliary
membrane. They thus form part of the rhabdomeric
versus ciliary types of photoreceptors (figure 8). This
dichotomy in structure appears to be rather strict. Any
‘intermediate type’ (Salvini-Plawen & Mayr 1977, p. 245)
that should exist, for example, in the starfish Henricia
(Asteroidea) has been refuted. Starfish photoreceptor cells
were reinvestigated and assigned to the rhabdomeric type
(Eakin 1979). The coexistence of ciliary and rhabdomeric
photoreceptor has never been established physiologically.
The ‘ciliary’ versus ‘rhabdomeric’ duality of photoreceptor
types was complemented repeatedly by the introduction
of new photoreceptor types but these are of unclear or
doubtful vindication (Appendix D). For a detailed over-
view of photoreceptor ultrastructure see Eakin 1963, 1966,
1968, 1979, 1982; Salvini-Plawen & Mayr 1977; Salvini-
Plawen 1982; and Vanfleteren & Coomans 1976, 1982.

(a) Phylogenetic distribution of ciliary
and rhabdomeric photoreceptors

In contrast to Eakin’s initial proposition that ciliary
photoreceptors should be ‘characteristic’ for Deutero-
stomia and rhabdomeric photoreceptors for Protostomia
(= Lophotrochozoa + Ecdysozoa) (Eakin 1963,1966, 1968,
1979, 1982), it turned out that both types coexist in
Lophotrochozoa, Ecdysozoa and Deuterostomia (figure 8).
Remarkably, however, the tissue distribution of rhab-
domeric versus ciliary photoreceptors is not random. In
Protostomia as well as in lower Deuterostomia, cerebral
eyes have rhabdomeric photoreceptors (figures 3-5). This
applies for Lophotrochozoa where, beside the numerous
examples for rhabdomeric cerebral eyes, there are only few
ciliary ‘exceptions’ (Ehlers & Ehlers 1977; Vanfleteren &
Coomans 1982), such as the left larval eye of Pseudoceros
(Polycladida) with one ciliary photoreceptor interspersed
between rhabdomeric photoreceptor cells (Eakin &
Brandenburger 1980) (figure 30), or the larval eyes of
Bryozoa composed entirely of ciliary photoreceptors
(Woollacott & Zimmer 1972) and Kamptozoa (Woollacott
& Eakin 1973). Most lophotrochozoan ciliary photo-
receptors are found in non-cerebral eyes that form at
highly divergent positions and are more likely to be phylo-
genetically young (Salvini-Plawen & Mayr 1977; Eakin
1982, p. 100; Burr 1984, p. 161). For example, in polychaetes
ciliary photoreceptors have been detected in the branchial
crown eyes (Eakin & Hermans 1988) and in molluscs
ciliary photoreceptor cells form part of the mantle edge
eyes and optic tentacles (Barber ef al. 1967; Barber &
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Wright 1969; Hughes 1970). Ciliary brain photoreceptors
that have been detected in the posterior brain of poly-
chaetes (Dhainaut-Courtois 1965; Whittle & Golding 1974;
Rhode 1991) and of Nemertini (Vernet 1974) are not asso-
ciated with pigment cells and thus do not represent eyes.

In Ecdysozoa, the overwhelming majority of rhabdo-
meric photoreceptors in cerebral eyes is again comple-
mented by a few ‘exceptions’ of a ciliary nature, in
Nematoda (Burr & Burr 1975), Gastrotricha (Teuchert
1976) and presumably also in the Belloncini organ of
Crustacea (Chaigneau 1984).

In Deuterostomia, photoreceptor cells in the apical
eyespots of the tornaria rhabdomeric
(Brandenburger et al. 1973). Therefore, larval cerebral
eyes with rhabdomeric photoreceptor cells might have
existed at the very root of the Deuterostomia (see figure 8).
Rhabdomeric photoreceptor cells have also been found
in echinoderms, in the non-cerebral ocelli of the
holothurian Opheodesoma (Yamamoto & Yoshida 1978)
and in the cushion-like eyespots of three starfish genera
(Patiria, Leptasterias and Henricia) (Eakin 1979). In the
chordate line, rhabdomeric and ciliary photoreceptors
coexist in the Branchiostoma cerebral vesicle where Joseph
cells are rhabdomeric (Welsch 1968; Ruiz & Anadon 1991q)
while lamellate cells are probably of ciliary design (Ruiz
& Anadon 19915; and compare with Meves 1973). These
cells, however, are not associated with pigment cells and
thus do not form part of an eye. Remarkably, in contrast
to the vast majority of Bilateria, in chordates cerebral
eyes have ciliary photoreceptors. This is true for the
frontal organ in Branchiostoma (Lacalli et al. 1994) and
for the cerebral pigment-cup eye in the ascidian tadpole
(Barnes 1971). The vertebrates are in fact the only
deuterostomes not possessing any rhabdomeric photore-
ceptors (Vanfleteren & Coomans 1982). On the other
hand, the non-cerebral Hesse eyecups in Branchiostoma
(Ruiz & Anadon 1991a), and siphon eye spots in Ciona
(Dilly & Wolken 1973) are again rhabdomeric.

larva are

(b) Bilaterian photoreceptors:
single, dual or multiple origin?

What is the genealogical relationship of the two wide-
spread basic photoreceptor types—rhabdomeric and
ciliary—in Bilateria? Or, to view it from a different
angle, what kind of photoreceptor cells were present in
Urbilateria—if at all?

Salvini-Plawen & Mayr (1977) have put forward the
view of extreme polyphyly in photoreceptor evolution.
They postulated that eyes and photoreceptive cells have
originated several times independently in at least 40 if
not 65 or more different lines. This would imply that
Urbilateria did not possess any kind of photoreceptor cell
(or eye) but merely some kind of indefinite sensory ciliary
precursor cell (figure 8a).

Vanfleteren & Coomans (1976, 1982) have advanced
the view that all photoreceptors can be traced back to a
single type of photoreceptor present 1in
Urbilateria (figure 8b). Based on the observation that in
both types of photoreceptors the photoreceptive organelle
is induced by a ciliary formation—that, after initiating
membrane expansion, may become more or less abortive
(rhabdomeric type) or may develop further into a ciliary
organelle (ciliary type)—they argue that the difference

precursor
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between both types is more quantitative than qualitative.
A characteristic of this view is that it allows transitions
from one receptor type to the other.

Another possible view takes into account the wide-
spread occurrence of both types of photoreceptor cells,
ciliary and rhabdomeric, and infers that at least one type,
and possibly both types, were present already in
Urbilateria (figure 8¢). They were then inherited to the
diverging superphyla in a parallel manner (i.e. not in an
either—or fashion).

Obviously, it 1s not possible to opt for or against any of
these views on the basis of occurrence and the ultrastruc-
ture of photoreceptor cells only. Also, the views are not
strictly exclusive because even if one or two types of
photoreceptor cells already existed in Urbilateria, these
were not necessarily the precursors for all photoreceptor
cells in Bilateria. Convergent evolution of subsets of photo-
receptor cells are a clear option. Salvini-Plawen & Mayr
(1977) give an illustrative example, where the ciliary
photoreceptor cells in the distal retina of the mantle edge
eyes in Bivalvia are deduced from an epidermal, ciliary
sense organ, previously unrelated to vision.

There is yet another level on which homology of photo-
receptor cell types can be tested, namely, whether or not
they employ orthologous molecules for light detection and
phototransduction.

5. TWO NON-HOMOLOGOUS CASCADES FOR
PHOTOTRANSDUCTION IN CILIARY VERSUS
RHABDOMERIC PHOTORECEPTORS IN BILATERIA

As the first step in phototransduction, photoactivation
of rhodopsin involves the isomerization of covalently
bound retinoids. Photoactivated rhodopsin then activates
a G-protein that in turn activates intracellular messengers
to finally hyperpolarize or depolarize the photoreceptor
cell. Subsequent quenching of phototransduction involves
phosphorylation of photoactivated rhodopsin by the
enzyme rhodopsin kinase followed by binding of the
protein arrestin, which competes with the G-protein for
binding to photoactivated rhodopsin (Krupnick et al.
1997). Factors related to these four molecules have been
1solated for various Bilateria and found to be active in the
light detection cascade (Van Veen et al. 1986; Hyde et al.
1990; Smith et al. 1990; Yamada et al. 1990; Cassill et al.
1991; Zuker 1994; Kikkawa et al. 1998). Accordingly it is
postulated that rhodopsin, a G-protein, rhodopsin kinase
and arrestin precursor molecules participated in light
detection and phototransduction in putative photo-
receptor cells in Urbilateria.

What is the significance of this for photoreceptor cell
evolution? First, it seems unlikely that Urbilateria did not
possess photoreceptor cells in some form (refuting figure
8a). Beyond this, we utilize the sequence information
available for these molecules to test whether bilaterian
ciliary and rhabdomeric photoreceptor cells derive from a
common photoreceptor precursor cell (figure 8b) or from
distinct precursors (figure 8¢). In the former case, one
would expect that rhodopsins, associated G-proteins,
rhodopsin kinases and arrestins employed in ciliary and
rhabdomeric receptor cells in the present should be
homologous in a strict sense (orthologous), meaning that
they should have emerged from one single precursor
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molecule of each type, present already in Urbilateria. In
the latter case, the existence of distinct photoreceptor cell
precursors at the very root of Bilateria might have
involved a duplication and subsequent divergence of
phototransductory molecules. In other words, distinct
paralogues for rhodopsin, for the associated G-protein,
for rhodopsin kinase and for arrestins would be expected
and could have already existed in Urbilateria—one
‘rhabdomeric’, one ‘ciliary’ paralogue each. Strikingly,
this is what the sequence comparisons of all four
molecules indicates (figure 9).

