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ABSTRACT
Medaka is emerging as a model organism for the study of vertebrate development and genetics, and

its effectiveness in forward genetics should prove equal to that of zebrafish. Here, we identify by positional
cloning a gene responsible for the medaka i-3 albino mutant. i-3 larvae have weakly tyrosinase-positive
cells but lack strongly positive and dendritic cells, suggesting loss of fully differentiated melanophores.
The region surrounding the i-3 locus is syntenic to human 19p13, but a BAC clone covering the i-3 locus
contained orthologs located at 15q11–13, including OCA2 (P). Medaka P consists of 842 amino acids and
shares �65% identity with mammalian P proteins. The i-3 mutation is a four-base deletion in exon 13,
which causes a frameshift and truncation of the protein. We detected medaka P transcripts in melanin-
producing eyeballs and (putative) skin melanophores on embryos and an alternatively spliced form in
the non-melanin-producing ovary or oocytes. The mouse p is similarly expressed in gonads, but not
alternatively spliced. This is the first isolation of nonmammalian P, the functional mechanism of action
of which has not yet been elucidated, even in mammals. Further investigation of the functions of P proteins
and the regulation of their expression will provide new insight into body color determination and gene
evolution.

MEDAKA, a small freshwater teleost, is a useful ver- ous fields, such as eye development (Loosli et al. 2001),
tebrate for genetic and developmental studies, scale formation (Kondo et al. 2001), sex determination

because it reaches reproductive maturity in a short pe- (Matsuda et al. 2002), and body coloration (Fuka-
riod (�2 months) and its eggs, which are laid every day, machi et al. 2001, 2004). On-going large-scale ethylnitro-
are highly transparent [transparency can be maintained sourea mutagenesis (see Furutani-Seiki et al. 2004)
until the adults are fully mature (Wakamatsu et al. 2001)]. and whole-genome sequencing projects will further ac-
Tools for genetic experiments, such as inbred strains celerate these gene-hunting experiments and confirm
(Yamamoto 1975; Hyodo-Taguchi 1980; Shima and the medaka as a model organism for genetic and devel-
Shimada 1994), linkage maps (Naruse et al. 2004), ge- opmental studies of vertebrates.
nomic libraries from divergent inbred strains (Matsuda In medaka, �50 body-color mutants exhibit various
et al. 2001; Kondo et al. 2002), an expressed sequence defects in their chromatophores (Iwamatsu 1997;
tag (EST) database (http://mbase.bioweb.ne.jp/dclust/ Kelsh et al. 2004). To date, however, only three genes
medaka_top.html), and an 8.9� genome sequence data- responsible for these mutants have been isolated, i.e.,
base (http://dolphin.lab.nig.ac.jp/medaka/) are publicly those encoding tyrosinase, membrane-associated trans-
available. These tools have allowed the positional or porter protein (MATP), and somatolactin for the i -, b -, and
positional-candidate cloning of the genes responsible ci -locus mutants, respectively (Koga and Hori 1997;
for spontaneous medaka mutants with curious pheno- Fukamachi et al. 2001, 2004). Identification of more
types (Tomita 1992). Such studies have provided intri- genes and functional comparison of these with the cor-
guing insights into development and evolution in vari- responding genes in other model organisms (in mouse

or zebrafish, which has one or three kinds of chromato-
phores, respectively, whereas medaka has four) should

Sequence data from this article have been deposited with the identify the conserved and divergent aspects of chro-
EMBL/GenBank Data Libraries under accession nos. AY605286 (HNI matophore-associated genes. This should in turn pro-P-m), AY605287 (Hd-rR P-m), and AY605288 (HNI P-o).

vide intriguing insights into how genes evolved to achieve1Corresponding author: Kashiwa-no-ha 5-1-5, Kashiwa-shi, Chiba 277-
8562, Japan. E-mail: fukasho@k.u-tokyo.ac.jp such diversity of organisms. In view of these considera-
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Figure 1.—Phenotype of
the medaka i-3 mutant. (A)
Melanin deposition in the
eyes and skin is strongly sup-
pressed in i-3 (bottom) com-
pared with the wild type
(top). (B) Phenotype of i-3
fry (middle) is almost indis-
tinguishable from that of
the tyrosinase (OCA1) mu-
tant, i-1 (left). Slight deposi-
tion of melanin is detectable
in the eyes of the MATP/
AIM-1/Uw (OCA4) mutant,
b g 8 (right), but not in i-3 or
i-1. Pink-colored pigment
cells are leucophores. (C)
Tyrosinase reactions using
i-1 (left), i-3 (middle), or b g 8

