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Construction of a Linkage Map of the Medaka
(Oryzias latipes) and Mapping of the Da Mutant
Locus Defective in Dorsoventral Patterning
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Double anal fin (Da) is a medaka with an autosomal semidominant mutation that causes mirror image duplication
of the ventral region concentrating on the caudal region. The chromosomal location of the Da gene and its
sequence have remained unknown. We constructed a medaka linkage map as a first step to approach positional
cloning of the gene. The segregation analysis was performed on the basis of genetic recombination during
female meiosis using 134 random amplified polymorphic DNA (RAPD) markers, 13 sequence-tagged sites (STSs),
15 polymorphic sequences from known genes, and the Da gene. One hundred forty-six markers from the above
markers segregated into 26 linkage groups. The size of the genome was estimated to be 1776 cM in length. We
identified four syntenic regions between medaka and zebrafish (and human) by mapping the known genes and
found one of them to be located in close proximity to the Da gene. By mapping the region surrounding the Da
gene in high resolution, two markers were detected flanking the Da gene at 0.32 and 0.80 cM. The detected
markers providing a vital clue to initiate chromosome walking will lead us to the definite location of the Da
gene.

Medaka (Oryzias latipes) is a small, egg-laying freshwa-
ter fish, and has been used extensively for genetic stud-
ies. It has 24 haploid chromosomes in the nucleus (Iriki
1932), nearly the same number as zebrafish (25). Many
spontaneous mutants of medaka have been isolated
and maintained (Tomita 1975, 1992; Ozato and Waka-
matsu 1994). The Double anal fin (Da) is a mutant that
has an autosomal semidominant mutation (Tomita
1969, 1975). In the homozygote of Da1/Da1, the dor-
sal fin is similar in shape to the anal fin, and the caudal
fin has a rhombic shape. The iridophores, which are
normally located in the belly region, are found on the
dorsal side as well as on the ventral side of the trunk in
the mutant (Tomita 1975; Fig. 1B). It has been hypoth-
esized from these phenotypes that the dorsal half of
the caudal region is a mirror image of the ventral half
across the lateral midline and that the Da1 mutation
causes general ventralization of dorsal structures,
which becomes apparent before hatching (Ishikawa
1990; Tamiya et al. 1997). Despite these drastic pheno-

7These authors contributed equally to this work.
8Corresponding author.
E-MAIL masato@is.icc.u-tokai.ac.jp; FAX 81-463-96-2892.

Figure 1 Phenotypes of wild-type (+/+) and Da homozygote
(Da1/Da1) adult fishes. (A) A wild-type (+/+) adult female (HNI
strain). It has normal dorsal and caudal fins. Many bright guano-
phores are found on the belly. (B) A Da1/Da1 homozygote adult
male. The dorsal fin is similar in shape to the anal fin and the
caudal fin is rhombic. Many bright iridophores are found not only
on the belly but also in the dorsal region of the trunk.
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types, the homozygote matures, behaves, and repro-
duces as the wild type.

At present, there have been no reports on the mu-
tations that cause phenotypes like Da. Recently, large-
scale mutagenesis has been conducted and numerous
embryonic visible mutations have accumulated in ze-
brafish (Driever et al. 1996; Haffer et al. 1996). Regard-
ing the dorsoventral patterning, several mutants with
defects in eight genes have been isolated and charac-
terized (Hammerschmidt et al. 1996; Mullins et al.
1996). Morphological characteristics associated with
these mutants, however, become obvious at an earlier
stage than in the Da mutant, and structures or tissues
with abnormal phenotypes do not exactly coincide
with those of the Da mutant. More important, none of
these zebrafish mutants reveal mirror image pattern
duplication with respect to the dorsoventral axis, but
only show a reduction or expansion of dorsally or ven-
trally derived structures. From these facts, a causative
gene responsible for the Da mutant is supposed to be
distinct from those of zebrafish mutants, although
there is a possibility that zebrafish phenotypes are de-
rived from partial or different mutations in the ze-
brafish Da ortholog or in a related gene. Multiple genes
that play decisive roles in the dorsoventral patterning
have been identified in several species, but a candidate
gene for the Da mutant is difficult to predict from any
known genes in terms of unique phenotypes in Da.
Therefore, the Da mutation is expected to represent a
novel gene involved in the dorsoventral patterning
and identification of the causative gene will provide
new insight into this important embryonic differentia-
tion during vertebrate development.