(a) Separate ‘ciliary’ versus ‘rhabdomeric’ opsins

as common heritage of Bilateria

The phylogenetic tree of rhodopsin molecules (figure
9¢) shows that ‘ciliary’ and ‘rhabdomeric’ opsins are
highly divergent. They probably trace back to distinct
genes present in Urbilateria, meaning they are non-
orthologous. Vertebrate ‘ciliary’ opsins—expressed in the
ciliary photoreceptor cells of lateral eyes and pineal—
are more closely related to retinochromes than to inver-
tebrate ‘rhabdomeric’ opsins. In turn, the invertebrate
‘rhabdomeric’ opsins—expressed in the rhabdomeric
photoreceptor cells in insects (O lousa et al. 1985; Zuker
et al. 1985; Fryxell & Meyerowitz 1987; Salcedo et al.
1999) and molluscs (Kojima et al. 1997)—are more
closely related to vertebrate melanopsins (Provencio et al.
1998, 2000) than to vertebrate ‘ciliary’ opsins. The evolu-
tionary divergence of ‘ciliary’ and ‘rhabdomeric’ opsins
makes it unlikely that present day vertebrate ciliary
photoreceptor cells, and invertebrate rhabdomeric
photoreceptor cells, stem from a common Urbilaterian
precursor (figure 84). On the other hand, photoreceptor
cells expressing orthologous opsins are more likely to
descend from a common photoreceptor cell precursor—
although evolutionary co-option of the same molecule
cannot be ruled out (see §5b).

An interesting case is the occurrence of ‘rhabdomeric’
opsins in vertebrates given that they do not possess rhab-
domeric photoreceptor cells. However, the occurrence of
rhabdomeric photoreceptor cells in all other deuterostome
groups (see §4) makes it an attractive hypothesis that (a
subset of) the vertebrate melanopsin-expressing cells
traces back to rhabdomeric photoreceptor cells (with
reduced rhabdomen). In the vertebrate eye, melanopsins
are expressed in cells of the pigmented retinal epithelium
and 1in retinal ganglion cells (Provencio et al. 1998, 2000).
The apparent photosensitivity of these cells is consistent
with the finding that naturally occurring and transgenic
mice that lack ciliary photoreceptors are still capable of
photoregulating circadian rhythms and pineal activity
through their lateral eyes (Freedman et al. 1999; Lucas et al.
1999), while bilateral removal of the eyes abolishes such
regulation (Nelson & Zucker 1981).

The scallop Go-rhodopsin is of unclear affinity
(Kojima et al. 1997). Remarkably, it is expressed in the
ciliary—not rhabdomeric—photoreceptors in the distal
retina of the mantle edge eye, considered an evolutionary
novelty (see above).

(b) Nomn-orthologous phototransductory cascades
In all bilaterian photoreceptors photoactivated rhod-
opsins activate heterotrimeric GTP-binding proteins



1554 D. Arendt and J. Wittbrodt

Reconstructing the eyes of Urbilateria

Figure 7. Possible transition from everse to inverse eyes in
carly chordates with the evolution of neurulation. Red arrows
indicate basal-apical orientation of photoreceptors.

(G-proteins). These in turn convey the photoexcitement
to internal messengers. Phylogenetic analysis has revealed
that the o-subunit of G-proteins underwent extensive
gene duplication in early animal evolution (Yokoyama &
Starmer 1992; Suga et al. 1999). Strikingly, ciliary versus
rhabdomeric photoreceptor cells employ non-orthologous
molecules. Transducins are active in vertebrate ciliary
photoreceptors. Direct invertebrate counterparts for
transducins are lacking but phylogenetic analysis based
on DNA sequences reveals that transducins have emerged
from the Gi-o precursor, and not from the Go-a or Gq-a
precursor (figure 94) (Yokoyama & Starmer 1992; Suga
et al. 1999). In line with this, vertebrate Gi-o is function-
ally analogous to transducin (Kanaho et al. 1984).

As to the rhabdomeric photoreceptors, the Drosophila
Gq-a protein is expressed in the ocelli and in all eight
photoreceptor cell rhabdomeres of the lateral eyes (Lee et al.
1994). A Gq protein also localizes to the rhabdomeric cere-
bral ocelli of Perinereis (Polychaeta) (Miyako-Shimazaki
et al. 1999) and is involved in phototransduction in the
rhabdomeric receptor cells of cephalopod cerebral eyes
(Bhatia et al. 1996; Kikkawa et al. 1996), of crayfish lateral
eyes (Terakita et al. 1993) and of Limulus lateral eyes
(Munger et al. 1996). Notably, Gg-o. homologues also exist
in the vertebrates (figure 94 ). They are widely expressed in
neuroectodermally derived tissue—but not, however, in
the ciliary receptor cells of the eye (Wilkie et al. 1991;
Zhou et al. 1994).

The only invertebrate ciliary photoreceptor cells investi-
gated so far for G-o expression are those of the scallop
(Kojima et al. 1997). Remarkably, they specifically express

Phil. Trans. R. Soc. Lond. B (2001)

a Go-a orthologue. Therefore, and remarkably, the
scallop Go-o is non-orthologous both to ‘ciliary’ vertebrate
transducins, and to ‘rhabdomeric’ invertebrate Gq-o. This
underscores the notion that ciliary photoreceptors in the
distal retina of the mantle edge eyes in Bivalvia are evo-
lutionary novelties (i.e. not related to vertebrate ciliary
photoreceptors, as also suggested by the morphological
evidence, see above).

The second messenger system transducing the photo-
excitement also differs between rhabdomeric and ciliary
photoreceptor cells: as rhabdomeric photo-
receptors employ the phospholipase C inositol 1,4,5-
trisphosphate  (InsP;3) system, whereas the -ciliary
photoreceptors use the cyclic guanosyl monophosphate
(cGMP) system (Finn et al. 1997, Gomez & Nasi 1997).

Finally, also the quenching of phototransduction by
rhodopsin kinase and arrestin employs related, but non-
orthologous, molecules in ciliary versus rhabdomeric
photoreceptor cells (figure 9a,b). Rhodopsin kinases
belong to the family of G-protein-coupled receptor
kinases (GRKs). This gene family is subdivided into two
subfamilies, members of which have been isolated across
the Bilateria (Premont et al. 1999). Urbilateria possessed
at least two distinct members of this family, a GRE-1/4/5/
6 precursor and a GREK-2/3 precursor. And again, while
vertebrate rhodopsin kinase (GRKI)—active in ciliary
photoreceptor cells—belongs to the former subfamily, the
Octopus rhodopsin kinase—active in rhabdomeric photo-
receptor cells (Kikkawa et al. 1998)—belongs to the
latter. A similar distinction applies to bilaterian arrestin
molecules, which can be subdivided into a- and pB-
arrestins (Nicolas-Leveque et al. 1999). While vertebrate
ciliary photoreceptor cells make use of o-arrestins,
Drosophila thabdomeric arrestins belong to the B-arrestin
subfamily (Hyde et al. 1990; Smith et al. 1990).

On these grounds, non-orthologous systems for light
detection and phototransduction exist in Bilateria. The
ciliary photoreceptor type employs a ‘ciliary’ rhodopsin, a
G-protein of the Gi or Go superfamily, the cGMP second
messenger system, a GRRK-1/4/5/6-related rhodopsin
kinase and a-arrestin. In contrast, in the rhabdomeric type
a ‘rhabdomeric’ rhodopsin, a Gq protein, the phospho-
lipase C InsP; second messenger system, a GRAK-2/3
related rhodopsin kinase and B-arrestin are active.

a rule,

6. A PAIR OF LARVAL CEREBRAL EYES
IN URBILATERIA?

The comparison of bilaterian cercbral eyes allows the
following conclusions with regard to their possible
homology.

1. Precondition for homology of bilaterian cerebral eyes is
the formation in the O#x-territory and the connection to
the early axonal scaffold at the level of the anterior
brain commissure. This holds true for the developing
adult eyes in insects, vertebrates and polychaetes
(figure 2).

2. Larval, apical eyes are widespread in Lophotrochozoa,
and also exist in lower Deuterostomia. They can be
traced back to the two-celled prototype eye as present
in the polychaete trochophora (figure 3), with few
exceptions. Starting from an inverse condition, everse
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Figure 8. Phylogenetic distribution of ciliary and rhabdomeric photoreceptors in Bilateria and conflicting views of their
evolution. Dark grey, rhabdomeric photoreceptor cell; white, ciliary photoreceptor cell. Precursors in Urbilateria could have
been (a) a sensory ciliary precursor cell, () a bimodal ciliary/rhabdomeric precursor cell or (¢) ciliary and rhabdomeric

precursor cells. Redrawn from various sources.

eyes evolved independently in polyplacophoran and
enteropneust larvae.

Inverse cerebral eyes present in adult Lophotrochozoa
are neotenously taken over from the larvae (figure 4).
Again, there is an inverse-to-everse transition trace-
able, e.g. in planarians.

There is a second, separate type of adult cerebral eyes
of rather elaborate, everse design, which is not a
larval-eye derivative. It 1is present in Polychacta,
Sipunculida, Mollusca, Onychophora and Arthropoda
(figure 3), indicating possible conservation in Proto-
stomia. Though an everse orientation of photoreceptor
cells has apparently evolved several times convergently,
homology of adult everse cerebral eyes is an option
that should be further addressed.

