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Two DM Domain Genes, DMY and DMRT1, Involved
in Testicular Differentiation and Development in the
Medaka, Oryzias latipes
Tohru Kobayashi,1† Masaru Matsuda,1,2 Hiroko Kajiura-Kobayashi,1 Aya Suzuki,3 Noriko Saito,3

Masatoshi Nakamoto,3 Naoki Shibata,3 and Yoshitaka Nagahama1*

The recent discovery of the DMY gene (DM domain gene on Y chromosome and one of the DMRT1 family genes) as
a key determinant of male development in the medaka (Oryzias latipes) has led to its designation as the prime
candidate gene for sex-determination in this species. This study focused on the sites and pattern of expression of
DMY and DMRT1 genes during gonadal differentiation of medaka to further determine their roles in testis
development. DMY mRNA and protein are expressed specifically in the somatic cells surrounding primordial germ
cells (PGCs) in the early gonadal primordium, before morphological sex differences are seen. However, somatic cells
surrounding PGCs never express DMY during the early migratory period. Expression of DMY persists in Sertoli cell
lineage cells, from PGC-supporting cells to Sertoli cells, indicating that only DMY-positive cells enclose PGCs during
mitotic arrest after hatching. DMRT1 is expressed in spermatogonium-supporting cells after testicular differentiation
(20–30 days after hatching), and its expression is much higher than that of DMY in mature testes. In XX sex-reversed
testes, DMRT1 is expressed in the Sertoli cell lineage, similar to the expression of DMY in XY testes. These results
suggest strongly that DMY regulates PGC proliferation and differentiation sex-specifically during early gonadal
differentiation of XY individuals and that DMRT1 regulates spermatogonial differentiation. Developmental Dynamics
231:518–526, 2004. © 2004 Wiley-Liss, Inc.
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INTRODUCTION
In mammals, flies, and the worm
Caenorhabditis elegans, the devel-
opmental cascade controlling sex
determination is well understood. In
most mammals, the male-inducing
master gene, SRY, is located on the
Y chromosome and, therefore, is ab-
sent in XX females. SRY seems to be
specific to mammals (Swain and

Lovell-Badge, 1999; Capel, 2000). In
nonmammalian vertebrates, no
master sex-determining gene has
yet been identified. Recently, we re-
ported an outstanding candidate
for the first master sex-determining
gene in a teleost fish, medaka (Mat-
suda et al., 2002). This gene, referred
to as DMY, is located on the Y chro-
mosome and is expressed exclu-

sively in XY embryos. The DMY gene
encodes a putative protein of 267
amino acids containing a DNA-bind-
ing domain called DM, which is also
present in proteins (dsx in Drosophila
and mab-3 in C. elegans) identified
as transcriptional factors involved in
sex determination in flies and nema-
todes (Shen and Hodgkin, 1988; Bur-
tis and Baker, 1989; Yi et al., 2000).
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Our previous report indicates that
DMY is essential for male medaka
development, as spontaneous sex-
reversed XY females produced a
truncated DMY protein as a result of
a single nucleotide insertion in exon
3. Furthermore, DMY mRNA was de-
tected only in the somatic cells sur-
rounding the germ cells of XY em-
bryos at hatching. Of interest, DMY is
a homolog of DMRT1, the putative
transcription factor that is also in-
volved in male development in
other vertebrates including human,
mouse, chicken, turtle, frog, and a
teleost fish, tilapia (Raymond et al.,
1998, 1999a,b; Smith et al., 1999; Ket-
tlewell et al., 2000; Guan et al., 2000;
Shibata et al., 2002). DMRT1 appears
to be involved in a specific type of
XY sex reversal in humans (Veitia et
al., 1997; Bennet et al., 1993; Flejter
et al., 1998; Yi et al., 2000). However,
it remains unclear how DMY controls
male sex differentiation and

whether DMY functions as a tran-
scriptional factor.

Recent studies suggest that the
medaka DMY gene was derived
from the DMRT1 gene through gene
duplication (Nanda et al., 2002;
Matsuda et al., 2003). In medaka,
DMRT1 is expressed predominantly in
testis (Brunner et al., 2001). However,
the relationship between DMRT1
and DMY in male development re-
mains unclear.

