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Abstract A novel gene encoding visual pigment, Ci-opsinl, was
identified in a primitive chordate, the ascidian, Ciona intestinalis.
Molecular phylogenetic analysis and the exon—intron organiza-
tion suggest that Ci-opsinl is closely related to the retinal and
pineal opsins of vertebrates. During embryogenesis, Ci-opsinl
transcripts were first detected in part of the brain of mid tailbud
embryos; its expression was confined to photoreceptor cells of
the ocellus (eye spot) in the larval brain as development
proceeded. These results suggest a common descent of the
ascidian ocellus and the vertebrate eyes. The ocellus of ascidian
larvae may represent an ancestral state of the vertebrate
eye. © 2001 Federation of European Biochemical Societies.
Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

Ascidians (sea squirts) are lower chordates and their simple
tadpole-like larvae share a basic body plan with vertebrates
[1]. The ascidian tadpole is organized into a trunk and a tail.
The trunk contains a dorsal brain, endoderm, epidermis, and
mesenchyme. The tail contains a notochord flanked by the
spinal cord, endodermal strand, and three rows of striated
muscle cells. The non-feeding larva is a dispersal phase. Dur-
ing metamorphosis, the larval tail is destroyed, and the adult
tissues and organs differentiate from precursors in the trunk.
The adult ascidian is a sessile organism with little resemblance
to vertebrates.

The brain of the ascidian larva contains two sensory organs
with a melanocyte: a gravity sense organ (otolith) and an eye
spot (ocellus). In the ascidian Ciona intestinalis, the ocellus
consists of three lens cells, one pigment cup cell, and about
20 photoreceptor cells [2]. Similarity in morphology and phys-
iology of photoreceptor cells has been recognized between the
ascidian ocellus and the vertebrate eye [3,4]. However, so far
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no molecular evidence has been reported to suggest a common
descent of the ascidian ocellus and the vertebrate eye.

We have previously shown that the action spectrum of
photic behavior of ascidian larvae was similar to the absorp-
tion spectrum of human rhodopsin [5]. The localization of
visual pigment in the larval ocellus of the ascidian Halocynthia
roretizi was demonstrated by the retinal protein imaging
method [6]. However, the primary structure of the visual pig-
ment in the ascidian ocellus is not known. Here we report the
primary structure and mRNA expression patterns of Ci-op-
sinl, a homologue of the vertebrate visual pigment (opsin),
which is present in the ocellus of C. intestinalis larvae. Our
results, together with previous observations on the photic be-
havior of the larvae, suggest that the ocellus of ascidian larvae
represents an ancestral state of the vertebrate eye.

2. Materials and methods

2.1. Animals and embryos

Mature adults of C. intestinalis were collected and maintained as
described [5]. Eggs and sperm were obtained surgically from gono-
ducts and fertilized in vitro. Embryos were allowed to develop at
18°C.

2.2. Cloning and sequencing of Ci-opsinl ¢cDNA

In a project analyzing expressed sequence tags (EST) of C. intesti-
nalis larvae [7], we found a Ci-opsinl cDNA clone by a BLAST search
[8]. This clone was interrupted by two intron sequences (Fig. 1, co-
dons 194 and 268/269). Full-length cDNAs without introns were am-
plified from larval poly(A)* RNA by RT-PCR. Total RNA and
poly(A)™ RNA were prepared from C. intestinalis larvae using Isogen
(Nippon Gene, Japan) and Oligotex-dT30 Super (Roche Diagnostics,
Japan), respectively, according to the manufacturer’s protocols. 1 pg
of poly(A)™ RNA was reverse-transcribed with an oligo(dT) primer
using SuperScript II reverse transcriptase (Life Technologies). The Ci-
opsinl cDNA was amplified from the first strand cDNA by PCR
using a thermostable DNA polymerase with proofreading activity
(TaKaRa LA Taq; Takara Shuzo, Japan) and a pair of gene-specific
oligonucleotide primers (5'-AAACGCAGCATTATGAATCAGTG-
3" and 5'-GTCAAGACTTTTTATTTTCAGAATATATAG-3') syn-
thesized based on the 5’- and 3’-terminal sequences of the EST clone.
The PCR products were cloned into pBluescriptll SK(+) (Stratagene,
La Jolla, CA, USA). Nucleotide sequences were determined on both
strands by the cycle sequencing method with an ABI Prism 310 Ge-
netic Analyzer (Applied Biosystems, Foster City, CA, USA).