(right) fry were completely
negative in i-1 and differen-
tially positive in i-3 and b g 8.
(D and E) Higher magnifi-
cation of the dorsal parts of
b g 8 (D) and i-3 (E) after the
tyrosinase reaction. Note
that strongly positive cells
are distributed in a line in
b g 8 but are absent from i-3.
Distribution of these strongly
tyrosinase-positive cells in
b g 8 corresponds to dorsal,
lateral, and ventral stripes of
fully differentiated melano-
phores in wild-type fry (F
and other data not shown;
see Kelsh et al. 2004). All
the fry in B–F are 0–1 day
after hatching.

for 45 sec. Products were digested with restriction enzymes,tions, we undertook to isolate the gene responsible for
if necessary, to detect polymorphisms on agarose or acrylamidea medaka pigmentation mutant with one of the most
gel. We used an HNI-based bacterial artificial chromosome (BAC)drastic phenotypes, the i-3 mutant. genomic library for chromosome walking (Kondo et al. 2002).
Hybridization screening was performed using the AlkPhos
direct labeling and detection system (Amersham Biosciences),

MATERIALS AND METHODS and BAC ends were sequenced directly after the BAC DNA was
purified with the Plasmid Midi kit (QIAGEN, Valencia, CA).Fish: The i-3 albino strain arose spontaneously from wild-

Shotgun sequencing: We used the QIAGEN large-constructtype population around Tottori, Japan, and was kept at Nagoya
kit to isolate BAC129C11 DNA and the TOPO shotgun sub-University (Tomita 1992). We crossed wild-type HNI (North-
cloning kit (Invitrogen, Carlsbad, CA) to construct the library.ern inbred) and i-3 (Southern origin) strains, and collected
The inserts were amplified by colony PCR, and the productsF2 intercross siblings for locus mapping. Phenotypes were de-
were directly sequenced in both directions. We assembled thetermined by microscopy during embryogenesis and recon-
sequence data using Lasergene software (DNASTAR, Madi-firmed after hatching. We fixed the hatched fry in 100% etha-
son, WI).nol and isolated their DNA using the PI-50 automated DNA

Expression analysis: We used Isogen (Nippon Gene) toisolation system (Kurabo).
isolate total RNA from the organs and embryos of medakaTyrosinase reaction: Hatched fry were rinsed in Ringer solu-
and mouse. First-strand cDNA was synthesized using a 3� adap-tion for medaka (Yamamoto 1975) and incubated in reaction
tor and ReverTra Ace (Toyobo) following the manufacturer’smixture [0.06% tyrosine, 0.024% NaHCO3, 80 mm NaCl, and
protocol, and the 5� adapter was added after a 20-min incuba-10 mm iodoacetamide in 30 mm phosphate buffer (pH 7.3)]
tion. The reaction was further incubated for 1 hr and usedfor 24 hr at 37� (Hishida et al. 1961).
as the template for RT-PCR. Thirty PCR cycles were appliedMapping and chromosome walking: We amplified the DNA
to all the experiments in Figure 4. RACE was performed bymarkers by PCR using the following parameters: 94� for 1 min

and then 30 cycles of 98� for 20 sec, 60� for 1 min, and 72� nested PCR using primers complementary to the 3� or 5�
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hybridization on b g 8 embryos by using DIG-labeled partial P
riboprobes as described elsewhere (Fukamachi et al. 2001).