In this study, we investigated the
characteristics of DMY and DMRT1
expression during gonadal differen-
tiation. Specifically, we focused on
the following events: (1) the relation-
ship between the timing of DMY ex-
pression and morphological sex dif-
ferentiation; (2) the identity of DMY
expressing cells; (3) the relationship
between DMRT1 expression and go-
nadal differentiation; and (4) DMRT1
expression in XX testis. We show that
the first appearance of morphologi-

cal sex difference is the difference in
germ cells (primordial germ cells,
PGCs) number at stage 38 before
hatching. We then show that DMY is
specifically expressed in the somatic
cells surrounding PGCs during early
gonadal formation in XY embryos
specifically, before morphological
sex differences are apparent. Fur-
thermore, for the first time, we dem-
onstrate that DMY protein is local-
ized in the nuclei of the somatic cells
surrounding PGCs and Sertoli cells of
XY individuals, indicating that DMY
functions to direct development
along the male pathway before
and during gonadal sex differentia-
tion. In contrast, DMRT1 is expressed
in Sertoli cells after testicular differen-
tiation.

RESULTS

Morphological Gonadal Sex
Differentiation

Figure 1 summarizes gonadal forma-
tion and sex differentiation in
medaka. In brief, at stage 34, PGCs
were migratory and localized in lat-
eral plate mesoderm. At stage 36,
lateral plate mesoderm differenti-
ated into two layers, the somatic
mesoderm and the splanchnic me-
soderm, between which the body
cavity was found. During this pro-
cess, PGCs reached the gonadal re-
gion. By stage 38, formation of the
gonadal anlage was completed
and all PGCs were localized in it. This
result is in accordance with a previ-
ous report (Hamaguchi, 1982). Previ-
ous reports have noted that the first
appearance of morphological sex
difference in medaka was the differ-
ence in the number of germ cells
between the sexes (Satoh and
Egami, 1972; Quirk and Hamilton,
1973; Hamaguchi, 1982). Although
these reports indicated that a sex
difference in germ cell number was
detectable around the time of
hatching, it was not known when the
sex difference in germ cell number
was first established. Changes in the
number of germ cells during go-
nadal formation are shown in Figure
2. The first morphological sex differ-
ence was apparent as the differ-
ence in germ cells number between
both sexes at stage 38 (P � 0.05). The

Fig. 1. Schematic representation of gonadal formation and sex differentiation in
medaka. PM, paraxial mesoderm; LPM, lateral plate mesoderm; PGC, primordial germ
cells; CE, coelomic epithelium; CC, coelomic cavity; ND, nephric duct; G, gut; M, meiotic
cell; OC, ovarian cavity; AC, acinus structure; Ax, auxocyte. [Color figure can be viewed
in the online issue, which is available at www.interscience.wiley.com.]

DMY AND DMRT1 DURING TESTICULAR DIFFERENTIATION 519



first appearance of meiotic cells was
also seen in XX fry 1 days after hatch-
ing (dah). In XY fry, spermatogonial
proliferation occurred after 20–30
dah.

The first morphological sex differ-
ences in somatic cells was regarded
as the formation of the acinus (a
globular structure that is the seminif-
erous tubule precursor), which oc-
curred in XY gonads, and follicles in
XX gonads after 10 dah, as previ-
ously reported (Shinomiya et al.,
2001). The formation of an ovarian
cavity as the key morphological sign
for ovarian differentiation occurred
after 30 dah (Fig. 1).

First Appearance of DMY
During Gonadal Differentiation

Figure 3A shows the expression pat-
tern of DMY and DMRT1 mRNA in
stage 37 and 39 (just hatching) em-
bryos and in mature XY testes and XX
ovaries, assessed by reverse tran-
scriptase-polymerase chain reac-
tion (RT-PCR). In mature XY testes,
both DMY and DMRT1 mRNA were
detectable but the expression of
DMRT1 was relatively higher. Con-
versely, neither mRNA was detect-
able in XX ovaries. RT-PCR analysis
also indicated that DMY was ex-
pressed specifically in XY individuals
at stage 37 and 39 but not in XX
individuals. At these stages, DMRT1
mRNA was not detectable in either
sex, suggesting that DMY is ex-
pressed before the first appearance
of morphological sex difference
(germ cell number in Fig. 2) and that
DMRT1 is not expressed around the
time of hatching.

Although the in situ hybridization
probe for DMY mRNA hybridizes to
both DMY and DMRT1 mRNAs be-
cause of their high similarity (93% at
the nucleic acid level), RT-PCR
showed that DMRT1 is expressed at
very low levels up to 15–20 dah, irre-
spective of genetic sex (see next
section). Therefore, before this time,
it is safe to assume that any hybrid-
ization signals identified with the
DMY probe must derive from specific
hybridization with DMY mRNA. In situ
hybridization showed no detectable
specific signals for DMY mRNA in any
somatic cells during the migratory
period of PGCs (Fig. 5A), although

Fig. 2. Changes in germ cell number during gonadal differentiation. The number of germ
cells during gonadal differentiation from stage 36 to stage 39 (just hatching) is shown. Each
point represents the number of germ cells in each fry. Significant difference in germ cell
number is observed between both sexes after stage 38. *P � 0.05; **P � 0.01.