2.3. Analysis of exon—intron organization of the Ci-opsinl gene
Nucleotide sequences of C. intestinalis genomic DNA fragments
which significantly matched up to the Ci-opsinl cDNA sequence
were found by a BLAST search against the database (http://www.jgi.
doe.gov/programs/ciona.htm) of the C. intestinalis genome project by
the Joint Genome Institute (JGI, Walnut Creek, CA, USA). Intron
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positions were determined by aligning the genomic DNA sequences
with the Ci-opsinl cDNA sequence.

2.4. Molecular phylogenetic analysis

Amino acid sequences of various animal opsins were aligned and a
neighbor-joining tree was constructed using the ClustalW program [9].
Because N- and C-terminal regions were highly variable in length and
sequence, they were excluded from the analysis. The region between
amino acid positions 34 and 355 of Ci-opsinl and the corresponding
regions of other opsins were subjected to phylogenetic analysis. Evolu-
tionary distances were estimated using Kimura’s empirical method.
Sequences used are: Homo sapiens opsins (rthodopsin U49742, blue
M13295, green K03490, red M13300, encephalopsin NM_014322),
Gallus gallus opsins (green M92038, blue M92037, violet M92039,
pinopsin U15762), Bufo japonicus pinopsin AF200433, Xenopus laevis
melanopsin AF014797, Carassius auratus blue L11864, Salmo salar
VA AF001499, Danio rerio VAL AB035276, Ictalurus punctatus para-
pinopsin AF028014, Lampetra japonica rthodopsin M63632, Octopus
dofleini rhodopsin X07797, Patinopecten yessoensis opsins (SCOP1
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AB006454, SCOP2 ABO006455), Drosophila melanogaster Rhl
K02315, Limulus polyphemus opsin L03781.

2.5. Whole-mount in situ hybridization

A full-length Ci-opsinl ¢cDNA clone was used as a template to
synthesize a digoxigenin-labeled antisense DNA or RNA probe and
whole-mount in situ hybridization was carried out as described pre-
viously [7,10].

3. Results and discussion

We isolated cDNA clones showing significant homology to
vertebrate opsins from C. intestinalis larvae. The correspond-
ing gene was named Ci-opsinl. The Ci-opsinl cDNA encodes
a putative opsin protein of 390 amino acids. Amino acid
comparison (Fig. 1) and phylogenetic analysis (Fig. 2) re-
vealed that Ci-opsinl is more closely related to the vertebrate

