22. C. Janus, M. A. Chishti, D. Westway, Biochim. Biophys.
Acta 1502, 63 (2000).

23. R. Kayed et al., Science 300, 486 (2003).

24. ). Ghanta, C.-L. Shen, L. L. Kiessling, R. M. Murphy,
J. Biol. Chem. 271, 29525 (1996).

25. ). C. Sacchettini, J. W. Kelly, Nature Rev. Drug Discov.
1, 267 (2002).

26. F. E. Cohen, J. W. Kelly, Nature 426, 905 (2003).

27. This work is dedicated to A. Graef. We thank Y.-M.

Lin and T. Wandless for starting materials; V.
Devasthali for experimental support; and L. Mucke,
C. Cairo, T. Buchholz, and Crabtree laboratory mem-
bers for helpful discussions. Supported by National
Institute of Neurological Disorders and Stroke grant
NS046789 and by an award from the Christopher
Reeve Paralysis Foundation. J.E.G. is a Helen Hay
Whitney postdoctoral fellow. G.R.C. is an Investi-
gator of the Howard Hughes Medical Institute.

Ciliary Photoreceptors with a
Vertebrate-Type Opsin in
an Invertebrate Brain

Detlev Arendt,'* Kristin Tessmar-Raible,>*} Heidi Snyman,’
Adriaan W. Dorresteijn,3 Joachim Wittbrodt'+

For vision, insect and vertebrate eyes use rhabdomeric and ciliary photore-
ceptor cells, respectively. These cells show distinct architecture and transduce
the light signal by different phototransductory cascades. In the marine rag-
worm Platynereis, we find both cell types: rhabdomeric photoreceptor cells in
the eyes and ciliary photoreceptor cells in the brain. The latter use a
photopigment closely related to vertebrate rod and cone opsins. Comparative
analysis indicates that both types of photoreceptors, with distinct opsins,
coexisted in Urbilateria, the last common ancestor of insects and vertebrates,
and sheds new light on vertebrate eye evolution.

In animal photoreceptor cells (PRCs), the
surface membrane is enlarged for the
storage of opsin photopigment (/). Two
major types of PRCs are recognized by
electron microscopy (table S1). In rhabdo-
meric PRCs, the apical cell surface folds
into microvilli. This is the predominant
type of PRC used for vision in inverte-
brates. In contrast, in vertebrates, the rods
and cones of the retina and the PRCs of
the pineal eye, a light-sensitive structure
in the dorsal diencephalon, are of the
ciliary type. In ciliary PRCs, the mem-
brane of the cilium is folded for surface
enlargement. To elucidate the evolution of
ciliary PRCs, we investigated the photo-
sensitive system in Platynereis dumerilii
(Polychaeta, Annelida, Lophotrochozoa)
(2, 3). This species shows ancestral anato-
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my and development and an ancestral gene
inventory (2, 4). In addition, polychaetes
and vertebrates are evolutionarily far
apart (2), and thus any feature specifically
shared between them as a result of their
common evolutionary heritage necessarily
existed in Urbilateria, the last common
ancestor of all animals with bilateral
symmetry.

Platynereis develops different pairs of
eyes (5), as demarcated by opsin expres-
sion in Fig. 1A: “larval eyes,” implicated
in larval phototaxis, and “adult eyes,”
active in adult vision. All these eyes use
rhabdomeric PRCs. The two pairs of adult
eyes originate from a single anlage that is
not yet split at the stage of the analysis.
To identify ciliary PRCs, we used an
antibody directed against acetylated o-
tubulin (Fig. 1A) (3), which specifically
labels stabilized microtubules in cilia and
axons. In addition to the axonal scaffold,
we detected two paired structures in the
developing median brain, on the dorsal
side of the apical organ (Fig. 1A, arrows).
Electron microscopy (3) revealed that
these structures represent multiple cilia
(Fig. 1, B to E) that branch out into dig-
its, each inheriting one of the peripheral
microtubule doublets (Fig. 1, C and D).
Such ciliated cells have been described
for the brain of adult nereidids (6) and
other polychaetes (7) and nemertines (8),
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Pdu-c-opsir

acet tub

5 | 48hpf

Fig. 1. Pdu-c-opsin and Pdu-rx expression in
Platynereis ciliary photoreceptors (cPRCs). (A, F,
H) Apical views of in situ hybridizations (blue)
double-stained with an antibody to acetylated
tubulin (brown). (A) Pdu-r-opsin expression
(blue) 72 hours after fertilization (72 hpf), lo-
calized to larval and adult eyes (le, ae). (B)
Electron micrograph of brain cPRCs. (C) Basal
bodies of cilia (arrowhead), ramification in
longitudinal section (arrow). (D) Ramifications
in cross section with one doublet of micro-
tubules (arrowhead). (E) Schematic based on
(B). (F) Pdu-c-opsin expression (blue) in cPRCs
(brown) at 48 hpf. (G) Schematic of (F). (H)
Brain cPRCs (arrows) show high expression of
Pdu-rx. Asterisks demarcate the apical organ.
Magnification [(A) and (H)] %300, (B) %3000,
(C) %3800, (D) x25,000, and (F) x 1200.
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identical to human opsin2; red shading denotes amino acids identical to Platynereis c-opsin. Abbreviations for the amino acid residues are as follows: A, Ala; C,
Cys; E, Glu; F, Phe; G, Gly; H, His; I, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; and Y, Tyr.