Fig. 3. Expression of DMY and DMRT1 during gonadal differentiation and development.
A: DMY and DMRT1 expression around hatching, determined by reverse transcriptase-
polymerase chain reaction (RT-PCR). DMRT1 expression is undetectable around hatching,
whereas expression of DMRT1 and DMY is detectable in mature testes. B,C: Expression of
DMY and DMRT1 during testicular differentiation and development, determined by RT-PCR.
St., stage; dah, days after hatching.
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PGCs were already enclosed by so-
matic cells derived from lateral plate
mesoderm during the migratory pe-
riod and later become localized in
the gonadal region (Hamaguchi,
1982). Specific signals for DMY mRNA
became localized in the somatic
cells surrounding PGCs at stage 36
(Fig. 5B), when PGCs were found in
coelomic epithelium under the
nephric duct (inset in Fig. 5B). After
stage 36, DMY mRNA continued to
be found only in PGC-supporting
cells of XY embryos (Fig. 5B,C,E). As
described above, DMY is one of the
DMRT1 homologs and is expected to
function as a transcriptional factor.

To further define the expression
pattern of DMY during gonadal sex
differentiation, we produced a spe-
cific antibody against DMY. This an-
tiserum (�-DMY) specifically recog-
nized recombinant protein derived
from His-tagged DMY and did not
cross-react with recombinant DMRT1
protein. Further immunoblot analysis
showed that DMY protein was
present in XY testis (ca. 36-kDa pro-
tein) but not in XX ovary, suggesting
that anti-DMY antibody specifically
recognizes native DMY protein (Fig.
4). Immunohistochemical analysis
using this antibody revealed that
DMY protein was present primarily in
the nuclei of PGC-supporting cells of
XY fry during gonadal sex differenti-
ation and testicular differentiation
(Fig. 5D,E at stage 38; Fig. 6A,B at 5
dah).

First Appearance of DMRT1
During Gonadal Differentiation

During this period, DMY continued to
be expressed in XY gonads. First-
strand cDNA prepared from trunk
body was applied to RT-PCR up to 20
dah. At that time, basal expression
of DMRT1 was detectable, depend-
ing upon the number of PCR cycles,
irrespective of genetic sex. After 20
dah, DMRT1 mRNA increased mark-
edly in testes compared with the XX
gonads, indicating that expression
of DMRT1 becomes elevated in tes-
tes after 20 dah. Similar expression of
DMY and DMRT1 was seen in testes
at 40 dah (Fig. 3B). Thereafter,
DMRT1 mRNA continued to increase
as compared with DMY mRNA; this
increase was also found in mature
testes (Fig. 3C).

DMY and DMRT1 Are
Coexpressed in Sertoli Cells

In mature testes, DMY was local-
ized in Sertoli cells during spermat-
ogenesis and the epithelial cells of
the intratesticular efferent duct,
which is derived from Sertoli cells
(Fig. 6D,F,G). Immunohistochemi-
cal analysis revealed that DMY pro-
tein was detected strongly in the
nuclei and cytoplasm of A-type
spermatogonium-supporting Sertoli
cells (Fig. 6E,F). To clarify whether
the localization of DMY and DMRT1
is identical in testis, specific probes
for DMRT1 are required. However, a

specific antibody for DMRT1 is not
available, and the in situ hybridiza-
tion probes for DMY and DMRT1 hy-
bridize with both mRNAs in mature
testes (data not shown). To circum-
vent this problem, we used XX sex-
reversed males having normal tes-
tes with spermatozoa. In XX sex-
reversed testes, which never
express DMY, DMRT1 mRNA was
detected specifically by in situ hy-
bridization, localized in Sertoli cells
and the epithelial cells of intrates-
ticular efferent duct, similar to DMY
in XY testes (Fig. 6H–J). This finding
shows that DMY and DMRT1 are co-
expressed in Sertoli cells in mature
testes of medaka.