Ci-opsini1(Ci) MNQWLETIMNERKFEIVNSSLQGLLKPDSLGMDHDVTPTVDLTDGVPQCKDLNPYVLKGDGWVPQHISRANRS 73
human rhodopsin (hRh) MNGTEGPNFY . PFSN- - - -ATGVVRSPFEY- - - - . . YYLAEPWQ
human blue (hB) MRKMSEEEFYL-FKN----ISSVG--PWD.----..YHIAPVWA
human red (hR) MAQQWSLQRLAGRHPQDSYEDSTQSSIFTYTNS- - - -NSTRG- -PFE. - - - - . NYHIAPRWV
chicken pinopsin (cP) MSSNSSQA.PN--------- GTPG--PFD.----..WPYQ.PQ.
catfish parapinopsin (PP) MASIILINFSE----TDT.H---.GS----VNDHIMPRIG
salmon VA opsin (VA) MDT .RIAVNGVSYNEASE- - - - IYKPHADPFT. - - - - . ITNLAPWNF
octopus rhodopsin (oRh) MVESTTLVNQTWWYN- - - - - PTVDIHPHWA----- KFDPIPDAV
TMA TM2
Ci TYSFLCVYMTFVFLLSCSLNILVIVATLKNKVLRQPLNYIIVNLAVVDL-LSGFVGGFISIAANGAGYFFWGKTMCQIERYFVSN 157
hRh FSM-.AA..FLLIV.GFPI.F.TLYV.VQH.K..T..... LL....A..-FMVLG.FTSTLYTSLH...VF.P.G.NL.|.F.ATL
hB F.L-QAAF.GT...IGFPL.AM.L....RY.K........ L..VSFGGF-.LCIFSV.PVFV.SCN. . .VF.RHV.AL.|. FLGTV
hR YHL-TS.W.I..VTA.VFT.G..LA..M.F.K..H...WIL..... A..-AETVIAST...VNQVS...VL.HP..VL.| .T..L
cP .VGVA.L.GT.VACASVV.G....VSICY.K..S..... L..... A..-.VTLC.SSV.LSN.IN...VF.RR..EL.|.FM..L
PP YTI-.SII.ALSSTFGII..MV..IV.VRY.Q....... AL..... A..-GCPVF..LLTAVT.AM. ..SL.RVG.VL.|. FA.AF
VA AVL--ATL.FVITS..LFE.FT.ML..Y.F.Q............ SLA.F-.VSLT..T..FLT.AR....L.NWA.VL.|.FA.TY
oRh v..-VLGIFIGV.GIIGIG.GV..YLFS.T.S.QT.A.MF.I...MS..SF.AIN. FPLKTISAFMKKWIF. .VA..LY.LLGGI
VvV TM3 \ 4 TM4
Ci FGVTGLLSIAVMAFERYFVICKPFGP-VRFEEKHSIFGIVITWVWSMFWNTPPLIFWDGYDTEGLGTSCAPNWFV--KEKRERLF 239
hRh G.EIA.W.LV.L.I...V.V...MSN-F..G.N.A.M.VAF...MALACAA...AG.SR.IP...QC..GIDYYTLKP.VNNES.
hB A.LVTGW.L.FL..... I....... N-F..SS..ALTVVLA..TIGIGVSI. .FFG.SRFIP...QC..G.D.YTVGTKY.SESY
hR C.I...W.L.IISW..WL.V..... N-...DA.LA.V..AFS.I..AV.TA..IFG.SR.WPH..K...G.DV.SGSSYPGVQSY
cP T.IV..W.L.IL.L...V.V.R.L.D- FQ QRR.AVS.CAF..G.ALL.S....LG.SS.VP...R...G...YT--GGSNNNSY
PP ..IA..C.V..I.VD..M.V.R.L.A-.M. QT..ALA.V.FS....FI...... FG.GS.QL..VM....... YR--RDPVNVSY
VA ..IVAMW.L..LS........ R.L.N-..LRGK.AAL.LLFV.TF.FI.TI..VFG.CS.TVSKI..T.E...YS--NNIWNHTY
oRh ..FMSINTMAMISID..N..GR. MAASKKMSHRRAFLM. IFV.M. .IV.SVG.VFN.GA.VP..IL...SFDYLS- -TDPST.S.
TM5 v TM6
Ci IILYFVFCFVIPLAVIMICYGKLILTLRQIAKESSLSGG----------- TS--P.GEVTKMVVVMVTAFVFCWLPYAAFAMYNV 311
hRh V.YM..VH.T..MII.FF...Q.VF.VKEA.RAQQQE-SA--~-----~---~ .TQKA.K...R..II..I..LI..V...SV.F.IF
hB TWFL.I...IV.LSL.CFS.TQ.LRA.KAV.AQQQE-SA-------~---- .TQKA.R..SR...... GS.CV.YV....F...M.
hR M.VLM.T.CI....I..L..LQVW.AI.AV..QQKE-SE----------- STQKA.K...R..... IF.YCV..G..TFF.CFAA
cP .LSL..T...L..SL.LFS.TN.L....AA.AQQKE-AD----------- .TQRA.R...R..IV..M..LLC. STF.LVVA
PP .LC..ML..AL.F.T.IFS.MH.LH..W.V..LQVADS.----------~ STAKV.VQ.AR...I..M..LLT........ LTVI
VA _.TF..T..IM..GM.IY..... LQK. .KVSHDRLG-----=--------~ NAKKP.RQ.SR..... IV.YLVG.T..... SIIVT
oRh .LCMYFCG.ML.III.AF..FNIVMSVSNHEK.MAAMAKRLNAKELRKAQAGASA .MKLA.ISMVII.Q.MLS.S...II.LLAQ
TM7
Ci  VNPEAQIDYALGAAPAFFAKTATIYNPLIYIGLNRQFRDCVVRMIFNGRNPWVDELVG-SQVSSTGSQLTAVSSNKVAPA 390
hRh THQGSNFGPIFMTI..... A....V...MM.K...N.MLTT.CC.K..LG.DEAS-------- ATVSKTETSQ. . ..
hB N.RNHGL.LR.VTI.S.. .C....I..CFM.K..QA.IMK.VCGKAMTDESDTCS----- .QKTEVST...TQ.G.N
hR A..GYAFHPLMA.L..Y...S...... V..VFM..... N.ILQLFGKKVD-DGS..SS------- A.KTEVS.VSS.S..
cP  THKGII.QPV.ASL.SY. ..V...I..VFM.K..QS.LLE.LCC.YQ.QRTGKASPGTPGPHADVTA.GLR. ..M. .HPV
PP IDSNIY.NPVI.TI..YL.[.SS.VF..I...FM...... YALPCLLC.K. . .ARKEGRD. - -DTNTLTT.VSKNTS.S.L
VA AC.TIYL.PR.A...... LAV...V..VFM.K.VSTQLNWGFWSRA
oRh FG.AEWVTPYAAEL.VL...ASA.H..IV.SVSHPK. .EAIQTTFPWLLTCCQFDEKECEDANDAEEEVVASERGGESRDAAQMK
%
oRh EMMAMMQKMQAQQAAYQPPPPPQGYPPQGYPPQGAYPPPQGYPPQGYPPQGYPPQGYPPQGAPPQVEAPQGAPPQGVDNQAYQA