The development of techniques in handling high
molecular weight DNA (such as pulse-field gel electro-
phoresis, yeast artificial chromosome (YAC), bacterial
artificial chromosome (BAC), P1 artificial chromosome
(PAC) vectors) has enabled us to search for the caus-
ative gene of mutants with positional cloning strate-
gies. This approach first requires the definition of the
location of a target gene on a genetic linkage map and
identification of tightly linked markers flanking the
gene of interest. Genetic analysis of the Da gene has
been very limited and linkage relationship of the Da
gene to known genes, mutations, or molecular markers
has remained to be established.

Genetic maps constructed by the random ampli-
fied polymorphic DNA (RAPD) method (Welsh and
McClelland 1990; Williams et al. 1990), which requires
no previous DNA sequence information, have been re-
ported for many organisms such as Arabidopsis (Reiter
et al. 1992), honey bee (Hunt and Page 1995), and ze-
brafish (Postlethwait et al. 1994; Johnson et al. 1996).
In medaka, Wada et al. (1995) constructed a medaka
genetic linkage map, based on male meioses. However,
this map did not cover the entire medaka genome; 27

linkage groups, three more than the number of medaka
haploid chromosomes (24) were identified and 67
markers remained unlinked. In addition, none of
known genes were assigned to linkage groups.

In the present study, we constructed a new
medaka genetic linkage map based on female meioses
with several different polymorphic molecular markers
including known genes. We believe that the map be-
comes more accurate after it is combined with Wada’s
map. The Da gene was delineated on linkage group
(LG) VIII and closely linked markers in the proximity
of Da were obtained. These might be useful for chro-
mosome walking. In addition, the possibility of syn-
teny between medaka and human or zebrafish chro-
mosomes is presented.

RESULTS

Polymorphisms of Markers
Three kinds of polymorphic DNA markers (RAPD
markers, sequence-tagged sites (STS) markers converted
from RAPD, and known genes) were used to construct
a linkage map of medaka (O. latipes) in this study. In
RAPD analysis, 45% (59 of 131) of primers gave rise to
PCR fragments that were specific to the Hôiken-Niigata
(HNI) strain. A total of 133 polymorphic RAPD markers
were obtained using these primers and could be sub-
jected to segregation analyses.

Sixteen RAPD bands were converted to STS mark-
ers (Table 1). Genetic polymorphisms that distin-
guished between HNI and Da were detected at all of the
STS loci examined. Seven of these markers were deter-
mined by nucleotide sequences from both strains. Ho-
mology search of STS markers in the DNA database
using the BLASTN program indicated that only the
stsOPX06-2 marker had nucleotide sequence similarity
(89.2% identity in 102 nucleotide overlap) to the
mouse corresponding gene (producing ET putative
translation product mRNA; AF015191). The degree of
nucleotide polymorphisms existing in anonymous STS
markers was calculated as one polymorphism at every
∼30 bp (Table 2).

To localize 15 known genes from medaka and
other species on the genetic map (Table 3), genomic
fragments were amplified with PCR and determined by
nucleotide sequence. All fragments showed nucleotide
sequence similarity to the medaka gene ($97%) or or-
thologs of genes from other species (>80%) in homol-
ogy search using BLASTN. The PCR fragments ampli-
fied from nine genes were found to contain introns. All
exon–intron boundaries of these nine genes followed
the “GT–AG rule” for the splice donor and acceptor
sites. Polymorphisms were also detected within all the
introns investigated. The degree of polymorphism in
the introns (one polymorphism about every 33 bp) was
similar to that of anonymous STS markers described
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above (one polymorphism every 30 bp) (Table 2). Col-
lectively, the degree of polymorphism in the noncod-
ing regions including introns and anonymous STS
markers was calculated to be on average one polymor-
phism every 31 bp. Regarding the coding regions, one
polymorphism every 120 bp on average was detected

(Table 2). This average is much lower than that of the
noncoding regions, as expected, because expressed
genes and coding regions have generally undergone
selective pressure to any mutations accompanied by
dysfunction. All 27 polymorphisms detected in the
coding regions represented single nucleotide polymor-

Table 2. Nucleotide Polymorphisms Between the HNI Strain and the Da Mutant

Size compared
(bp)

Single-nucleotide
polymorphisma

Insertions or
deletions

Total No. of
polymorphisms

Anonymous STS markers 2446 77 5 82
frequency (poly./bp) 1/32 1/489 1/30

Known genes (intron) 1887 50 8 58
frequency (poly./bp) 1/38 1/236 1/33

Known genes (exon)b 3241 27 (3) 0 27
frequency (poly./bp) 1/120 0 1/120

aThe number of nonsynonymous substitutions is shown in parenthesis.
bPolymorphisms only in the coding regions were compared.