RESULTS

Phenotype of the medaka i-3 mutant: Medaka i-3 is a
mutant isolated by Tomita (1992) using spontaneous
mutant screening and its phenotype resembles oculocu-
taneous albinism (OCA) in mammals; i.e., melanin de-
position is strongly suppressed over the whole body and
eyes (Figure 1, A and B). It is almost indistinguishable
from the i -locus mutants that lack the melanin-synthesiz-
ing enzyme, tyrosinase (Koga and Hori 1997), but the
i-3 and the i (i-1) fry show distinct differences when
incubated in tyrosine and iodoacetamide (Figure 1C).
Amelanotic melanophores in the i-1 fry were not stained
after incubation, indicating a complete lack of tyrosi-
nase. In contrast, the i-3 fry exhibited cells stained brown
(due to newly synthesized melanin) distributed over the
whole body surface, indicating the presence of active
tyrosinase in these cells. However, the i-3 fry do lack the
strongly stained and slightly more dendritic cells that
are observed on the dorsalmost part of another albino
strain (b g 8), which lacks MATP/AIM-1 (Fukamachi et
al. 2001; Figure 1, C–E). The area in which the strongly
tyrosinase-positive cells appear in b g 8 fry corresponds to
the dorsal melanophore stripe in the wild-type fry (Figure
1F). We observed that the wild-type fry has the weakly
tyrosinase-positive cells in the interstripe regions, too
(data not shown). Therefore, it seems that (1) where-
as the distribution of strongly tyrosinase-positive cells
(fully differentiated melanophores) is restricted to the
stripe regions of medaka fry, weakly positive cells (puta-
tive melanophore precursor cells) are also distributedFigure 2.—Positional cloning of the medaka i-3 gene. (A)
in the interstripe regions, and (2) the i-3 mutants haveSyntenic relationship between medaka and human. Sequences
only melanophore precursors and lack fully differenti-of ESTs on medaka LG4 were obtained from the M base, and

their human orthologs were defined as the genes with the ated cells, whereas the b g 8 mutants have both cell popula-
highest E -values on BlastX, except for OLc49.01g and tions.
OLc07.12d. The human orthologs of these two ESTs belong Chromosome walking to the i-3 locus: The i-3 locusto gene families and we detected multiple human genes with

was mapped to medaka linkage group 4 (LG4) using Mhigh E -values. The three genes with the highest E -values are
markers (Martinez-Morales et al. 2004). Orthologouslisted as putative orthologs of them. No orthologous genes

were detected for OLe09.07h or OLe17.08f. (B) Chromosome analyses of its flanking ESTs indicated that the region
walking from OLe17.08f to the i-3 locus. The numbers between around the i-3 locus is syntenic to human 19p13 (Figure
neighboring loci denote the number of recombinants de- 2A). We found the adapter-related protein complex 3tected among 843 intercross siblings (1686 meioses). BAC

delta (AP3D1) gene on 19p13, which is the gene respon-ends mapped are indicated by solid circles. BAC 129C11 con-
sible for mouse mocha mutants and the human pigmen-tains the entire i-3 mutation candidate region. The insert

lengths of the BACs are not reflected in the lengths of the tation disorder, Hermansky-Pudlak syndrome (Kan-
bars. (C) The i-3 mutation detected in the 13th exon. Top, theti et al. 1998). The medaka i-3 mutants, however,
Southern inbred Hd-rR is the wild type; bottom, i-3. Four-base do not show any obvious defects other than in pigmenta-deletion and its position in the i-3 allele are indicated by the

tion, so that AP3D1 does not seem to be encoded byred box and arrowhead, respectively. The black box shows a
i-3. Therefore, we took a positional approach to identi-novel stop codon created by the frameshift.
fying the i-3 gene.

We evaluated 1686 meioses using 843 F2 siblings and
adapters and specific primers complementary to the translated

detected 17 recombinations between the i-3 locus andP sequences. The strongest bands were excised from the aga-
the nearest EST, OLe17.08f (Figure 2B). Because therose gel, purified, subcloned into the pCR4-TOPO vector (In-

vitrogen), and sequenced. We performed whole-mount in situ strains we used for crossing (Northern HNI and South-
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TABLE 1

BAC-end-based DNA markers closely linked to the i-3 locus

Marker name Primer sequence Product size (bp) Polymorphism

195J15F f: 5�-AAGCTTTACAAGATTCAAAGATTCTTCG-3� 450 Dde I
r: 5�-CTCAGTTATGGGGGCCAACG-3�

195J15R f: 5�-ATGTCAACATCTGTGGCAAAATTAG-3� 663 Dde I
r: 5�-GGATTAGATTTATCTGCGCTTTTCC-3�

214F16F f: 5�-GGATTGACAGAAACGAATTGCA-3� 610 Ase I
r: 5�-AGATCGAAACTGCTTTTCATTAGAGTTT-3�

136K19R f: 5�-GACTGAAAACTGCTACTCTCTCTCTGC-3� 463 PvuII
r: 5�-AAGCTTTCTCAGCACTGTGCAC-3�

129C11R f: 5�-GCCACAGAAATGTAACTGCAAATC-3� 572 HNI specific
r: 5�-GAACATTAAGTTTACCTCTGTAAACATTTTTG-3�

129C11F f: 5�-AAGCTTCCTGCTACGCCCTAA-3� 734 Ins/del (or Mnl I)
r: 5�-CCCATTCATGGCTGGAGG-3�

The marker name, sequences of forward and reverse primers, product size of the Northern wild-type strain (HNI), and
polymorphisms detected between HNI and the Southern mutant (i-3) are indicated. Ins/del, length polymorphism.

ern i-3) are extremely polymorphic [i.e., �5% of geno- walking by mapping every BAC end used for library
screening (Figure 2B; Table 1) and crossed the i-3 locusmic sequences are single nucleotide polymorphisms

(SNPs) or allele-specific nucleotides], we could map at the fourth BAC from OLe17.08f after walking �1.4
cM (23 recombinations/1686 meioses).any BAC end sequence to confirm its position during

chromosome walking and use these as probes for library Medaka pink-eyed dilution ortholog as a strong candi-
date for i-3 : BAC 129C11 was shown to contain thescreening, as long as they were nonrepetitive. Whether

or not the BAC end is repetitive can be determined in entire candidate region for the i-3 mutation because
both ends recombined with the i-3 locus (Figure 2B).silico before in vitro hybridization using 8.9� medaka

genome sequence data (see above). Taking advantage We then sequenced the insert of 129C11 (�220 kb)
using a shotgun method. Preliminary BlastX analysis ofof these techniques, we proceeded with very efficient

and reliable chromosome walking until we reached the these sequences (�187 kb in 85 contigs) revealed that
BAC 129C11 did not contain genes orthologous to thosei-3 locus.

First, we isolated an OLe17.08f -positive BAC clone located on human 19p13, contradicting our former ex-
pectation (Figure 2A). Instead, it contained sequences(195J15) with an insert of �150 kb and identified the

polymorphisms at both its ends (195J15F and 195J15R). significantly similar to the following human genes (shown
by symbols in LocusLink): CYFIP1, NIPA2, GABRG3, OCA2,We detected 5 recombinations between 195J15F and

OLe17.08f and 8 recombinations between 195J15R and HERC2, and PEG10, which are all located at human
15q11–13, except for PEG10 (7q21). OCA2 (also calledOLe17.08f (Figure 2B). Therefore, we did not need to

walk toward 195J15F but only toward 195J15R. This re- P) is the human ortholog of mouse pink-eyed dilution
(p) and is known to be the gene responsible for humansult also revealed the enhanced recombination fre-

quency in this region; i.e., 1 cM was estimated to be 200 OCA type 2 (Rinchik et al. 1993). Because this seemed
to be a very likely candidate gene disrupted in the me-kb, which is much more frequent than the average value

of 1 cM � 600 kb (Naruse et al. 2004). Recombination daka i-3 mutant in terms of its phenotype (Figure 1),
we started analysis of this medaka P ortholog.in male meioses was expected to be more frequent than

this, because linkage maps on our database, M base We first identified the complete open reading frame
of medaka P by 3�- and 5�-RACE using embryo cDNA(http://mbase.bioweb.ne.jp/dclust/medaka_top.html),

indicate a recombination frequency around this region (Figure 3A). The mRNA consists of 24 exons distributed
over �40 kb of the genomic region, and the exon-intronabout sixfold higher in males than in females. There-

fore, sex-dependent enhancement of meiotic recombi- boundaries seem to be conserved among medaka, hu-
man, and mouse (Figure 3B). Medaka P protein is pre-nation seems to occur in this region, which is similar

to the situation around the b locus on LG12, although dicted to consist of 842 amino acids and share �65%
identity (785 amino acids compared) with human P andrecombination is enhanced in the female in that case