Chordate cerebral ‘inverse’ eyes can be deduced from
the everse eye type, if neurulation is conceptually
reverted (figure 7).

. Rhabdomeric and ciliary photoreceptor cells coexist in
Lophotrochozoa, Ecdysozoa and Deuterostomia
(figure 8). Their distribution is not random. In lopho-
trochozoan, ecdysozoan and enteropneust cerebral eyes
rhabdomeric photoreceptor cells clearly predominate,
while in chordate cerebral eyes exclusively ciliary
photoreceptors are detected.

Non-homologous systems for light detection and photo-
transduction coexist in Bilateria (figure 9). For the
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molecules involved, one paralogue is active in rhabdo-
meric, the other in ciliary photoreceptors.

What is the significance of this on the reconstruction of
eyes in Urbilateria and on the possible homology of bila-
terian cerebral eyes? Clearly, our comparison strengthens
the notion that the cerebral larval eyespots of, for
example, Polychaeta, Mollusca, Plathelminthes, Crus-
tacea and Enteropneusta are phylogenetically conserved,
as they all employ the rhabdomeric photoreceptor type.
We propose that bilaterian larval eyspots derive from an
ancestral, two-celled pair of larval cerebral eyes with
rhabdomeric photoreceptor cells present in Urbilateria.
This ‘prototype eye’ then gave rise to a multitude of adult
cerebral eyes in Lophotrochozoa, Ecdysozoa and,
possibly, Deuterostomia.

7. OUTLOOK: EVOLUTION OF
CHORDATE CEREBRAL EYES

It is also evident that chordate and non-chordate
cerebral eyes employ non-orthologous—"ciliary’ versus
‘rhabdomeric’—molecules for light detection and photo-
transductory cascades. This seems to contradict the
notion that chordate cerebral eyes are direct derivatives of
a pair of cerebral eyes considered ancestral for Bilateria.
However, the role of Pax6 and Six homologues in the
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control of eye development in Lophotrochozoa, Ecdysozoa
and Deuterostomia (Appendix A) indicates that compo-
nents of their eyes are homologous to some extent.
Possibly, primary, ciliary larvae with ‘rhabdomeric’
eyespots (as found, for instance, in modern tornaria
larvae) were present in ancestral chordates. Chordate
descendants then lost the primary larvae but might have
inherited the larval eyes. We propose that these were then
complemented by a population of ciliary photoreceptor
cells. In keeping with this, both rhabdomeric and ciliary
receptor cells form part of the cerebral vesicle in extant
Branchiostoma (Ruiz & Anadon 1991g,b). In the line of
evolution leading to vertebrates, the ciliary photoreceptor
cells then more and more replaced the rhabdomeric
photoreceptor cells in the perception of light. What was
the evolutionary fate of the rhabdomeric photoreceptor
cells in the vertebrates? If they were not reduced, are
there any ‘legitimate’ descendants? The expression of
melanopsins in ganglion cells and pigment cells in the
vertebrate retina may be taken as a first clue in that direc-
tion. However, clearly additional comparative molecular
studies are needed to trace the transformation of ancestral
cell types in the evolution of the chordate eye.

We thank F. Loosli, C. Nielsen, and T.-E. Rusten for critical
comments on earlier versions of the manuscript and all members
of the Wittbrodt laboratory for support.

APPENDIX A. PAX6 IN BILATERIA

In Ecdysozoa, a Pax6 homologue outside insects is
known for Caenorhabditis elegans (Nematoda) (Chisholm &
Horvitz 1995; Zhang & Emmons 1993) that is devoid of
eyes. A possible involvement of Pax6 in nematode eye
development could be tested in other nematode species
that form unique eye structures in close proximity to the
olfactory amphid organs (Burr 1984, p. 137).

In Lophotrochozoa, Pax6 homologues are known for
nemerteans, planarians and cephalopods. In regenerating
heads of the ribbonworm Lineus sanguineus (Nemertini),
Ls-Pax6 expression correlates well with the temporal
appearance and position of the inverse eye anlage (Loosli
et al. 1996). In regenerating heads of the planarian
Dugesia| Girardia tigrina ("Tricladida) Dg-Pax6 is expressed
in photoreceptor and pigment cells of the forming inverse
eyes (Callaerts et al. 1999). In the developing squid Loligo
opalescens (Cephalopoda, Mollusca), Lo-Pax6 1s expressed
in the everse eye anlage (Tomarev ef al. 1997). In contrast
to planarians, however, Lo-Pax6 is not expressed in the
differentiating photoreceptor and pigment cells. We are
currently investigating Pax6 expression in the polychaete
Platynerers dumeriliz and find strong patches of expression
of Pd-Pax6 in the region of the inverse larval eyes
(D. Arendt and J. Wittbrodt, unpublished data). As is
characteristic for polychaetes, this species forms two
distinct types of eyes (larval inverse and adult everse)
that might be evolutionary ancient for Lophotrochozoa.

In Deuterostomia, Pax6 expression data exist for echi-
noderms and chordates. However, they are lacking for the
enteropneust tornaria larva, the larval eyespots of which
may represent the starting point for the evolution of eyes
in the deuterostome line of evolution (see below), and for
starfish with optic cushions at the tip of each arm (Eakin
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& Westfall 1964). Pax6 has been isolated for the sea urchin
Paracentrotus lividus (Echinodermata), which lacks distinct
eyes. Strong expression of P/-Pax6 was detected in adult
tube feet, the peripheral organs characteristic of echinoids
(CGzerny & Busslinger 1995). Interestingly, in echinoids
the entire body surface is assumed photosensitive, and
tube feet are involved in the light-sensitive covering reac-
tion, taking up objects from the substrata and carrying
them to illuminated parts of the dermis (Yoshida &
Takasu 1984). Also, tube feet perform phototactic move-
ments towards or away from a source of light. Thus,
possibly, Pl-Pax6 1s expressed in tube feet photoreceptor
cells of unknown identity. In the lower chordate branch,
Pax6 has been isolated for the ascidian Phallusia mammilata
(Tunicata). In the developing ascidian tadpole, Pm-Pax6 is
strongly expressed in the sensory vesicle, including the
developing ocellus (Glardon et al. 1997). However, definite
cellular resolution has not been obtained. Similarly, in the
lancelet Branchiostoma floridae (Acrania) AmphiPax6 expres-
sion covers the posterior brain vesicle where the photore-
ceptive lamellar organ is located (Glardon et al. 1998).
Notably, AmphiPax6 is not expressed in the developing
organs of Hesse that later form conspicuous eyecups
distributed along the length of the spinal chord.

APPENDIX B. LARVAL EYES IN BILATERIA

In Polychaeta, larval eyes are widespread and of
common design (figure 3¢). In the more than a dozen
species 1nvestigated (Eakin & Westfall 1964; Holborow &
Laverack 1972; Brandenburger & Eakin 1981; Verger-
Bocquet 1984; Bartolomaeus 1987, 19924; Marsden &
Hsieh 1987) there are one to two photoreceptor cells and
one to two pigment cells.

In Sipuncula, the inverse pigment-cup eyes of the
trochophora larva (figure 1) show inverse design and thus
have been homologized to polychaete larval eyes (Salvini-
Plawen & Mayr 1977; Salvini-Plawen 1982). They have
not been investigated ultrastructurally, however.

In “Turbellaria’, cerebral larval eyespots of inverse
design are very frequent in the trochophora-type Miller/
Gotte larvae of Polycladida and in the free larvae of the
parasitic Neodermata (e.g. Trematoda) (Fournier 1984).
They consist of one cup-shaped pigment cell enclosing
one to a few photoreceptor cells (Lanfranchi et al. 1981)
(figure 34). This ‘regular’ cerebral eye type is considered
evolutionarily ancient by Salvini-Plawen & Mayr (1977)
(and see Salvini-Plawen 1982). Another eye type, the
single so-called ‘epidermal eye’, found in an anterolateral
position in early Miiller’s larvae of Pseudoceros (Eakin &
Brandenburger 1981) and Thysanozoon brochit (Lanfranchi
et al. 1981), and Gotte’s larvae of Stylochus mediterraneus
(Lanfranchi et al. 1981), appears
derived. It consists of one pigment cell only, which 1s also
considered photosensitive (Lanfranchi et al. 1981).
However, at later larval stages this ‘epidermal eye’ moves
inwards and gets complemented by two photoreceptor
cells, to thus transform into a ‘regular’ larval inverse eye
with  separate pigment and photoreceptor cells
(Lanfranchi et al. 1981).

In Mollusca, the larval ocelli of the polyplacophoran
trochophora (figure 1) consist of several pigment cells and
one photoreceptor cell in the black chiton Katharina

structurally more
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tunicata (Rosen et al. 1979) and of several pigment cells
and several photoreceptor cells in Lepidochiton cinereus
(figure 3¢) (Fischer 1980; Bartolomaeus 1992b). Larval
eyes are also present in the trochophora of Bivalvia
(Rosen et al. 1978) and in the veliger of Gastropoda
(Bartolomaeus (19926) and references therein). Rosen
et al. (1978, 1979) homologize larval eyespots among
molluscs and between molluscs and polychaetes. Also,
Bartolomaeus (Bartolomaeus 1987, 1992a4,b; Ax 1995) is
convinced that larval eyespots were present in the last
common ancestor of polychaetes and molluscs. This has
been refuted by Salvini-Plawen (1982), mainly because
larval eyes of Polyplacophora are connected with the
lateral nerve cord. However, those of Bivalvia and
Gastropoda are connected with the developing cerebral
ganglia and polyplacophoran lateral ganglia may prolif-
erate from the cerebral ganglia (Nielsen 1995). In the
light of molecular evidence pointing towards an annelid
origin of molluscs (Ghiselen 1988), homology of poly-
chaete and mollusc larval eyes appears a tenable option.