Fig. 1. Amino acid comparison of Ci-opsinl with vertebrate and invertebrate opsins. The deduced amino acid sequence of Ci-opsinl was
aligned with selected vertebrate opsins and octopus rhodopsin using the ClustalW program and the alignment was optimized manually. The en-
tire sequence of Ci-opsinl is shown. The dots represent amino acids identical to those of Ci-opsinl and the letters represent variable positions
in other opsins. Dashes indicate gaps introduced in the sequence to optimize the alignment. The putative transmembrane domains (TM1-TM?7)
are indicated by horizontal lines. The glutamate counterion (solid circle) and the Schiff base lysine (asterisk) are boxed. Triangles indicate posi-
tions of introns in the Ci-opsinl gene.
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visual pigments than to those of invertebrates. Clustering of
Ci-opsinl with the vertebrate retinal and pineal opsins is sup-
ported by 100% of bootstrap value (Fig. 2). The exon-intron
organization of the Ci-opsinl gene was determined by aligning
the cDNA sequence with genomic DNA sequences obtained

71

Fig. 2. Phylogenetic tree of animal opsins. The phylogenetic tree
was inferred from amino acid sequences by the neighbor-joining
method [29]. Scale bar indicates 0.1 amino acid replacements per
site. Numbers at nodes are bootstrap values based on 1000 repli-
cates. Major groups of known visual pigments [30] are indicated at
the right of the corresponding branches: L, red-green opsin; MI,
blue opsin; M2, green opsin and rhodopsin; P, pinopsin; PP, para-
pinopsin; Rh, rhodopsin; S, violet-UV opsin; VA, vertebrate an-
cient opsin.

-

from the JGI Ciona genome project database. Seven introns
(codons 23, 104/105, 159, 194 268/269, 317/318, and 347/348)
interrupt the coding region of Ci-opsinl (Fig. 1). Among
them, three introns (codons 159, 268/269, and 347/348) are
present at positions identical to those of vertebrate opsin
genes [11], further supporting a close relationship between
Ci-opsinl and vertebrate opsins.

The deduced amino acid sequence of Ci-opsinl exhibits
features characteristic of functional opsins (Fig. 1). Ci-opsinl
has a lysine at position 331, corresponding to 296 in bovine
rhodopsin, the site of the Schiff base linkage with 11-cis-ret-
inal [12]. Glutamate 151 (corresponding to 113 in bovine rho-
dopsin) is the putative counterion to the protonated Schiff
base conserved in vertebrate opsins [13], while the correspond-
ing residue in invertebrate opsins is an aromatic residue
[14,15].