(Fukamachi et al. 2001). We continued chromosome mouse p (Figure 3B). A BlastP search also revealed
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Figure 3.—(A) Nucleotide sequence of the medaka P cDNA of the HNI strain. Vertical lines show positions of introns in the
genomic DNA. Black boxes show translation initiation and stop codons. Red shows deleted nucleotides in i-3. Nucleotides
indicated in light blue are polymorphic in HNI, Hd-rR, and i-3 (gray residues in the 5�-most and 3�-most regions were not
compared). Putative poly(A) signal is indicated in green. (B) Alignment of amino acid sequences of P proteins so far isolated,
from mouse, human, pig (Sus scrofa), and medaka (Hd-rR). Red letters indicate the residues most commonly conserved at that
site in the four species. Boxed residues contain exon-intron boundaries within their codons or are the first amino acids of exons.
Light blue underlining shows the untranslated residues from P-o (Figure 4D and see text). Residues with black underlining are
substituted with a novel seven amino acids (CSSLQSQ) in i-3. Black circles indicate positions of mutated residues reported in
human OCA2 patients. Gray circles and open circles show the positions of polymorphic residues detected in human and medaka,
respectively. Three of four residues with open circles (T, V, and D) are substituted into A, L, and E in HNI, respectively, while
the third one (S) is substituted into G in i-3. Human mutation and polymorphism information was obtained from the Albinism
Database (http://albinismdb.med.umn.edu/) and Kato et al. (2003) and Suzuki et al. (2003).
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Figure 4.—Expression of medaka P and mouse p mRNA. (A) Whole-mount in situ hybridization using medaka 6-day b g 8

embryos using P riboprobes (top, antisense; bottom, sense). Positive cells are obvious in the eye and dorsal part of the head.
(B) Higher magnification of the trunk. P -positive cells are distributed on the dorsal-most part (red arrowhead) and along the
lateral line (yellow arrowhead) and the ventral side (blue arrowhead), which corresponds well to positions of three melanophore
stripes in wild-type embryos (Kelsh et al. 2004). (C) Expression of medaka P in adult organs. The broad horizontal line and
vertical lines in the diagram of P-m mRNA show the translated region and boundaries between exons, respectively. Black, dark
gray, and light gray arrowheads indicate the approximate positions of the primers used for RT-PCR. (D) An ovary- (or oocyte-)
specifically spliced form of P mRNA (P-o) occurs in medaka. (Top) Diagram shows the genomic structure of the 5� region of
the medaka P locus. Triangles show the positions of exons 1–9 and an ovary-specific exon (o). Lengths of exons and introns
are indicated by black and gray, respectively. RT-PCR using a primer complementary to the ovary-specific exon (open arrowhead
in the middle diagram) revealed its exclusive expression in the ovary. (E) Expression of medaka P-m and P-o during embryonic
development. cDNAs were synthesized from embryos collected 0–5 days after fertilization and RT-PCR was performed using the
primers shown in C and D. (F) Expression of mouse p in adult organs. RT-PCR was performed using two sets of primers that
amplify the whole cDNA (black and gray arrowheads) or only the 3� region (gray arrowheads). Strong expression was observed
in the eyeball, ovary, and testis. Identical results were obtained with both sets of primers, except that the relative band intensity
of the whole cDNA in testis was weak, suggesting the possible loss of the 5� region of p mRNA in the testis by alternative splicing
(see text).

similarity to hoepel1/2 of Drosophila and the arsenical membrane domains and to act as transporters (Gard-
ner et al. 1992). However, recent web-based programstransport proteins of bacteria, with 49 and 33% identity

(549 and 508 amino acids compared), respectively. [SOSUI (Hirokawa et al. 1998), TMHMM (Moller et
al. 2001), TMpred (Hofmann and Stoffel 1993), andMammalian P proteins are believed to have 12 trans-
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HMMTOP (Tusnády and Simon 2001)] predict that amino acids of P-m with no disruption of any of the
transmembrane domains predicted by the web-basedmedaka P has 11, 12, 13, and 14 membrane-spanning

regions, respectively. They also predict that human P programs (see above). The P-m and P-o transcripts also
exhibit distinct difference in expression during em-has 12, 12, 13, and 14, and mouse p has 11, 11, 14,

and 14 transmembrane domains, respectively. Thus, the bryogenesis. Whereas P-m is continuously expressed
from 1 day after fertilization until hatching (day 5),precise secondary structure of the P proteins seems to

be unclear. corresponding to the period of emergence of melano-
phores in the body, eyes, and yolk sac of embryos, P-oPolymorphism and mutation analyses of medaka P :