In Bryozoa = Ectoprocta, a potential, two-celled photo-
receptor organ is present in the larva of Bugula neritina
(Woollacott & Zimmer 1972). The mesodermal origin of
the pigment cell, as well as the ciliary nature of the photo-
receptor (see below), clearly indicate independent evolu-
tionary origin (Salvini-Plawen & Mayr 1977).

In Kamptozoa = Entoprocta, ‘aberrant’ eyespots similar
to bryzoan larval eyes are common in the larvae of Loxo-
somatidae (Nielsen 1971; Woollacott & Eakin 1973).
Everse larval eyespots of unknown ultrastructure are also
present in the lobate larva of Brachiopoda (Salvini-
Plawen & Mayr 1977).

In Crustacea, the ‘nauplius eyes’ of copepod nauplius
larvae consist of three inverse eyecups, each with eight to
ten photoreceptor cells and the backing of one pigment cell
(Fahrenbach 1964, 1965; Land 1984« and compare also
Eloffson 1966). Though far more elaborate, nauplius eyes
of entomostracan crustaceans have been likened to the
larval eyespots of the polychaete trochophora based on
their similar inverse design (Salvini-Plawen & Mayr 1977).

In Enteropneusta, larval eyes are present in tornaria
larva (figure 1). Ultrastructural studies were carried out
for Ptychodera flava (Brandenburger et al. 1973). Depicted in
figure 3d are the eyespots of a six-day-old Ptychodera
tornaria that very much resemble polychaete larval eyes.

APPENDIX C. ADULT CEREBRAL EYES IN BILATERIA

(a) Imverse eyes

In Polychaeta, inverse eyes are widespread, found for
example in Armandia (Opheliidae) (Hermans & Cloney
1966), or in Polygordius (Eunicidae) (Brandenburger &
Eakin 1981) (figure 4a). Most frequently, inverse adult
eyes are found among limicolous and tubicolous poly-
chaetes (e.g. Terebellida, Serpulida) (Salvini-Plawen &
Mayr 1977; Verger-Bocquet 1984), groups with a tendency
towards reduction of adult everse eyes (Rhode 1993) (see
below), and in the so-called archiannelids (Eakin et al.
1977), a polyphyletic assemblage of neotenous polychaectes
that retain various larval features.

In Platyhelminthes, inverse eyecups are observed in
adult flatworms, namely turbellarians (Polycladida;
figure 4b), planarians (Tricladida; figure 4¢) and parasitic
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Neodermata (e.g. Trematoda) (for a review, see
Vanfleteren & Coomans 1982; Fournier 1984, p. 108). As
evidenced for Stylochus uniporus (Kato 1940), Stylochus medi-
terraneus and Thysanozoon brochit (Lanfranchi et al. 1981),
flatworm inverse eyes develop from the larval eyespots: in
the course of metamorphosis of the Gotte’s larva of
S. uniporus, the paired larval eyespots on both sides of the
apical brain divide to give rise to two pairs of adult
eyespots (Kato 1940, p. 564). In the direct developing
turbellarian Hoploplana villosa, the early developing single
pair of eyespots after duplication finally gives rise to six
pairs of eyes (Kato 1940, p. 557).

(b) Everse eyes

In Polychaeta, everse adult eyes are prototypically
present in carnivorous groups (Phyllodocida and Euni-
cida that belong to the Aciculata/Errantia; Bartolomaeus
1998). Photoreceptive cell bodies are located on the
outside of the pigment cell bodies (figure 5a; figure 6).
They send out sensory processes that traverse the pigment
cell layer to finally form photoreceptoral organelles on the
apical/inner side of the pigment cells, orientated towards
the light. Everse eyes develop in close vicinity to, but
separate from, the eyes, to finally replace them, as
described for Anaitides (Bartolomaeus 1987; Rhode 1991),
Platyneress (Rhode 1992), Harmothoé (Holborow &
Laverack 1972) (all: Phyllodocida) and Capitella (Capitel-
lida) (Rhode 1993). Everse eyes are often equipped with a
lens and can acquire a rather complex structure (Salvini-
Plawen & Mayr 1977, p. 239; Verger-Bocquet 1984). Their
development has been described in detail for Vanadis
(Alciopidae, Phyllodocida), or Platynerers (Nereidae, Phyl-
lodocida) (Rhode 1992), depicted in figure 6.

In Mollusca, cerebral everse eyes are present in
Gastropoda (figure 5b), Cephalopoda (figure 5¢), and fili-
branchious Bivalvia. Structurally, mollusc everse eyes
resemble polychaete everse eyes in that photoreceptor cell
processes similarly traverse the pigment cell layer (Yama-
moto e al. 1965; Hermans & Eakin 1974). However,
everse eye homology between molluscs and polychaetes,
as proposed for example by Rosen e/ al. (1979) or
Hermans & Eakin (1974), is doubtful. First, adult everse
eyes of Bivalvia and Gastropoda are persisting larval eyes
(Salvini-Plawen & Mayr 1977; Bartolomaeus 19924), in
contrast to those of polychaectes. Second, cerebral eyes are
absent in basal groups of molluscs (Salvini-Plawen 1982)
(although see above).

In Sipunculida, cerebral everse eyes with possible
homology to polychaete everse eyes have been described
ultrastructurally (figure 5d) (Hermans & Eakin 1969;
Salvini-Plawen & Mayr 1977). As in the polychaetes,
sipunculan everse eyes form separately from the larval
inverse eyes.

In Onychophora, the general organization and ultra-
structure of everse eyes in Peripatus very much resembles
that of nereid polychaetes (Eakin & Westfall 1965;
Hermans & Eakin 1974). Onychophoran eyes in turn are
considered starting points towards the evolution of
arthropod compound eyes (Paulus 19724,5). Both share
the arrangement of microvilli in the rhabdomeric photo-
receptor cell, as an ‘even array of straight cylindrical
projections of the cell membrane’ (Eakin & Westfall
1965).
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APPENDIX D. ADDITIONAL PHOTORECEPTOR
TYPES?

Photoreceptor cells with multiple photosensitive cilia
have been treated as an additional, ‘unpleated type’ of
photoreceptor cells (Salvini-Plawen & Mayr 1977). Such
cells, however, can also be considered subtypes of the
ciliary type (Eakin 1979).

Salvini-Plawen & Mayr (1977) also distinguish another
‘ganglionic type’ of photoreceptor cells. These should
represent ‘modified ganglia cells which never bear cilia’,
thus deviating from photoreceptor cells of the true rhab-
domeric type (which are of epidermal origin and thus
bear simple or reduced cilia, see above). Examples should
be the Hesse and Joseph cells in Branchiostoma (not expres-
sing Pax6) and the larval photoreceptors in Polychaeta
(Salvini-Plawen & Mayr 1977, p. 226). Eakin (1979)
already considered the ‘ganglionic’ type ‘not significantly
different from his rhabdomeric type’, stating that ‘if a
careful search were made, cilia would be found in the
embryo if not in the adult, because cilia are ubiquitous

. in ectodermally derived organs’ (Eakin 1979). Vanfle-
teren & Coomans (1982, p. 108) also see ‘no advantage to
such distinctions’, neither does Burr (Burr 1984, p. 159).
Meanwhile the identification of non-photosensitive cilia
or ciliary rudiments next to the rhabdomere in both poly-
chaete larval photoreceptors (Eakin & Westfall 1964;
Holborow & Laverack 1972; Brandenburger & Eakin
1981; Bartolomaeus 1987, 1992a; Marsden & Hsieh 1987,
Rhode 1992) and in Hesse and Jospeh cells of Branchio-
stoma (Ruiz & Anadon 1991a) clarified the issue, and
demonstrated that these photoreceptor cells are truly
rhabdomeric.

REFERENCES

Acampora, D. & Simeone, A. 1999 Understanding the roles of
Otx] and Otx2 in the control of brain morphogenesis. Trends
Neurosci. 22, 116—122.

Aguinaldo, A. M., Turbeville, J. M., Linford, L. S., Rivera, M. C.,
Garey, J. R., Raff; R. A. & Lake, J. A. 1997 Evidence for a
clade of nematodes, arthropods and other moulting animals.
Nature 387, 489—493.

Arendt, D. & Niibler-Jung, K. 1994 Inversion of dorsoventral
axis? Nature 371, 26.

Arendt, D. & Niibler-Jung, K. 1996 Common ground plans in
carly brain development in mice and flies. BioEssays 18, 255-259.

Arendt, D. & Niibler-Jung, K. 1999 Comparison of early nerve
cord development in insects and vertebrates. Development 126,
2309-2325.

Arendt, D., Technau, U. & Wittbrodt, J. 2001 Evolution of the
bilaterian larval foregut. Nature 409, 81-85.

Ax, P. 1989 Homologie in der Biologie—ein Relationsbegriff im
Vergleich von Arten. Lool. Beutr. N. F. 32, 487—496.

Ax, P. 1995 Das System der Metazoa I Ein Lehrbuch der
phylogenetischen Systematik. Stuttgart: Gustav Fischer.

Barber, V. C. & Wright, D. E. 1969 The fine structure of the eye
and optic tentacle of the mollusc Cardium edule. J. Ultrastructure
Mol. Struct. Res. 26, 515-528.

Barber, V. C., Evans, E. M. & Land, M. F. 1967 The fine struc-
ture of the eye of the mollusc Pecten maximus. £, Zellforsch.
Mikrosk. Anat. 76, 295-312.