We determined the expression patterns of Ci-opsinl in em-
bryos and larvae by whole-mount in situ hybridization (Fig.
3). In addition to an RNA probe (Fig. 3A-F, which is com-
monly used in this kind of analysis, we also used a single-

Fig. 3. Expression of Ci-opsinl in C. intestinalis embryos and larvae. Ci-opsin] mRNA was detected by whole-mount in situ hybridization using
a digoxigenin-labeled RNA (A-F) or DNA (G) probe. A: A neurula. B and C: Mid tailbud embryos showing Ci-opsinl expression in the ven-
tral part (white arrows) and dorsal part (black arrow) of the brain. D and E: Late tailbud embryos. Ci-opsini-expressing cells (black arrows)
form two clusters sitting dorsal to the pigment cell. F-H: Hatched larvae. White arrowheads indicate the pigment cup cell of the ocellus and
black arrowheads indicate the pigment cell of the otolith (gravity sense organ). Ci-opsinl expression is restricted to the photoreceptor cells
(black arrows in F and G) of the ocellus. H: A control embryo hybridized with an unrelated probe (C. intestinalis EST clone #00754 [7]) show-

ing no hybridization signals in the photoreceptor cells. Scale bar, 50 um.
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stranded DNA probe (Fig. 3G) synthesized by the PCR-based
method [7], which allows easier preparation and handling of
probes. The two types of probes gave the same results, dem-
onstrating that DNA probes are useful for whole-mount in
situ hybridization of ascidian embryos.

The expression of Ci-opsinl was not detected in the neurula
and earlier stages (Fig. 3A). Ci-opsin]l mRNA first appeared
in the ventral part of the developing brain at the mid tailbud
stage (Fig. 3B,C). In older embryos at the mid tailbud stage, a
small number of dorsal cells were also stained (Fig. 3C).
When melanization of the pigment cell began in late tailbud
embryos, Ci-opsinl expression was restricted to cells dorsal to
the pigment cell (Fig. 3D,E). Two laterally adjacent clusters of
cells expressed Ci-opsin] mRNA (Fig. 3E). At the late tailbud
stage, Ci-opsinl expression was not evident in the ventral part
of the brain (Fig. 3D,E). Therefore, the ventral Ci-opsinl ex-
pression observed in mid tailbud embryos may be transient
and only the dorsal Ci-opsinl-positive cells may become pho-
toreceptor cells. In the swimming larva, Ci-opsinl expression
is restricted to photoreceptor cells of the ocellus (Fig. 3F-H).
These results suggest that Ci-opsinl is a visual pigment of the
ascidian ocellus.

The pigment cells of the ocellus and otolith comprise a
developmental ‘equivalence group’ [16-18]. A bilateral pair
of cells in the blastula gives rise to the otolith and ocellus
melanocytes in a complementary manner: one cell develops
into an ocellus pigment cell and the other cell develops into an
otolith pigment cell. Because of lack of differentiation
markers, however, cell lineage and developmental mechanisms
of photoreceptor cells of the ocellus remain unclear. The
present study suggests that Ci-opsinl can be used as a differ-
entiation marker for photoreceptor cells. At the late tailbud
stage, two clusters of cells expressing Ci-opsinl locate side by
side roughly bilaterally, suggesting that, unlike the pigment
cell, both left and right lineages of cells contribute to forma-
tion of the retina.

The vertebrate retina contains several types of opsin in
visual cells; up to five different opsins are expressed in some
retinas. In addition to the visual cells of the retina, recent
studies have identified a number of novel opsins in several
different sites of the vertebrate brain, including horizontal
cells and amacrine cells of the retina [19], the median eye
(pineal complex) [20-23], and deep regions of the brain
[24,25]. Our data strongly suggest that the opsins of the asci-
dian ocellus and the vertebrate eye and brain are derived from
an ancestral opsin present in the common ancestor of extant
chordates. Therefore, the diverse opsin family may have
evolved in accordance with the increase of complexity and
diversity of brain-derived photoreceptors, including the lateral
eye and the median eye, during early vertebrate evolution
from an ancestor that had a simple eye in the brain similar
to the ocellus of ascidian tadpoles.

There are striking similarities between young frog tadpoles
and ascidian larvae in photophobic response of swimming
behavior. Young Xenopus laevis tadpoles start to swim when
the illumination is dimmed, and this response is mediated by
the pineal eye [26,27]. Our previous studies demonstrated a
very similar response of Ciona larvae to a sudden decrease in
light intensity [5,28]. The action spectrum suggests that a ret-
inal protein(s) in the ocellus is responsible for this response.
The median eye of vertebrates and the ocellus of ascidian

T. Kusakabe et al.IFEBS Letters 506 (2001) 69-72

larvae both develop from the dorsal midline of the brain.
Considering similarities in opsin sequence, developmental ori-
gin, and behavioral function, the median eye of lower verte-
brates and the ascidian ocellus may represent ancestral states
of the chordate photoreceptor organ.
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