Table 1. STS Markers

Marker name GenBank Acc. no Primer pairsa Size Polymorphism LG

stsB07-3 AB030355 CCAGATCCACCCCAGCAGAA 445 sequence-specific PCR amplification VIII
AB030356 CAGGAGTTTCCTGACATGCG

GCTCACTGTTCTGGATCATC 335/334 size
CACGACACCAAGAGAAACTC

stsM02-5 AB030357 ACGGAGCAAAGACGGACAA 451 RFLP after cutting with HinfI VIII
AB030358 TGCCAGTCAGGAGTCTGACTA

stsM63-1 AB030359 TTGGGTGGGCAGGAAAGAT 405 RFLP after cutting with HinfI VIII
ACGCAAAAAGCAACACAGGG

stsM90-3 AB030360 CCTGCAGCATAGAAGCCTTTG 491/475 Size VIII
AB030361 AAGGGAATGTCCAAAGGAGC

stsNTU29-3 AB030362 GCTGACTCCTGGTATGAAG 773 RFLP after cutting with SfaNI VIII
GAACTCTATAGCAGGTGAGC

stsOPQ05-1 AB030363 AATCTGCCAGGATCCAGTCA 556 RFLP after cutting with HinfI I
CCTACGGAGCGGTCATTTCTGTAG

stsOPR04-1 AB030364 GCAGGCATCATTCATAATGC 458 RFLP after cutting with AluI I
AB030365 GAGTTGCTGCAAGGTCAAAG

stsOPS11-1b AB030366 CTGCTCCACCGTAGAAAGCC 341 sequence-specific PCR amplification VIII
AB030367 CACTCGTTCAGGTCGTTCAG

CGAAGAACTATGTGCTTTCC 629/587 size
TAGGACCACTGTGGACTTAG

stsOPU19-2 AB030368 CATCATTCAGTCCCCATAA 418 sequence-specific PCR amplification XVI
TGGAGGGACAAGATGCACAG

stsOPU19-3 AB030369 GTTACTCTGAGGGGACAAAC 310 RFLP after cutting with MspI IX
ATGACAAAGGACGGCGAACG

stsOPU19-4 AB030370 CGCTGAAATCAGGCTCAGG 470/418 size IX
AAAGAGGCAGAGAGGATCTC

stsOPV10-1 AB030371 GGTGTGATACGTCTTATAGG 493 RFLP after cutting with MspI IV
GGAACAATCAGGGCTGAGTG

stsOPV10-2b AB030372 GAAGGAAACAGCCTCATCAC 454 RFLP after cutting with AluI VIII
GTTCCAGTTTCCTACAGCTG

stsOPX06-1b AB030373 GAGACAATCCTTTCCCATTC 612 RFLP after cutting with AluI VIII
GCTCCAGATCCGCAAAGTGC

stsOPX06-2 AB030374 TGAAGGATGGCAGGCGTGTC 669 RFLP after cutting with BamHI unlinked
AB030375 GAGGCGTTCATCACTCCCAG

stsOPZ20-3 AB030376 GAATACGTGTGGAGTCAACC 388 RFLP after cutting with SspI VIII
AB030377 GAAGCATCCTTAGGAATGGG

aPrimer pairs shown in italics were used for sequencing but not for segregation analysis.
bThese markers were used only for high resolution mapping around the Da gene.
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phisms and only three (11%) gave rise to nonsynony-
mous substitutions. Therefore, all or most of the genes
of the loci listed in Table 3 were likely to be expressed,
although it was uncertain whether these genes strictly
represent orthologs of genes from other species.

Linkage Map
A total of 163 markers were incorporated into linkage
analysis using 42 backcross progeny. Segregation ratios
that departed from the Mendelian expectation of 1:1 at
a-0.05 were detected at eight markers (seven of these
are indicated by asterisks in Fig. 2. The remaining one
has not been linked to any markers used.) This number
is very close to the expected value (8.2) with a prob-
ability of 5%. Two markers showing segregation distor-
tion were clustered on LG V.

One hundred forty-six markers (89.6%) of 163
analyzed were finally classified into 26 linkage groups
spanning 604 cM (Fig. 2). The lengths of these linkage
groups range from 0.0 to 58.5 cM. Each linkage group
carries 2 to 15 markers and an average spacing of mark-
ers on this map is calculated at 5.2 5 5.3 cM (S.D.).