Barnes, S. 1971 Fine structure of the photoreceptor and cerebral
ganglion of the tadpole larva of Amaroucium constellatum
(Verrill) (Subphylum: Urochordata; class: Ascidiacea). <
Lellforsch. Mikrosk. Anat. 177, 1-16.

Bartolomaeus, T. 1987 Ultrastruktur des Photorezeptors der
Trochophora von Anaiotides mucosa Oersted (Phyllodocidae,
Annelida). Microfauna Marina 3, 411—418.

Bartolomaeus, T. 1992a Ultrastructure of the photoreceptors in
certain larvae of the Annelida. Microfauna Marina 7, 191-214.
Bartolomaeus, T. 19924 Ultrastructure of the photoreceptors in
the larvae of Lepidochiton cinereus (Mollusca, Polyplacophora)
and Lacuna divaricata (Mollusca, Gastropoda). Microfauna

Marina 7, 215-236.

Bartolomaeus, T. 1998 Chaetogenesis in polychaetous
Annelida—significance for annelid systematics and the posi-
tion of the Pogonophora. Joology 100, 348-364.

Bhatia, J., Davies, A., Gaudoin, J. B. & Saihil, H. R. 1996
Rhodopsin, Gq and phospholipase C activation in cepha-
lopod photoreceptors. 7. Photochem. Photobiol. B 35, 19-23.

Boyan, G., Therianos, S., Williams, J. L. & Reichert, H. 1995
Axogenesis in the embryonic brain of the grasshopper
Schistocerca gregaria: an identified cell analysis of early brain
development. Development 121, 75-86.

Brandenburger, J. L. & Eakin, R. M. 1981 Fine structure of
ocelli in larvae of an archiannelid, Polygordius cf. appendicu-
latus. Zoomorpology 99, 23—36.

Brandenburger, J. L., Woollacott, R. M. & Eakin, R. M. 1973
Fine structure of eyespots in tornarian larvae (phylum:
Hemichordata). g Zellforsch. Mikrosk. Anat. 142, 89—102.

Bruce, A. E. & Shankland, M. 1998 Expression of the head
gene Lox22-Otx in the leech Helobdella and the origin of the
bilaterian body plan. Devl. Biol. 201, 101-112.

Burr, A. H. 1984 In Photoreception and vision in invertebrates, vol. 74
(ed. M. A. Ali), pp. 131-178. New York and London: Plenum
Press and NATO Scientific Affairs Division.

Burr, A. H. & Burr, C. 1975 The amphid of the nematode
Oncholaimus vesicarius: ultrastructural evidence for a dual func-
tion as chemoreceptor and photoreceptor. . Ultrastructure Mol.
Struct. Res. 51, 1-15.

Callaerts, P, Halder, G. & Gehring, W. J. 1997 PAX-6 in devel-
opment and evolution. 4. Rev. Neurosci. 20, 483-532.

Callaerts, P., Munoz-Marmol, A. M., Glardon, S., Castillo, E.,
Sun, H., Li, W. H., Gehring, W. J. & Salo, E. 1999 Isolation
and expression of a Pax-6 gene in the regenerating and intact
Planarian Dugesia (G)tigrina. Proc. Natl Acad. Sci. USA 96,
558-563.

Cassill, J. A., Whitney, M., Joazeiro, C. A., Becker, A. & Zuker,
C. S. 1991 Isolation of Drosophila genes encoding G protein-
coupled receptor kinases. Proc. Natl Acad. Sci. USA 88,
11067-11070.

Figure 9. Phylogenetic tree of bilaterian opsins and G-o subunits and their relation to ciliary and rhabdomeric photoreceptors.
Schematic of (a) rhabdomeric and () ciliary photoreceptor cells with relevant components of their respective phototransduction
cascades. Rhabdomeric (r, orange) and ciliary (¢, orange) opsins, G-o subunits (blue), arrestin o and f and rhodopsin kinases
(purple). cGMP, cyclic guanosylmonophosphate; DAG, diacylglycerol; GTP, guanosyl trisphosphate; IPs, inositol 1,3,5-trispho-
sphate; PDE, phosphodiesterase; PIP,, phosphatidylinositol-4,5-bisphosphate; PL.C, phospholipase C. The trees were calculated
using CLUSTALX (Thompson et al. 1997) on opsin protein sequences (¢) and on G-aDNA sequences (). Brackets enclose ortholo-
gous genes that can be traced back to the same precursor gene in Urbilateria. The colour code in the trees uses green for
Deuterostomia, yellow for Lophotrochozoa and red for Ecdysozoa. Relevant bootstrap values are given.

Phil. Trans. R. Soc. Lond. B (2001)



1560 D. Arendt and J. Wittbrodt

Reconstructing the eyes of Urbilateria

Chaigneau, J. 1984 In La vision chez les invertébrés (ed. P. Clément
& R. Ramousse), pp. 120—121. Paris: Editions du Centre
National de la Récherche Scientifique.

Cheyette, B. N. R., Green, P. J., Martin, K., Garren, H.,
Hartenstein, V. & Zipursky, S. L. 1994 The Drosophila sine
oculis locus encodes a homeodomain-containing protein
required for the development of the entire visual system.
Neuron 12, 977-996.

Chisholm, A. D. & Horvitz, H. R. 1995 Patterning of the
Caenorhabditis elegans head region by the Pax-6 family member
vab-3. Nature 377, 52-55.

Chow, R. L., Altmann, C. R., Lang, R. A. & Hemmati-
Brivanlou, A. 1999 Pax6 induces ectopic eyes in a vertebrate.
Development 126, 42134222,

Czerny, T. & Busslinger, M. 1995 DNA-binding and transactiva-
tion properties of Pax-6: three amino acids in the paired
domain are responsible for the different sequence recognition
of Pax-6 and BSAP (Pax-5). Mol. Cell. Biol. 15, 2858—-2871.

Dawydoff, G. 1948 Classe des Entéropneusts et classe des
Ptérobranches. In Traité de zoologie, vol. 11 (ed. P. P. Grassé).
Paris: Masson.

De Robertis, E. M. & Sasai, Y. 1996 A common plan for dorso-
ventral patterning in Bilateria. Nature 380, 37—40.

Dhainaut-Courtois, N. 1965 Sur la présence d’un organe photo-
récepteur dans le cerveau de Nereis pelagica L. (Annélide
Polychete). C. R. Acad. Sci. Paris 261, 1085—1088.

Dilly, P. N. 1961 Electron microscope observations on the sub-
microscopic organization of the ascidian tadpole. Nature 191,
186-187.

Dilly, P. & Wolken, J. 1973 Studies on the receptors in Ciona
wntestinalis. Micron 4, 11-29.

Dorresteyjn, A. W. C., O’Grady, B., Fischer, A., Porchet-Henneré,
E. & Boilly-Marer, Y. 1993 Molecular specification of cell
lines in the embryo of Platynereis (Annelida). Roux’s Arch.
Dev. Biol. 202, 260—269.

Durand, J. P. & Gourbault, N. 1977 Etude cytologique des
organes photorécepteurs de la planaire australienne Cura
pinguis. Can. J. Zool. 55, 381-390.

Eakin, R. M. 1963 Lines of evolution of photoreceptors. In
General physiology of cell specialization (ed. D. Mazia & A. Tyler),
pp- 393-425. New York: McGraw-Hill.

Eakin, R. M. 1966 Evolution of photoreceptors. Cold Spring Harb.
Symp. Quant. Biol. 30, 363—370.

Eakin, R. M. 1968 Evolution of photoreceptors. New York: Appleton-
Century-Cirofts.

Eakin, R. M. 1979 Evolutionary significance of photoreceptors:
in retrospect. Am. Qool. 19, 647-653.

Eakin, R. M. 1982 Continuity and diversity of photoreceptors.
In Visual cells in evolution (ed. J. A. Westfall), pp. 91-105. New
York: Raven Press.

Eakin, R. M. & Brandenburger, J. L. 1980 Unique eye of prob-
able evolutionary significance. Science 211, 1189—1190.

Eakin, R. M. & Brandenburger, J. L. 1981 Fine structure of the
eyes of Pseudoceros canadensis. Zoomorphologie 98, 1—-16.

Eakin, R. M. & Hermans, C. O. 1988 Eyes. In Microfauna
marina. The ultrastructure of polychaeta, vol. 4 (ed. W. Westheide
& C. O. Hermans), pp. 135-156. Stuttgart/New York: Gustav
Fischer Verlag.

Eakin, R. & Kuda, A. 1971 Ultrastructure of sensory receptors
in ascidian tadpoles. g Zellforsch. Mikrosk. Anat. 112, 287-312.
Eakin, R. M. & Westfall, J. A. 1964 Further observations on the
fine structure of some invertebrate eyes. < Lellforsch. Mikrosk.

Anat. 62, 310-332.

Eakin, R. & Westfall, J. 1965 Fine structure in the eye of Peripatus
(Onychophora). & Zellforsch. Mikrosk. Anat. 68, 278—300.

Eakin, R. M., Martin, G. G. & Reed, C. T. 1977 Evolutionary
significance of fine structure of archiannelid eyes.
Loomorphologie 88, 1-18.

Phil. Trans. R. Soc. Lond. B (2001)

Ehlers, B. & Ehlers, U. 1977 Ultrastruktur pericerebraler
Cilienaggregate bei Dicoelandropora atriopapillata Ax (Turb-
ellaria, Proseriata). oomorphologie 88, 163—174.

Eloffson, R. 1966 The nauplius eye and frontal organs in the
non-Malacostraca (Crustacea). Sarsia 25, 1-128.