Then we investigated whether the P gene is mutated in expression was detected only at day 0 (approximately
midgastrula stage; Figure 4E), suggesting maternal stor-the i-3 mutant. We performed RT-PCR using adult eye-

ball cDNAs of HNI (Northern inbred), Hd-rR (South- age (Figure 4C).
Finally, we analyzed mouse p expression in adult or-ern inbred), and the i-3 mutant (Southern origin) and

directly sequenced the amplified products. We identi- gans to investigate whether there is also an alternative
form in the mouse ovary. We detected strong expressionfied 54 SNPs and 13 allele-specific nucleotides among

these loci (3373 bases compared; Figure 3A). Most of of mouse p in the ovary and also in the testis (Figure
4F). Identical results were obtained using primers de-them were Northern-Southern polymorphisms, and

many fewer polymorphisms were found between the signed to amplify the full length or only the 3� region
of mouse p mRNA; i.e., mouse p is strongly expressedHd-rR and i-3 strains. Four of these nucleotide polymor-

phisms cause amino acid substitution (1 of them is i-3 in the ovary, as in medaka, but it is not alternatively
spliced. Isolation of an ovary-specific variant by 5�-RACEspecific), which occurs at residues not conserved among

medaka, human, mouse, and pig proteins, indicating (if it exists) seemed to be difficult in this situation. We
found no such alternatively spliced mouse p or humanthat these are not mutagenic but polymorphic differences

(Figure 3B). The i-3 mutation was detected as a four-base P in their respective EST databases. However, further
careful investigation might reveal an alternatively spliceddeletion in exon 13, which would cause a frameshift and

the loss of the 394 C-terminal amino acids of the P form of P in mammals, because a truncated human P
has already been reported (Rinchik et al. 1993). Gard-protein (Figures 2C and 3). This truncation should re-

duce or abolish the function of medaka P, because the ner et al. (1992, Figure 2A) seem to suggest the existence
of a shorter form of p in mouse testis (see also FigureC-terminal region is very highly conserved between me-

daka and the mammals, indicating its importance for 4D herein). Although we and others have observed no
anomalies in the reproduction or embryogenesis of thefunction (Figure 3B). Therefore, we concluded that

oculocutaneous albinism in medaka i-3 is caused by this medaka i-3 or mouse p -locus mutants, strong expression
of medaka P-o in the ovary and mouse p in the ovarydeletion in the medaka pink-eyed dilution ortholog.

P transcripts in medaka and mouse: We then analyzed and testis suggests role(s) for the cognate proteins other
than in melanogenesis.the expression of medaka P by in situ hybridization and

RT-PCR. Medaka P is strongly expressed in the eyeball
of embryos and adults (Figure 4, A and C), where mela-

DISCUSSION
nin is produced in the choroid membrane and retinal
pigment epithelium. We detected P-expressing cells in The colors and patterns on the animal body surface

are so diverse, even among closely related species, thatthe skin of embryos, whose distribution pattern is very
similar to that of melanophores (Figure 4, A and B). pigment cells on the skin (chromatophores) present a

fascinating research subject with which to investigateMuch weaker expression was detected in non-melanin-
producing adult organs (Figure 4C). When we amplified the genetic mechanisms of variation. Studies using �100

mouse coat-color mutants contributed to the isolationthe 3� region of P, however, we detected additional and
even stronger expression in the ovary, although expression of �60 relevant genes (see the Coat Color Genes at http://

www.cbc.umn.edu/ifpcs/micemut.htm). These surely ex-of the full-length transcript (inferred from amplification
of the 5� end) was as weak as those in other organs (Fig- tended our understanding of the development and regu-

lation of the mammalian chromatophore, the melano-ure 4C).
To assess this contradictory result, we performed cyte. However, little is known about other types of

chromatophores in lower vertebrates, which originate5�-RACE using ovary cDNA and identified an alterna-
tively spliced transcript expressed exclusively in the developmentally from the “vertebrate-innovating cells”

of the neural crest (Shimeld and Holland 2000). Mam-ovary (Figure 4D). This ovary-specific variant (P-o) lacks
the first and second exons of melanophore-specific P mals have lost most kinds of chromatophores during

the long nocturnal periods experienced by their ances-(P-m) and instead has an extra exon located between
the second and third exons (Figure 4D). This ovary- tors, and it should be interesting from an evolutionary

standpoint to investigate the fates of the chromato-specific exon has several in-frame stop codons and
seems to encode no amino acids. Therefore, the protein phore-associated genes of lower vertebrates in mam-

mals. Have they all been lost or have some acquiredencoded by P-o is predicted to lack 116 N-terminal
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new functions in the development of other neural-crest tion of this long and nonconserved region across verte-
brates and both the splicing variants in medaka; i.e., itderivatives?