To anchor our map to the previously described
medaka linkage map by Wada et al. (1995), a total of 72
markers [65 markers of these were newly obtained
markers in this study (Fig. 2, indicated in white boxes)
and the other 7 were derived from Wada’s markers (Fig.
2, indicated in shaded boxes)] were subjected to link-
age analysis. As a result, 68 markers could be placed on
both maps and thereby 20 of 26 linkage groups of our
map could be anchored successfully to 18 linkage
groups of Wada’s map. LGs IX and XVI, the two sepa-
rated linkage groups on our map were found to be rep-
resented by one linkage group on Wada’s map (Fig. 2).
Concerning LGs a–f, the anchoring markers on our
map did not link to any other markers on Wada’s map.
Hence, these linkage groups could not be anchored in
this study. The orders of the anchoring markers on
Wada’s map are identical with those on our map.

It is of great importance to compare between the
physical and genetic distances, especially when at-
tempting positional cloning of a mutant locus such as
Da. The genetic length of the medaka genome was first
estimated. Taking the distance from end markers to
telomeres (250 cM; 2 telomeres 2 5.2 cM 2 24 chro-
mosomes), 17 unlinked markers and 2 gaps [452 cM;
(17 + 2) 2 23.8 cM, maximum distance with lod
score = 3 and 42 meioses] into consideration, the mini-
mum genetic distance of the medaka genome based on
female meioses was calculated at 1306 cM (604 +
250 + 452). However this value was probably underes-
timated because of insufficient markers to cover the
whole genome. Hulbert et al. (1988) proposed the
method-of-moments type estimator to estimate the ge-
netic length from partial linkage data. Applying this
method, the total map distance was calculated to be

1776 cM. According to this estimation, the marker set
used in this study covers ∼74% of the entire genome
and the average physical equivalent of 1 cM would
correspond to 450 kb given that the entire genome size
of the medaka is 800 Mb per haploid, as calculated
from the data on the DNA content of the medaka ge-
nome by Uwa and Iwata (1981).

Map Position of the Da Gene
In the first linkage analysis using 42 backcross progeny,
the Da gene was mapped on LG VIII. Four markers (Fig.
2; shh, eng2, stsM02-5, and stsB07-3) were found to
cosegregate completely with the Da gene. This suggests
that these markers are located within 8.5 cM from the
Da gene with 95% confidence level. To map these
markers with fine resolution and to localize them in
order, additional 583 backcross progeny were used in
segregation analysis around the Da gene. As a result,
these markers could be placed in this order: shh and
eng2 cosegregated completely with each other and
were located at a 2.64-cM (1.44–4.43 cM, 95% confi-
dence interval) distance from the Da gene; stsM02-5
was on the same side as shh and eng2 at a 0.32-cM
(0.04–1.16 cM) distance from the Da gene; stsB07-3
was mapped on the opposite side of the other markers
at a 0.80-cM (0.26–1.87 cM) distance from the Da gene
(Fig. 3). In the Da region defined by two flanking mark-
ers, stsOPS11-1 and stsOPX06-1, recombination fre-
quency in males was about three times higher than
that in females, although molecular mechanism un-
derlying this novel genetic feature remains to be un-
derstood (data not shown). Genomic Southern hybrid-
ization analysis using stsM02-5 as a probe, which is so
far the closest marker to the Da locus, suggested that
this marker represents a unique sequence in the
medaka genome (data not shown). In an effort to iso-
late efficiently additional RAPD markers linked to the
Da gene, the near isogenic line (NIL; the Da1 gene was
introduced from the original Da mutant with southern
population background by nine generations of back-
crossing in the HNI background) strain was then used.
Namely, the NIL and its background HNI strains were
subjected to RAPD screening. From a survey of 200
random primers, five markers were identified. How-
ever, no markers were found that localized closer to the
Da gene than stsM02-5 or stsB07-3. The minimum size
of the segment introduced from the original Da mu-
tant in NIL was estimated to be 24.8 cM.

DISCUSSION
We constructed a medaka genetic linkage map based
on female meioses. The estimated total genetic length
of medaka genome was 1776 cM. Two markers closely
linked to the Da gene were detected.