Fahrenbach, W. H. 1964 The fine structure of a nauplius eye. <
Lellforsch. Mikrosk. Anat. 62,182—-197.

Fahrenbach, W. H. 1965 The micromorphology of some simple
photoreceptors. <. Zellforsch. Mikrosk. Anat. 66, 233—254.

Field, K. G., Olsen, G. J., Lane, D. J., Giovannoni, S. J.,
Ghiselin, M. T., Raff, E. C., Pace, N. R. & Raff, R. A. 1988
Molecular phylogeny of the animal kingdom. Science 239,
748-753.

Finkelstein, R., Smouse, D., Capaci, T. M., Spradling, A. C. &
Perrimon, N. 1990 The orthodenticle gene encodes a novel
homeo domain protein involved in the development of the
Drosophila nervous system and ocellar visual structures. Genes
Dev. 4, 1516—-1527.

Finn, J. T., Solessio, E. C. & Yau, K. W. 1997 A cGMP-gated
cation channel in depolarizing photoreceptors of the lizard
parietal eye. Nature 385, 815-819.

Fischer, F. 1980 Fine structure of the larval eye of Lepidochitona
cinerea L. Spixiana 3, 53-57.

Fischer, A. & Brokelmann, J. 1966 Das Auge von Platynereis
dumerilie (Polychaeta). Sein Feinbau im ontogenetischen und
adaptiven Wandel. < Zellforsch. Mikrosk. Anat. 71, 217-244.

Fournier, A. 1984 Photoreceptors and photosensitivity in platy-
helmintes. In Photoreception and vision in invertebrates, vol. 74 (ed.
M. A. Ali), pp. 217-239. New York/London: Plenum Press
and NATO Scientific Affairs Division.

Freedman, M. S.; Lucas, R. J., Soni, B., Von Schantz, M.,
Munoz, M., David-Gray, Z. & Foster, R. 1999 Regulation of
mammalian circadian behavior by non-rod, non-cone, ocular
photoreceptors. Science 284, 502-504.

Iryxell, K. J. & Meyerowitz, E. M. 1987 An opsin gene that is
expressed only in the R7 photoreceptor cell of Drosophila.
EMBO ¥ 6, 443—451.

Gehring, W. J. & Ikeo, K. 1999 Pax 6: mastering eye morpho-
genesis and eye evolution. Trends Genet. 15, 371-377.

Gerould, J. H. 1906 The development of Phascolosoma. Jool. Jb.
Anat. 23, 77-162.

Ghiselen, M. T. 1988 The origin of molluscs in the light of
molecular evidence. In Oxford surveys in evolutionary biology,
vol. 5 (ed. P. H. Harvey & L. Partridge), pp. 66-95. Oxford
University Press.

Glardon, S., Callaerts, P., Halder, G. & Gehring, W. J. 1997
Conservation of Pax-6 in a lower chordate, the ascidian
Phallusia mammullata. Development 124, 817—825.

Glardon, S., Holland, L. Z., Gehring, W. J. & Holland, N. D.
1998 Isolation and developmental expression of the
amphioxus Pax-6 gene (AmphiPax-6): insights into eye and
photoreceptor evolution. Development 125, 2701-2710.

Gomez, M. P. & Nasi, E. 1997 Antagonists of the cGMP-gated
conductance of vertebrate rods block the photocurrent in
scallop ciliary photoreceptors. 7. Physiol. (Lond) 500, 367—
378.

Halanych, K. M., Bacheller, J. D., Aguinaldo, A. M., Liva,
S. M., Hillis, D. M. & Lake, J. A. 1995 Evidence from 18S
ribosomal DNA that the lophophorates are protostome
animals. Science 267, 1641-1643.

Halder, G., Callaerts, P. & Gehring, W. J. 19954 Induction of
ectopic eyes by targeted expression of the eyeless gene in
Drosophila. Science 267, 1788—1792.

Halder, G., Callaerts, P. & Gehring, W. J. 19956 New perspec-
tives on eye evolution. Curr. Opin. Genel. Devel. 5, 602—609.

Hermans, C. & Cloney, R. 1966 Fine structure of the prostomial
eyes of Armandia brevis (Polychaeta, Opheliidae). < Zellforsch.
Mikrosk. Anat. 72, 583-596.



Reconstructing the eyes of Urbilateria

D. Arendt and J. Wittbrodt 1561

Hermans, C. & Eakin, R. 1969 Fine structure of the cerebral
ocelli of a sipunculid, Phalascosoma agassizi. £, Kellforsch.
Mikrosk. Anat. 100, 325—339.

Hermans, C. & Eakin, R. 1974 Fine structure of the eyes of an
alciopid polychaete, Vanadis tagensis. . Morphol. Tiere 79,
245-267.

Hesse, R. 1897 Untersuchungen tber die Organe der Lichtemp-
findung bei niederen Thieren. II. Die Augen der Platyhel-
minthen, insbesonderheit der tricladen Turbellarien. < Wiss.
Lool. 62, 527—582.

Hesse, R. 1899 Untersuchungen dber die Organe der
Lichtempfindung bei niederen Thieren. V. Die Augen der
polchaeten Anneliden. . Wiss. Zool. Abt A65, 446-516.

Hesse, R. 1902 Untersuchungen tber die Organe der
Lichtempfindung bei niederen Thieren. VIII. Weitere
Tatsachen, Allgemeines. < Wiss. {ool. 72, 565—656.

Hesse, R. 1908 Das Sehen der niederen Tiere. Jena: Gustav Fischer.

Hill, R. E., Favor, J., Hogan, B. L. M., Ton, C. C. T., Saunders,
G. F., Hanson, I. M., Prosser, J., Jordan, T., Hastie, N. D. &
Van Heyningen, V. 1991 Mouse small eye results from muta-
tions in a paired-like homeobox containing gene. Nature 354,
522-525.

Hirth, F. & Reichert, H. 1999 Conserved genetic programs in
insect and mammalian brain development. BioEssays 21,
677-684.

Hodin, J. 2000 Plasticity and constraints in development and
evolution. 7 Exp. Lool. 288, 1-20.

Holborow, P. L. & Laverack, M. S. 1972 Presumptive photo-
receptor structures of the trochophore of Harmathoe imbricata
(Polychaeta). Mar. Behav. Physiol. 1,139-156.

Holley, S. A., Jackson, P. D., Sasai, Y., Lu, B., De Robertis, E. M.,
Hoffmann, F. M. & Ferguson, E. L. 1995 A conserved system
for dorsal-ventral patterning in insects and vertebrates invol-
ving sog and chordin. Nature 376, 249-253.

Hughes, H. P. I. 1970 A light and electron microscope study of
some opisthobranch eyes. £ Zellforsch. Mikrosk. Anat. 106, 79-98.

Hyde, D. R., Mecklenburg, K. L., Pollock, J. A., Vihtelic, T. S.
& Benzer, S. 1990 Twenty Drosophila visual system cDNA
clones: one 1s a homolog of human arrestin. Proc. Natl Acad. Sct.
US4 87,1008-1012.

Jefferies, R. P. S. 1986 The ancestry of the vertebrates. London:
British Museum (Natural History).

Kanaho, Y., Tsai, S. C., Adamik, R., Hewlett, E. L., Moss, J. &
Vaughan, M. 1984 Rhodopsin-enhanced GTPase activity of
the inhibitory GTP-binding protein of adenylate cyclase. 7.
Biol. Chem. 259, 7376—7381.

Kato, K. 1940 On the development of some Japanese polyclads.
Jap. J. Zool. 8, 537-573.

Kikkawa, S., Tominaga, K., Nakagawa, M., Iwasa, T. &
Tsuda, M. 1996 Simple purification and functional reconstitu-
tion of octopus photoreceptor Gq, which couples rhodopsin to
phospholipase C. Biochemistry 35, 15 85715 864.

Kikkawa, S., Yoshida, N., Nakagawa, M., Iwasa, T. &
Tsuda, M. 1998 A novel rhodopsin kinase in octopus photo-
receptor possesses a pleckstrin homology domain and is
activated by G protein betagamma-subunits. 7. Biol. Chem.
273, 7441-7447.

Kim, C. B, Moon, S. Y., Gelder, S. R. & Kim, W. 1996
Phylogenetic relationships of annelids, molluscs, and arthro-
pods evidenced from molecules and morphology. 7. Mol. Evol.
43, 207-215.

Kimura, A., Singh, D., Wawrousek, E. F., Kikuchi, M.,
Nakamura, M. & Shinohara, T. 2000 Both PCE-1/RX and
OTX/CRX interactions are necessary for photoreceptor-
specific gene expression. J. Biol. Chem. 275, 1152—-1160.

Kishida, Y. 1967 Electron microscopic studies on the planarian
eye. II. Fine structures of the regenerating eye. Sci. Rep.
Kanazawa Univ. 12, 111-142.

Phil. Trans. R. Soc. Lond. B (2001)

Kojima, D., Terakita, A., Ishikawa, T., Tsukahara, Y., Maeda, A.
& Shichida, Y. 1997 A novel Go-mediated phototransduction
cascade in scallop visual cells. 7 Biol. Chem. 272, 22979—
22982.

Krupnick, J. G., Gurevich, V. V. & Benovic, J. L. 1997
Mechanism of quenching of phototransduction. Binding
competition between arrestin and transducin for phosphorho-
dopsin. 7. Biol. Chem. 272, 18125-18 131.

Lacalli, T. C. 1996 Frontal eye circuitry, rostral sensory
pathways and brain organization in amphioxus larvae:
evidence from 3D reconstructions. Phil. Trans. R. Soc. Lond.
B 351, 243-263.