Common function of P proteins in vertebrate melano- is lost in the ovary or oocytes (P-o), but retained in
melanophores (P-m) (Figure 3B). Functional assess-genesis: Here we elucidated the gene responsible for

the medaka i-3 albino mutant and its novel alternatively ment of medaka P-m and P-o in melanophores, using
a method such as the microinjection of i-3 embryos,spliced form expressed in non-melanin-producing cells.

There are several working models of the function of should be addressed to investigate the roles of these
nonconserved N-terminal residues of the P proteins inmammalian P in melanin biosynthesis, including tyro-

sine transport (Sidman and Pearlstein 1965; denied melanin synthesis.
The genetic mechanisms that cause variation in ani-by Gahl et al. 1995), tyrosinase routing (Potterf et al.

1998), regulation of melanosomal pH (Puri et al. 2000), mal body colors and patterns are unknown, and the
“nonconserved but important domains for function”melanocyte proliferation and differentiation (Hirobe et

al. 2002), glutathione metabolism (Staleva et al. 2002), could be one of these mechanisms. Because mammals
have only one kind of chromatophore—the melanocyte—and tyrosinase processing (Chen et al. 2002; Toyofuku

et al. 2002). Our observations suggest that P protein the variations in their body colors and patterns must be
generated by the presence or absence of melanocytesaffects tyrosinase activity in and the morphogenesis of

melanophores in teleosts (Figure 1, C and E). Because (or melanin in the cells) or by switching between black
eumelanin and yellow pheomelanin synthesis. The lattermammalian melanocytes and fish melanophores are ho-

mologous but have many different features (e.g., chro- has been extensively studied using the agouti and its
related mutants (He et al. 2003), but little is knownmatosome movement, nervous control, pheomelano-

genesis, etc.), it is possible that the P orthologs do not about pattern formation. The P protein is involved in
eumelanogenesis but not in pheomelanogenesis, so thatshare identical functions in mammals and other verte-

brates (discussed below). However, our results clearly pheomelanins in mouse p -locus mutants are only slightly
affected (Russell 1949).indicate that both the mammalian and the teleost P

proteins participate in eumelanogenesis, although fur- Taking these data into consideration, it might be too
speculative, but it is possible that the regulation ofther experiments are required to fully elucidate the

functional mechanisms. P-protein expression is involved in eumelanin-pheome-
lanin switching and that the variable N-terminal regionsRole of the nonconserved N-terminal region of the P

proteins: The functions of P in non-melanin-producing of P might be responsible for species-specific regulation
of switching to form variable patterns by some methodcells remain mysterious. In both medaka and mouse, P

transcripts are strongly expressed in the ovary (Figure of protein-protein (not protein-substrate) interactions.
Although little is known about the regulation of P-pro-4, C, D, and F). Moreover, mouse transcripts are also

strongly expressed in the testis (Figure 4F). However, tein expression, its transcription is upregulated by UVB
or melanocortin-1 receptor (MC1R) signaling (Suzukineither the medaka i-3 mutant nor the mouse pink-

eyed dilution mutant shows obvious defects in fertility or et al. 2002; Ancans et al. 2003). Further clarification of
not only the functions of the P proteins, but also theembryonic development under normal breeding condi-

tions, except when these mice are radiation induced regulation of their expression should provide interest-
ing insight into body-color determination and variationand involve large deletions in the neighboring Gabr or

Herc2 genes (Nakatsu et al. 1993; Lehman et al. 1998). in vertebrates.
Furthermore, why the medaka expresses an alternative We thank K. Naruse of the University of Tokyo for EST information;
form of P, instead of P-m, in the ovary, whereas the A. Shimada and S. Takada of the University of Tokyo for fish care;

T. Jindo, T. Kitagawa, and H. Takeda for the M markers; and S. Odamouse expresses identical forms, is unclear (Figure 4,
of the University of Tokyo for comments on the manuscript. ThisC, D, and F). The 116 N-terminal amino acids lost in
research was supported by a Grant-in-Aid from the Ministry of Educa-the P-o protein (if translated) are not conserved either
tion, Science, Sports, Culture, and Technology (MEXT), Japan (scien-

between medaka and the mammals or among the mam- tific research on priority areas, area number 813).
mals (Figure 3B).
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