Detection of polymorphisms between parental
strains is the first requisite to construct a genetic map.
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Figure 2 (See facing page for legend.)
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In this study, polymorphisms could be identified in all
the gene fragments or STS markers investigated by
PCR-based methods and incorporated into segregation
analysis. This suggests that the degree of polymor-
phism characterizing medaka populations is high
enough to be detected in a DNA fragment of a size
routinely amplified by PCR. The frequency of base sub-
stitution per single nucleotide site in introns between
mouse and rat was reported to be 0.201 (Hughes and
Yeager 1997). These two species are thought to diverge
from each other 35 5 17 million years ago (Janke et al.
1994). Because two genetically separated populations
(northern population and southern population) of
medaka were estimated to branch out ∼1.5 to 2 million
years ago (Sakaizumi et al. 1983), the frequency of base
substitution per site in the noncoding sequences be-
tween them is expected to be 0.006 to 0.022, on the
assumption that the mutation rate for base substitu-
tion in medaka was the same as that in murine rodents.
In this study, one base substitution every 34 bp, which
corresponds to 0.029 substitution per site, was ob-
served. This frequency was a little bit higher than ex-
pected, which may be explained by the different rate of
base substitution in medaka or earlier diversification of
two medaka populations, ∼5 million years ago. When
insertion/deletion polymorphism is included in addi-

tion to base substitution, one polymorphism was de-
tected every 31 bp corresponding to 0.032 per site in
the noncoding regions. If this can be extended to the
entire noncoding regions in the medaka genome, a
DNA fragment with 212 bp, which can be easily am-
plified with the PCR method, is expected to possess at
least one polymorphism with the 99.9% probability.
The average sizes of the introns and STS markers ex-
amined in this study were 263 and 483 bp, respec-
tively, which should be sufficient to detect polymor-
phisms between the two medaka populations.

The total genetic length of the medaka genome
was estimated at 1776 cM using the method described
by Hulbert et al. (1988). According to this estimation,
the genetic length of the medaka genome is about two-
thirds that of the rainbow trout (2628 cM; Young et al.
1998) and the zebrafish (2350 cM; Knapik et al. 1998).
In rainbow trout, recombination is known to occur
one time per chromosome arm, because of a high de-
gree of chiasma interference. Therefore, the genetic
length can be estimated at 2600 cM (50 cM 2 52
arms), which is remarkably close to the estimated
length (2628 cM) of the genetic map (Young et al.
1998). The genetic length of the zebrafish genome is
2350 cM (sex-average map by Knapik et al. 1998) and
the number of haploid chromosome arms is 50 (Daga
et al. 1996), indicating that the average genetic length
of one chromosome arm is 47 cM, although the length
of some chromosome arms has been known to extend
to more than 100 cM (Johnson et al. 1996). High levels
of interference were also reported in medaka (Naruse
and Shima 1989). The number of medaka haploid
chromosome arms is 34 (Uwa and Ojima 1981). When
assuming one crossover per chromosome arm, as is
known to be the case for medaka, the genetic length of
the medaka genome can be estimated at 1700 cM (50
cM 2 34 arms). This estimation is in good agreement
with 1776 cM obtained from the genetic map con-
structed in this study. The previous genetic map of
medaka based on male meioses gave an estimated
minimum length of 2480 cM (Wada et al. 1995), which
is much higher than our estimation. This discrepancy
is possibly due to sex or strain difference. Another pos-
sible reason is that the estimated minimum length of
Wada’s map may be expanded by the presence of as
many as 67 unlinked markers. In Wada’s map, ∼50% of
markers were analyzed in only 20 backcross progeny.

Figure 2 Genetic linkage map of medaka. The linkage groups on the left LGs I–XXI and LGs a–c are assigned by the female recom-
bination-based mapping in this study. Those on the right are derived from Wada’s male recombination-based map with anchoring
markers. Numbers on the left of each linkage group indicate genetic distances (cM) calculated using the Kosambi mapping function.
Marker names are shown at the right of each linkage group. Names of RAPD markers were given by the primer designation followed by
dashes and the identification numbers of HNI-specific markers obtained with these primers. STSs were designated by the letters “sts”
before the name of the original RAPD markers. The known genes and the Da locus are indicated in boldface type. The markers used for
anchoring to Wada’s map are boxed (white boxes are newly obtained markers in this study and shaded boxes are derived from Wada’s
markers). Numbering of the linkage groups was according to Wada et al. (1995). Six linkage groups (LGs a–f) could not be anchored in
this study. Markers showing segregation distortion are indicated by asterisks.

Figure 3 Genetic linkage map around the Da locus. (A) High
resolution map of LG VIII. Distances between loci are given by
Kosambi centimorgans. Numbers of individuals examined are in-
dicated in parentheses. (B) Detailed map around the Da locus.
Ninety-five percent confidence intervals of genetic distances are
shown in parentheses.
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With such numbers, linkage can be detected with a lod
score of 3.0 when markers are located within a small
distance (e.g., ∼11 cM).