Lacalli, T. C., Holland, N. D. & West, J. E. 1994 Landmarks in
the anterior central nervous system of amphioxus larvae. Phil.
Trans. R. Soc. Lond. B 344, 165—185.

Land, M. F. 1984a Crustacea. In Photoreception and vision n
wnvertebrates, vol. 74 (ed. M. A. Ali), pp. 401-438. New York/
London: Plenum Press and NATO Scientific Affairs
Division.

Land, M. F. 19845 Molluscs. In Photoreception and vision in inverte-
brates, vol. 74 (ed. M. A. Ali), pp. 699-725. New York/London:
Plenum Press and NATO Scientific Affairs Division.

Lanfranchi, A., Bedini, C. & Ferrero, E. 1981 The ultrastructure
of the eyes in larvae and adult polyclads (Turbellaria).
Hydrobiologia 84, 267-275.

Lee, Y. J., Shah, S., Suzuki, E., Zars, T., O’Day, P. M. & Hyde,
D. R. 1994 The Drosophila dgq gene encodes a G alpha protein
that mediates phototransduction. Newron 13, 1143—1157.

Loosli, F., Kmita-Cunisse, M. & Gehring, W. J. 1996 Isolation
of a Pax-6 homolog from the ribbonworm Lineus sanguineus.
Proc. Natl Acad. Sei. USA 93, 2658-2663.

Loosli, F., Koster, R. W., Carl, M., Krone, A. & Wittbrodt, J.
1998 Six3, a medaka homologue of the Drosophila homeobox
gene sine ocults is expressed in the anterior embryonic shield
and the developing eye. Mech. Dev. 74, 159-164.

Loosli, F., Winkler, S. & Wittbrodt, J. 1999 Six3 overexpression
initiates the formation of ectopic retina. Genes Dev. 13,
649-654.

Lucas, R. J., Freedman, M. S., Munoz, M., Garcia-Fernandez,
J. M. & TFoster, R. G. 1999 Regulation of the mammalian
pineal by non-rod, non-cone, ocular photoreceptors. Science
284, 505-507.

Marsden, J. R. & Hsieh, J. 1987 Ultrastructure of the eye-
spot in three polychaete trochophore larvae (Annelida).
Loomorphologie 106, 361—-368.

Meves, A. 1973 Elektronenmikroskopische Untersuchungen tiber
die Zytoarchitektur des Gehirns von Branchiostoma lanceolatum.
& Rellforsch. Mikrosk. Anat. 130, 511-532.

Mitsunaga-Nakatsubo, K., Akasaka, K., Sakamoto, N.,
Takata, K., Matsumura, Y., Kitajima, T., Kusunoki, S. &
Shimada, H. 1998 Differential expression of sea urchin Otx
isoform (kpOtxE and HpOtxL) mRNAs during early develop-
ment. Int. j. Dev. Biol. 42, 645-651.

Miyako-Shimazaki, Y., Shimazaki, Y., Ohtsu, K. &
Yamamoto, M. 1999 Localization of a visual Gq protein in
the photoreceptors of a polychaete, Perinerets brevicirris
(Annelida). Cell Tissue Res. 296, 427—431.

Munger, S. D., Schremser-Berlin, J. L., Brink, C. M. & Battelle,
B. A. 1996 Molecular and immunological characterization of
a Gq protein from ventral and lateral eye of the horseshoe
crab Limulus polyphemus. Invert. Neurosct. 2, 175-182.

Nelson, R. J. & Zucker, I. 1981 Absence of extraocular photo-
reception in diurnal and nocturnal rodents exposed to direct
sunlight. Comp. Biochem. Physiol. A. Mol. Integr. Physiol. 69,
145-148.

Nicolas-Leveque, C., Ghedira, 1., Faure, J. P. & Mirshahi, M.
1999 Beta-arrestin-related proteins in ocular tissues. Invest.

Ophthalmol. Vis. Sci. 40, 1812—1818.



1562 D. Arendt and J. Wittbrodt

Reconstructing the eyes of Urbilateria

Nielsen, C. 1971 Entoproct life-cycles and the netoproct/
ectoproct relationship. Ophelia 9, 209-341.

Nielsen, C. 1995 Amimal evolution: interrelationships of the living
phyla. Oxtord University Press.

Nilsson, D.-E. 1996 Eye ancestry: old genes for new eyes. Curr.
Biol. 6, 39-42.

Oliver, G., Mailhos, A., Wehr, R., Copeland, N. G., Jenkins,
N. A. & Gruss, P. 1995 Six3, a murine homologue of the sine
oculis gene, demarcates the most anterior border of the devel-
oping neural plate and is expressed during eye development.
Development 121, 4045-4055.

O’lousa, J. E., Bachr, W., Martin, R. L., Hirsh, J., Pak, W. L.
& Applebury, M. L. 1985 The Drosophila ninall gene encodes
an opsin. Cell 40, 839-850.

Paulus, H. 1972a Die Feinstruktur der Stirnaugen einiger
Collembolen (Insecta Entognatha) und ihre Bedeutung
fir die Stammesgeschichte der Insekten. < ool Syst.
Euvolutionsforsch. 10, 81—122.

Paulus, H. 19726 Zum Feinbau der Komplexaugen einiger
Collembolen. Eine vergleichend-anatomische Untersuchung
(Insecta, Apterygota). Lool. Jahrb. Anat. 89, 1-116.

Peterson, K. J., Cameron, R. A., Tagawa, T., Satoh, N. &
Davidson, E. H. 1999 A comparative molecular approach to
mesodermal patterning in basal deuterostomes: the expression
pattern of Brachyury in the enteropneust hemichordate
Ptychodera flava. Development 126, 85-95.

Peterson, K. J., Cameron, R. A. & Davidson, E. H. 2000
Bilaterian origins: significance of new experimental observa-
tions. Devl Biol. 219, 1-17.

Pichaud, F., Treisman, J. & Desplan, C. 2001 Reinventing a
common strategy for patterning the eye. Cell 105, 9-12.

Pineda, D., Gonzalez, J., Callaerts, P., Ikeo, K., Gehring, W. J.
& Salo, E. 2000 Searching for the prototypic eye genetic
network: sine oculis is essential for eye regeneration in
planarians. Proc. Natl Acad. Sci. USA 97, 4525-4529.

Premont, R.T., Macrae, A. D., Aparicio, S. A., Kendall, H. E.,
Welch, J. E. & Lefkowitz, R. J. 1999 The GRK4 subfamily of
G protein-coupled receptor kinases. Alternative splicing, gene
organization, and sequence conservation. 7. Biol. Chem. 274,
29 381-29 389.

Provencio, 1., Jiang, G., De Grip, W. J., Hayes, W. P. & Rollag,
M. D. 1998 Melanopsin: an opsin in melanophores, brain,
and eye. Proc. Natl Acad. Sci. USA 95, 340-345.

Provencio, I., Rodriguez, I. R., Jiang, G., Hayes, W. P,
Moreira, E. F. & Rollag, M. D. 2000 A novel human opsin in
the inner retina. 7. Neurosci. 20, 600-605.

Quiring, R., Walldorf, U., Kloter, U. & Gehring, W. J. 1994
Homology of the eyeless gene of Drosophila to the small
eye gene in mice and aniridia in humans. Science 265,
785-789.

Reichert, H. & Simeone, A. 1999 Conserved usage of gap and
homeotic genes in patterning the CNS. Curr. Opin. Neurobiol. 9,
589-595.

Remane, A. 1952 Die Grundlagen des natiirlichen Systems. Leipzig:
Geest und Portig.

Rhode, B. 1991 Ultrastructure of prostomial photoreceptors in
four marine polychaete species (Annelida). 7. Morphol. 2009,
177-188.

Rhode, B. 1992 Development and differentiation of the eye
in Platynerers durilii (Annelida, Polychaeta). J. Morphol. 212,
71-85.

Rhode, B. 1993 Larval and adult eyes in Caputella spec. Int. JF.
Morphol. 217, 327-335.

Riedl, R. 1983 Fauna und Flora des Mittelmeeres. Hamburg und
Berlin: Verlag Paul Parey.

Rosen, M. D., Stasek, C. R. & Hermans, C. O. 1978 The ultra-
structure and evolutionary significance of the cerbral ocelli of
Mpytilus edulis, the Bay Mussel. Veliger 22, 173—-178.

Phil. Trans. R. Soc. Lond. B (2001)

Rosen, M. D., Stasek, C. R. & Hermans, C. O. 1979 The ultra-
structure and evolutionary signifance of the ocelli in the larva
of Ratharina tunicata (Mollusca: Polyplacophora). Veliger 22,
173-178.

Ruiz, M. S. & Anadon, R. 1991a Some considerations on the
fine structure of rhabdomeric photoreceptors in the
amphioxus, Branchiostoma lanceolatum (Cephalochordata).
Hirnforsch. 32, 159-164.

Ruiz, S. & Anadon, R. 19916 The fine structure of lamellate
cells in the brain of amphioxus (Branchiostoma lanceolatum,
Cephalochordata). Cell Tissue Res. 263, 597-600.

Salcedo, E., Huber, A., Henrich, S., Chadwell, L. V., Chou,
W. H., Paulsen, R. & Britt, S. G. 1999 Blue- and green-
absorbing visual pigments of Drosophila: ectopic expression and
physiological characterization of the R8 photoreceptor cell-
specific Rh5 and Rh6 rhodopsins. 7. Neurosci. 19, 10 716—10 726.