Fig. 3. Comparison of photosensitive systems in the
Platynereis and vertebrate brains. Double staining of in
situ hybridizations as described in Fig. 1. Arrows in (B)
and (C) demarcate cPRCs. (A) Apical views of Pdu-
bmal expression in Platynereis brain at 48 hpf. Dotted
box outlines area shown in (B). (B) Expression of Pdu-
bmal in cPRCs at 48 hpf. (C) Axonal scaffold of
Platynereis brain at 48 hpf, visualized by staining with
an antibody to acetylated tubulin. (D and E) Schemat-
ic of cell types and axon tracts (black lines) in the
polychaete (D) and vertebrate (E) developing brain
[for vertebrates, see (25)]. Purple: ciliary PRCs; yellow:
rhabdomeric photoreceptor/retinal ganglion cells;
green: photoperiodicity neurons expressing bmal;
gray: pigment cells. Abbreviations: ae: adult eye; cPRC:
ciliary photoreceptor; le: larval eye; nsc: nucleus
suprachiasmaticus; pin: pineal organ; ret: retina; RGC:
retinal ganglion cell; rPRC: rhabdomeric photorecep-
tor. Asterisks demarcate the apical organ.

but not for the brain of Drosophila or
Caenorhabditis. Given their vast ciliary
surface extension, these cells had been con-
sidered sensory cells, possibly ciliary PRCs
(6-8).

Photosensitivity of any of the presumed
ciliary PRCs outside of chordates has not
previously been addressed on the molecu-
lar level. To this end, and to determine
whether the ciliated cells in the brain
present a vertebrate-type molecular finger-
print, we searched for an opsin molecule
and developmental control genes active in
these cells. Because the previously char-
acterized Platynereis opsin was not ex-
pressed in the ciliated cells (Fig. 1A,
fig. S1A), we screened for additional
Platynereis opsin molecules (3) and identi-
fied a second bona fide opsin gene
encoding amino acids diagnostic for op-
sins (fig. S2). Expression analysis revealed
that this opsin is indeed expressed in the
ciliated cells in the brain, indicating that
these cells function as photoreceptors
(Fig. 1, F and G). Expression was highly
specific. The gene was not detected in the
rhabdomeric PRCs of the larval and adult
eyes (fig. S1B).

Next we performed phylogenetic analy-
sis of this second Platynereis opsin. Using
neighbor-joining or maximum-likelihood
methods, this opsin consistently clustered
with the bulk of the vertebrate opsins
and two opsins found in the Anopheles
genome (3, 9) (Fig. 2A, figs. S3 and S4).
This result indicates that two distinct opsin
orthology groups exist in Bilateria: the
ciliary opsins (c-opsins, active in ciliary
PRCs in vertebrates and polychaetes) and
the rhabdomeric opsins (r-opsins, active in
rhabdomeric PRCs).

Orthology of Platynereis and vertebrate
c-opsins is further supported by compara-
tive sequence analysis (Fig. 2B, fig. S2).
We detected a highly conserved stretch
of amino acids (VFMNKQF) at the transi-
tion from transmembrane domain VII to the
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cytoplasmic tail that is shared among the
c-opsins but distinct in the r-opsins (Fig.
2B). This stretch plays an important role
in heterotrimeric GTP-binding protein
(G protein) interaction (10). All opsins
catalytically activate heterotrimeric G pro-
teins through interaction with the a sub-
unit, which is a Ga_-subfamily member in
the invertebrate rhabdomeric PRCs, dis-
tinct from the transducin Ga, subunit active
in the vertebrate rods and cones (table S1).
In bovine opsin, alteration of the tripeptide
NKQ (Fig. 2B, fig. S2) specifically dimin-
ishes the activation of transducin (/0). A
second stretch (REVLRM) with high con-
servation between Platynereis and verte-
brate c-opsins, but not with r-opsins, lies
at the transition between the third cyto-
plasmic loop and transmembrane domain VI.
Again, this stretch overlaps another transducin
activation site (fig. S2) (/7). These findings
unambiguously identify Platynereis c-opsin
as a vertebrate-type ciliary opsin and sug-
gest that it interacts with a transducin-like
molecule.