The phenotypes of the Da mutant are mainly ob-
served at the trunk and tail regions with dorsoventral
polarity (Ishikawa 1990; Tamiya et al. 1997). In this
study, several genes such as wnt5/5b, wnt8like, shh, T,
pax6, and pax3 could be positioned in the medaka ge-
nome. These genes are possibly involved in tail forma-
tion or dorsoventral patterning of neural tube or so-
mite. However, no location of any of these candidate
genes was overlapped to the Da region, indicating that
these genes are not a causative gene for Da, although
there is a possibility that some of these genes indirectly
contribute to or modify the Da phenotypes.

Recently, evolutionary conserved chromosomal
segments between human and fish have been reported
(Koop and Nadeau 1996; Postlethwait et al. 1998). In
medaka, the LMP2 and LMP7 gene region has been
shown to constitute a syntenic group with the human
corresponding region (Namikawa-Yamada et al. 1997).
Our mapping study also led to the identification of
four new regions of conserved synteny with several
species (shh and eng2 with human and zebrafish; asha
and wnt5 with zebrafish; T and LMP2 with human; fgf3
and pax6 with human; see Table 3). Among them it is
of note that the shh and eng2 genes are located in the
vicinity of the Da gene with a distance of 2.6 cM (1.4–
4.4 cM) or 1170 kb (630–1980 kb), implying that a gene
orthologous to the Da gene might be linked with these
genes in human or zebrafish. In pufferfish, an average
of 2 Mb is supposed to be conserved between human
and pufferfish during the past 450 million years after
diversification (Koop and Nadeau 1996). It is reason-
able to speculate that the length of conserved linkage
among fishes is much longer. In fact, our mapping
study suggests that the wnt5/5b and asha gene region,
which displays conserved synteny with the zebrafish
corresponding region, spreads out as long as 20.7 cM,
or ∼10 Mb. Therefore, it is assumed that the Da gene
belongs to a conserved syntenic group, which may fa-
cilitate positional candidate gene approach for Da
identification. LG 7 in zebrafish has been established
to contain multiple genes such as cdh-vn, tbx6, zashb,
and fgf3, which play decisive roles in embryogenesis
(Postlethwait et al. 1998). As for zashb and fgf3, puta-
tive orthologous genes of medaka were mapped on dif-
ferent linkage groups (fgf3: LG XII, ashb: unlinked)
other than LG VIII where the Da gene resides. Al-
though these genes might join to LG VIII by further
linkage mapping, the possibility of linkage disruption
during evolution seems to be more plausible. The
medaka orthologs of cdh-vn or tbx6 corresponding gene
could be a good candidate for the Da gene because
these genes are expressed in the ventral side [cdh-vn is
expressed in ventral neural tube (Franklin and Sargent

1996) and tbx6 is expressed in ventral mesendoderm
(Hug et al. 1997)] from the stage before morphological
alteration of the Da mutant first appears. Therefore,
mapping of these genes is of great importance, but
medaka orthologs of these genes could not be ampli-
fied with the degenerate PCR method. Screening of a
cDNA library using zebrafish gene fragments as a probe
is now underway.

The distance between the Da gene and the two
closest markers on either side, stsM02-5 and stsB07-3,
were estimated at 0.32 cM or 144 kb and 0.80 cM or
360 kb, respectively. The resolution of our medaka
map around the Da gene is 0.16 cM (10.89 cM; 95%
confidence level), which corresponds to one recombi-
nant every 72 kb (1400 kb). This is a rough estimate as
the ratio of kilobase to map unit can vary across the
genome. Recombination is known to be suppressed in
the centromeric regions. The distance between the Da
gene and the centromere was reported to be 40 cM
under complete interference condition (Naruse et al.
1988), although the centromeric region on LG VIII re-
mains to be determined. Therefore, the Da gene was
predicted to be located far from the centromere. A total
of seven recombinants were obtained between
stsM02-5 and stsB07-3. These individuals will be useful
to determine the direction for genome walking and to
minimize the critical region most likely to contain the
Da gene. Taking the insert size of a BAC or PAC vector
(100–200 kb) (Shizuya et al. 1992; Ioannou et al. 1994)
into consideration, the distance between markers is
small enough to complete the chromosome walking to
the Da locus in only a few successive rounds of screen-
ing of a medaka genomic library.