Salvini-Plawen, L. V. 1982 On the polyphyletic origin of photo-
receptors. In Visual cells in evolution (ed. J. A. Westfall), pp. 137—
154. New York: Raven Press.

Salvini-Plawen, L. V. & Mayr, E. 1977 On the evolution of photo-
receptors and eyes. New York: Plenum.

Schmitt, M. 1995 The homology concept—still alive. In T#ke
nervous systems of invertebrates: an evolutionary and comparative
approach (ed. O. Breidbach & W. Kutsch). Basel: Birkhatiser
Verlag.

Seimiya, M. & Gehring, W. J. 2000 The Drosophila homeobox
gene optix is capable of inducing ectopic eyes by an eyeless-
independent mechanism. Development 127, 1879-1886.

Smith, D. P, Shieh, B. H. & Zuker, C. S. 1990 Isolation and
structure of an arrestin gene from Drosophila. Proc. Natl Acad.
Scz. USA 87,1003-1007.

Spies, R. B. 1975 Structure and function of the head in flabelli-
gerid polychaetes. 7. Morphol. 147, 187-208.

Stiasny, G. 1914 Studien tber die Entwicklung des Balanoglossus
clavigerus Delle Chiaje. < Wiss. ool. 110, 36-75.

Storch, V. & Moritz, K. 1971 Zur Feinstruktur der Sinnesorgane
von Lineus ruber (O. F. Miller) (Nemertini, Heteronemertini).
L Rellforsch. Mikrosk. Anat. 117, 212225,

Stornaiuolo, A., Bayascas, J. R., Salo, E. & Boncinelli, E. 1998
A homeobox gene of the orthodenticle family is involved in
antero-posterior patterning of regenerating planarians. Int. J
Dev. Biol. 42, 1153—1158.

Suda, Y., Nakabayashi, J., Matsuo, I. & Aizawa, S. 1999
Functional equivalency between O#x2 and Otx! in develop-
ment of the rostral head. Development 126, 743—757.

Suga, H., Koyanagi, M., Hoshiyama, D., Ono, K., Iwabe, N.,
Kuma, K. & Miyata, T. 1999 Extensive gene duplication in
the early evolution of animals before the parazoan—
eumetazoan split demonstrated by G proteins and protein
tyrosine kinases from sponge and hydra. J Mol. Evol. 48,
646-653.

Terakita, A., Hariyama, T., Tsukahara, Y., Katsukura, Y. &
Tashiro, H. 1993 Interaction of GTP-binding protein Gq with
photoactivated rhodopsin in the photoreceptor membranes of
crayfish. FEBS Lett. 330, 197-200.

Teuchert, G. 1976 Sensory devices in Turbanella cornuta Remane
(Gastrotricha). Joomorphologie 83, 193—207.

Therianos, S., Leuzinger, S., Hirth, F., Goodman, C. S. &
Reichert, H. 1995 Embryonic development of the Drosophila
brain: formation of commissural and descending pathways.
Development 121, 3849-3860.

Thompson, J. D., Gibson, T. J., Plewniak, F., Jeanmougin,
F. & Higgins, D. G. 1997 The CLUSTALX windows inter-
face: flexible strategies for multiple sequence alignment
aided by quality analysis tools. Nucleic Acids Res. 24, 4876—
4882.

Thor, S. 1995 The genetics of brain development: conserved
programs in flies and mice. Neuron 15, 975-977.



Reconstructing the eyes of Urbilateria

D. Arendt and J. Wittbrodt 1563

Tomarev, S. 1., Callaerts, P., Kos, L., Zinovieva, R., Halder, G.,
Gehring, W. & Piatigorsky, J. 1997 Squid Pax-6 and eye devel-
opment. Proc. Natl Acad. Sci. USA 94, 2421-2426.

Umesono, Y., Watanabe, K. & Agata, K. 1999 Distinct structural
domains in the planarian brain defined by the expression of
evolutionarily conserved homeobox genes. Dev. Genes Evol.
209, 31-39.

Vandendries, E. R., Johnson, D. & Reinke, R. 1996 Orthodenticle
is required for photoreceptor cell development in the
Drosophila eye. Devl Biol. 173, 243-255.

Vanfleteren, J. R. & Coomans, A. 1976 Photoreceptor evolution
and phylogeny. £ Zool. Syst. Evolutionsforsch. 14, 157-169.

Vanfleteren, J. R. & Coomans, A. 1982 Amonophyletic line of
Evolution? Ciliary induced photoreceptor membranes. In
Visual cells in evolution (ed. J. A. Westfall), pp. 107-136. New
York: Raven Press.

Van Veen, T., Elofsson, R., Hartwig, H. G., Gery, I,
Mochizuki, M., Cena, V. & Klein, D. C. 1986 Retinal
S-antigen: immunocytochemical and immunochemical
studies on distribution in animal photoreceptors and pineal
organs. Exp. Biol. 45, 15-25.

Verger-Bocquet, M. 1984 Photoreception et vision chez les
annelides. In Photoreception and vision in invertebrates, vol. 74 (ed.
M. A. Ali), pp. 289-334. New York/London: Plenum Press
and NATO Scientific Affairs Division.

Vernet, G. 1970 Ultrastructure des photorecepteurs de Lineus
ruber (O. F. Miller) (Heteronemertes Lineidae). <. Zellforsch.
Mikrosk. Anat. 104, 494-506.

Vernet, G. 1974 Etude ultrastructurale des cellules présumées
photoréceptrices dans les ganglions céréboides des Linacidae
(Hétéronemertes). Ann. Sci. Nat. Zool. 16, 27-36.

Wada, S. & Saiga, H. 1999 Vegetal cell fate specification and
anterior neuroectoderm formation by FHroth, the ascidian
homologue of orthodenticle/otx. Mech. Dev. 82, 67-77.

Walther, C. & Gruss, P. 1991 Pax-6, a murine paired box gene,
is expressed in the developing CNS. Development 113, 1435—1449.

Welsch, U. 1968 Die Feinstruktur der Josephschen Zellen im
Gehirnvon Amphioxus. . Zellforsch. Mikrosk. Anat. 86, 252—261.

Whittle, A. C. & Golding, D. W. 1974 The fine structure of pros-
tomial photoreceptors in Eulalia viridis (Polychaeta:Annelida).
Cell Tissue Res. 154, 379-398.

Wilkie, T. M., Scherle, P. A.; Strathmann, M. P., Slepak, V. Z.
& Simon, M. I. 1991 Characterization of G-protein alpha
subunits in the Gq class: expression in murine tissues and in
stromal and hematopoietic cell lines. Proc. Natl Acad. Sci. USA
88, 10 049-10 053.

Phil. Trans. R. Soc. Lond. B (2001)

Willey, A. 1898 On Ptychodera flava. Q. §. Microsc. Sci. 40, 165—
184.

Wilson, S. W, Ross, L. S., Parrett, T. & Easter, S. S. J. 1990 The
development of a simple scaffold of axon tracts in the brain of
the embryonic zebrafish, Brachydanio rerio. Development 108,
121-145.

Winnepenninckx, B. M. H., Van de Peer, Y. & Backeljau, T. 1998
Metazoan relationships on the basis of 18S rRNA sequences:
a few years later. Am. Jool. 38, 888-906.

Woollacott, R. M. & Eakin, R. M. 1973 Ultrastructure of a
potential photoreceptoral organ in the larva of an entoproct.
J- Ultrastructure Mol. Struct. Res. 43, 412-425.

Woollacott, R. M. & Zimmer, R. L. 1972 Fine structure of a
potential photoreceptor organ in the larva of Bugula neritina
(Bryozoa). & Lellforsch. Mikrosk. Anat. 123, 458—469.

Yamada, T., Takeuchi, Y., Komori, N., Kobayashi, H., Sakai, Y.,
Hotta, Y. & Matsumoto, H. 1990 A 49-kilodalton phospho-
protein in the Drosophila photoreceptor is an arrestin homolog.
Science 248, 483-486.

Yamamoto, M. & Yoshida, M. 1978 Fine structure of the ocelli
of a synaptid holothurian, Opheodesoma spectabilis, and the
effects of light and darkness. Joomorphologie 90, 1-17.

Yamamoto, T., Tasaki, K., Sugawara, Y. & Tonosaki, A. 1965
The fine structure of the octopus retina. J. Cell. Biol. 25, 345~
359.

Yokoyama, S. & Starmer, W. T. 1992 Phylogeny and evolu-
tionary rates of G protein alpha subunit genes. 7. Mol. Evol.
35, 230-238.

Yoshida, M. & Takasu, N. 1984 Photoreception in echinoderms.
In Photoreception and vision in invertebrates, vol. 74 (ed. M. A.
Ali), pp. 743-771. New York/London: Plenum Press and
NATO Scientific Affairs Division.

Zhang, Y. & Emmons, S. W. 1995 Specification of sense-organ
identity by a Caenorhabditis elegans Pax-6 homologue. Nature
377, 55-59.

Zhou, C. ]J.,, Akhtar, R. A. & Abdel-Latif, A. A. 1994
Identification of  phosphoinositide-specific ~ phospholipase
C-beta 1 and GTP-binding protein, Gq alpha, in bovine iris
sphincter membranes: characteristics of the phospholipase
and its coupling to cholinergic muscarinic receptors. Exp. Eye
Res. 59, 377-384.

Zuker, C. S. 1994 On the evolution of eyes: would you like it
simple or compound? Science 265, 742—743.

Zuker, C. S.; Cowman, A. F. & Rubin, G. M. 1985 Isolation
and structure of a rhodopsin gene from D. melanogaster. Cell 40,
851-858.