If vertebrate and polychaete ciliary
PRCs express orthologous opsins, do they
also share the expression of transcription
factors that specify their identity? In the
differentiating vertebrate retina, expres-
sion of the rx (retinal homeobox) genes
(12) is progressively restricted to the
ciliary PRCs (rods and cones) in chick
(RaxL) (13), frog (14), and fish (15).
[Expression also persists in a small popu-
lation of cells in the inner nuclear layer
(13-16) but is absent from the retinal
ganglion cells; see below.] Functional
analysis in the chick retina shows that rx
(RaxL) is selectively required for ciliary
PRC development (/3). Notably, rx is also
expressed in the differentiating ciliary
PRCs of the pineal eye (/7). We have
cloned a Platynereis rx ortholog, named
Pdu-rx (3). This gene is expressed in the
ciliary PRCs of the Platynereis brain, and
in cells in and around the apical organ
(Fig. 1H). Although we detected Pdu-rx
in the ciliary PRCs, it was not expressed
in the rhabdomeric PRCs of the larval
and differentiating adult eyes (compare
Fig. 1, A and H). Therefore, based on the
shared expression of »x and c-opsin and
on the shared morphology, we propose that
polychaete and vertebrate ciliary PRCs are
homologous cell types (I8) (i.e., they
evolved from the same precursor cell type
in Urbilateria). The ciliary PRCs are con-
served across Bilateria and are distinct from
the rhabdomeric PRCs. In the vertebrate
lineage, the ciliary PRCs diversified into a
population of ciliary “deep brain photo-
receptors” located in the ventral forebrain,
the pineal PRCs, and the rods and cones of
the retina (/9) (Fig. 3E).

Because the Platynereis ciliary PRCs
are not overtly associated with pigment
cells, they might function in nondirectional
photoresponse such as the control of
photoperiodic behavior, which is consid-
ered an ancestral characteristic of marine
life cycles (20). To test this notion, we
cloned and analyzed the Platynereis bmal
gene (3), an ortholog of Drosophila cycle
and vertebrate bmal genes encoding a key
component of the circadian clock in flies
and vertebrates (21). In Platynereis, Pdu-
bmal is prominently expressed in the dorsal
brain (Fig. 3, A and B), where it shows
circadian rhythmicity in juvenile worms
(22). The Platynereis ciliary PRCs are
located within these bmal-positive dorsal
brain regions, and they express Pdu-bmal
(Fig. 3, B to D), consistent with a role in
photoperiodicity. In line with this obser-
vation, in nonmammalian vertebrates, the
light detected by the pineal ciliary PRCs
directly entrains the circadian clock system
located in these cells (23); in addition, the
deep-brain photoreceptors form part of the
bmal-expressing central circadian clock
(19).

If the vertebrate ciliary PRCs belong
to an ancestral bilaterian cell type distinct
from the rhabdomeric PRCs, what hap-
pened to the rhabdomeric PRCs in the
vertebrate line of evolution? Several lines
of evidence suggest that they might have
lost the rhabdomeric structure and per-
sisted as retinal ganglion cells (RGCs).
RGCs share with the invertebrate rhabdo-
meric PRCs the specific involvement of
orthologous transcription factors in their
differentiation (table S1, supporting online
text). In addition, RGCs are photosensi-
tive through the expression of melanop-
sins (24) that in phylogenetic trees cluster
with the r-opsins of invertebrate rhabdo-
meric PRCs (Fig. 2, figs. S2 to S4).
Melanopsins and r-opsins also share the
highly conserved tripeptide HPK (in lieu of
NKQ in c-opsins), as revealed by our com-
parison of functionally important G protein
interaction sites (Fig. 2B, fig. S2).

We propose the following scenario for
the evolution of animal PRCs and eyes.
Early metazoans possessed a single type of
precursor PRC that used an ancestral opsin
for light detection and was involved in
photoperiodicity control and possibly in
phototaxis. In prebilaterian ancestors, the
opsin gene then duplicated into two para-
logs, c-opsin and r-opsin, allowing the
diversification of the precursor PRC into
ciliary and rhabdomeric sister cell types
(table S1). The rhabdomeric PRCs asso-
ciated with pigment cells to form simple
eyes, whereas the ciliary PRCs formed part
of the evolving brain, active in nondirec-
tional photoresponse. This ancestral setting
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of Bilateria is still present in extant in-
vertebrates such as Platynereis (Fig. 3D).
In the evolutionary line leading to verte-
brates, both photoreceptor types were in-
corporated into the evolving retina. The
rhabdomeric PRCs transformed into gan-
glion cells, acquiring a new role in image
processing. A distinctive feature of verte-
brate eye evolution is that the ciliary (not
rhabdomeric) PRCs became the main visual
PRCs, the rods and cones (Fig. 3E). The
vertebrate eye thus represents a composite
structure, combining distinct types of light-
sensitive cells with independent evolutionary
histories.
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