METHODS

Medaka Strains and Genetic Crosses
The Japanese wild populations of medaka consist of two ge-
netically different groups: a northern population that inhab-
its the northern coast of the Sea of Japan, and a southern
population that inhabits the Pacific coast and the western
part of the Sea of Japan coast (Sakaizumi et al. 1983). The HNI
strain (Fig. 1A) is an inbred wild-type strain established from
the northern population (Hyodo-Taguchi and Sakaizumi
1993). The Da mutant (Fig. 1B) was isolated from the southern
population (Tomita 1975) and maintained as a closed colony
(Table 4). Both populations were estimated to branch out ∼1.5
to 2 million years ago [calculated from the data of allozymic
analysis by Sakaizumi et al. (1983)], indicating that a consid-
erable degree of genetic diversity between these strains has
possibly accumulated.

A total of 625 backcross progeny were generated by cross-
ing F1 (Da mutant 2 HNI strain) with the Da mutant. Five
hundred forty-five progeny were obtained from F1 females
and 80 were from F1 males. These progeny were reared until
the phenotype could be scored. The inheritance of the Da
mutant gene was assessed by observing the arrangement of
dorsal melanophores and the formation of dorsal fin folds in
the tail (Tamiya et al. 1997) at 2 to 3 weeks after hatching.
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Forty-two backcross progeny from F1 females (21 with the
wild phenotype and 21 with the Da phenotype) were selected
at random and used as a primary mapping population to con-
struct the genetic map. The remaining progeny were used
only to localize the Da gene in detail.

The NIL was kindly provided by Dr. Sakaizumi. The Da
gene was introduced by nine generations of backcrossing
(BC9) in the HNI background and BC9F1 individuals, which
showed the phenotype of the Da mutant, were used as NIL.
The NIL and its background HNI strains were used for RAPD
screening to find markers linked to the Da gene.

RAPD Markers
RAPD analysis was conducted according to Williams et al.
(1990) with some modifications. One hundred random 12
mer primers and 31 random 10–21 mer primers were used in
PCR. A single primer was used in each PCR reaction. Ampli-
fication reactions were performed in total volume of 20 µl,
containing 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM

MgCl2, 200 mM each of dATP, dCTP, dGTP, and dTTP, 250 nM

primer, 9 ng of genomic DNA, and 0.5 units of Taq DNA
polymerase (TaKaRa Syuzo Co., Kyoto, Japan). Amplification
was performed in TaKaRa PCR Thermal Cycler (PJ2000 or
TP3000) with the following condition: 95°C for 5 min fol-
lowed by 45 cycles of 94°C for 1 min, 36°C for 1 min, and
72°C for 2 min. Amplification products were subjected to elec-
trophoresis on 1.0% agarose gels and visualized by staining
with ethidium bromide.

All primers were individually screened against DNA from
two parental strains (HNI and Da), and those that gave rise to
HNI-specific bands were selected (RAPD primer sequences are
available at the MEDAKAFISH HOMEPAGE; http://
biol1.bio.nagoya-u.ac.jp:8000/). Segregation of these HNI-
specific bands in the primary mapping population was exam-
ined.

To find polymorphic markers linked to the Da gene, 200
RAPD primers (OPQ-Z; Operon Technologies, Alameda, CA)
were screened against genomic DNAs of the NIL and HNI
strains, and primers that amplified HNI-specific or NIL-
specific bands were selected.

STS Markers
Sixteen RAPD markers were converted to STSs (Olson et al.
1989; Table 1) by nucleotide sequence determination of PCR
products generated in the RAPD analysis. RAPD bands were
excised from an agarose gel and cloned into the plasmid vec-
tor, pCRII using the TA cloning kit (InVitrogen, San Diego,
CA). Cloned fragments were determined for their nucleotide
sequences, from which primer pairs were then designed to
amplify single bands from the original RAPD loci. PCR prod-

uct from each target locus was confirmed by hybridization
with RAPD product and by several typical segregants. Al-
though some STS markers obtained were amplified only from
the HNI strain, to serve as sequence-specific PCR amplifica-
tion markers or revealed size polymorphisms (Table 1), most
were amplified from both the strains (HNI and Da) and did
not exhibit any size polymorphisms. Polymorphisms of these
markers were detected by cleaving with restriction enzymes or
by direct sequencing of PCR products from both strains. Two
primer sets that amplify the same locus were designed for
stsB07-3 and stsOPS11-1. One primer set was used for segre-
gation analysis and the other for sequencing (Table 1; shown
in italics). Seven STS markers (stsB07-3, stsM02-5, stsM90-3,
stsOPR04-1, stsOPS11-1, stsOPX06-2, and stsOPZ20-3) were
sequenced completely from both strains, and differences in
nucleotide sequences between them were identified. Regard-
ing three STS markers (Table 1; asterisk), segregation analyses
were conducted only for high resolution mapping around the
Da gene.

Polymorphic Sequences Identified in Known Genes
Regarding the previously isolated genes in medaka, primer
pairs were generated based on the nucleotide sequences re-
trieved from the DNA database. In case the information of
exon–intron boundaries was available in other species such as
human and mouse, primers were set on both sides outside
putative exon–intron boundaries to detect polymorphisms ef-
ficiently. To obtain genomic sequences for which we had no
information in medaka, the following strategy was adopted.
The nucleotide sequences of other species, human, mouse,
chicken, and zebrafish, were obtained from the DNA database
and aligned with each other. Degenerate primers were de-
signed within the segments, in which sequences were highly
conserved among those species, also from a part of flanking
introns. Some comparative anchor-tagged sequences (CATS)
markers described in Lyons et al. (1997) were also used in this
approach. Using these primer pairs, PCR reactions were car-
ried out against genomic DNAs of both the parental strains.
Optimization of PCR conditions was conducted according to
Lyons et al. (1997) and primers that produced single PCR
products were selected. These PCR-amplified products were
directly sequenced using the ABI Prism Big Dye Terminator
Cycle Sequencing Ready Reaction Kit (Applied Biosystems,
Foster City, CA). Sequencing was performed on an Applied
Biosystems model 377 DNA sequencer. Nucleotide sequences
of these genes were determined from both strains. To confirm
whether these products really represent the expected genes,
the DNA database was searched for similar sequences using
BLASTN. By comparing the nucleotide sequences between
HNI and Da, RFLP sites were identified. As for genes that did

Table 4. Inbred Strains and Mutant Used in this Study

Name Population How to maintain Mutant genesa

Inbred strains
HNI northern sister 2 brother mating
AA2 southern sister 2 brother mating b, lf, gu
Hd-rR southern sister 2 brother mating b, r

Mutant
Da southern closed colony Da

a(b) Colorless melanophores; (r) colorless xanthophores (X-linked); (lf) leucophore-free; (gu) guanineless; (Da) Double anal fin.
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not exhibit RFLP (eng2, asha, and MYH2), primer pairs were
redesigned at the sites that showed single nucleotide poly-
morphisms from the nucleotide sequences of the HNI strain.
These markers were scored as sequence-specific PCR amplifi-
cation markers. Regarding pax6 and ashb, primer sets were
redesigned inside the first PCR fragment because the intensity
of the bands obtained was weak.

Map Construction
A whole medaka genetic map was constructed using 42 back-
cross progeny. Segregation of polymorphic markers was tested
for 1:1 segregation ratio by performing the x2 method. Most
of linkage analyses were done with MAPMAKER/EXP 3.0
(Lander et al. 1987). Possible linkage groups were first as-
signed, based on the two-point analysis of markers with a lod
score of at least 3.0 and a recombination fraction (u) of at
most 0.30. Preliminary orders of markers in each linkage
group were established using full multipoint analysis (Lander
and Green 1987) at a lod threshold of 2.0. Markers that could
not be ordered with 100:1 odds were placed at their maximum
likelihood positions. Potential errors were monitored using
the error detection function (Lincoln and Lander 1992).
When potential errors were detected, gel photos were re-
checked and segregation data were corrected. Final orders of
markers were confirmed with the RIPPLE command, which
compares the likelihood of the original map order with that
found when the order of neighboring loci is permuted. The
Kosambi mapping function assumes a strong interference,
which was known to be a characteristic genetic trait in
medaka (Naruse and Shima 1989), was used to convert the
frequencies of recombinants into map distances on the cM
basis. Genome length was estimated using the formula of Hul-
bert et al. (1988). Only the u value was calculated according to
method 3 of Chakravarti et al. (1991). For the linkage group
carrying the Da gene, a total of 625 backcross progeny were
used for segregation analysis. Linkage analysis of this linkage
group was conducted in the same way as described above.

Anchoring the Maps
To anchor our map to the previously described map (Wada et
al. 1995), the same backcross progeny that were used to con-
struct Wada’s map were subjected to segregation analysis. The
number of these progeny was 40 [20 samples were obtained
by crossing F1 (AA2 female 2 HNI male) males with AA2 fe-
males and 20 by crossing F1 (Hd-rR female 2 HNI male) males
with Hd-rR females; see Table 4]. Using these 40 progeny, a
total of 65 markers of our map were investigated for anchor-
ing. Linkage analysis and ordering of these markers were con-
ducted in the same way as described above. As for six linkage
groups (LGs II, IV, XI, XV, XX, and XXI), Wada’s markers were
localized on our map to confirm our anchoring test.
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