DISCUSSION

DMY is a prime candidate for the
master sex-determining gene in
medaka and is required for male
development (Matsuda et al.,
2002). To further understand the
roles and mechanisms of action of
DMY, we focused on establishing
detailed expression profiles for DMY
and DMRT1, because the DMY
gene appears to be derived from
the duplication of the DMRT1 gene
(Nanda et al., 2002; Matsuda et al.,
2003) and DMRT1 is a candidate
key factor for testicular differentia-
tion in nonmammalian vertebrates
(Koopman and Loffler, 2003). This
article is the first report on the simul-
taneous expression profiles for DMY
and DMRT1, and the results suggest
that DMY functions as a protein di-
recting male development.

Expression of DMY Before and
During Testicular Differentiation

We previously reported the specific
expression of DMY in somatic cells
surrounding germ cells in gonads of
XY fry at hatching (Matsuda et al.,
2002). In this study, the first appear-
ance of DMY was determined at
both RNA and protein levels during
early gonadal differentiation.

In mouse, SRY, a sex-determining
gene on the Y chromosome, func-
tions as a master switch to direct de-
velopment along the male pathway
(Koopman et al., 1991). SRY is ex-
pressed in XY genital ridges between
approximately E10.5 and E13 with
peak RNA expression at E11.5, al-

Fig. 4. Specificity of anti-DMY antibody. A: Recombinant His-tagged DMY and His-
tagged DMRT1 protein were immunoblotted by anti-His antibody (�-His) and anti-DMY
antibody (�-DMY). �-DMY recognizes DMY protein specifically and does not cross-react
with DMRT1 protein. B: Immunoblots of �-DMY for testis (XY) and ovary (XX). �-DMY
specifically recognizes a 37-kDa protein band in testis but not in ovary.
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though little information is available
on protein levels. Recent studies
showed that SRY was expressed in
the central region of genital ridges
and then became localized nearer
to the gonadal surface and cranial

and caudal poles (Albrecht and
Eicher, 2001; Bullejos and Koopman,
2001). A cell-tracing experiment us-
ing Sry-EGFP transgenic mice dem-
onstrated that SRY-positive cells
were closely associated with and

sometimes partially surrounded
each germ cell at E11. In medaka,
on the other hand, DMY was not
present in the somatic cells surround-
ing PGCs before PGCs reached to
gonadal region, whereas PGCs are

Fig. 5. DMY is expressed in Sertoli cell lineage, and its protein is
localized in the nucleus before and during gonadal sex differen-
tiation. A: Stage 34. Primordial germ cells (PGCs) are localized in
lateral plate mesoderm (arrow). No signals for DMY are seen. B:
Stage 36. PGCs become localized in coelomic epithelium under
the nephric duct. Specific signals for DMY become localized in the
somatic cells surrounding PGCs (arrowheads). Inset, PGCs stained
with anti-vasa antibody at stage 36. C: Stage 39. DMY mRNA is
localized in the somatic cells surrounding PGCs. D,E: XY fry at stage
38. D: Staining of nuclei (red) with TO-PRO-3. Arrows indicate the
PGC. Arrowheads indicate PGC-supporting cells. The region en-
closed by the dotted line indicates a gonadal anlage. E: Staining
with �-DMY. Fluorescent signals (green) were localized specifically
in the nucleus and cytoplasm of PGC-surrounding cells (arrow-
heads) in the gonadal region but not in germ cells (arrows). LPM,
lateral plate mesoderm; G, gut; ND, nephric duct. Scale bars � 20
�m in A–C, 50 �m in D,E.

Fig. 6. DMY expression during testicular differ-
entiation and localization of DMY protein in the
nuclei of spermatogonium-supporting Sertoli
cells. A–C: At 5 days after hatching (dah) gonad
of XY fry. A: Staining with TO-PRO-3 (red). B: Stain-
ing with �-DMY (green). Immunohistochemical
analysis shows that DMY is localized specifically
in the nucleus and cytoplasm of the somatic
cells surrounding germ cell. C: In situ hybridiza-
tion for DMY mRNA. D,F,G: Mature XY testis. Stain-
ing with �-DMY (green). E: Staining with TO-PRO-3
(red). The nucleus and cytoplasm in A-type
spermatogonia-supporting Sertoli cells (arrow-
heads) and the epithelial cells of intratesticular
efferent duct (ED) are DMY-positive in XY testis.
Arrows indicate A-type spermatogonium. H–J:
XX sex-reversed testis. DMRT1 mRNA is localized
in the somatic cells, similar to the localization of
DMY mRNA in XY testis. Arrows, spermatogonia.
Arrowheads, germ cell supporting cells (Sertoli
cells). Scale bars � 20 �m in A,B, 10 �m in C, 50
�m in D–J.
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already surrounded by the somatic
cells derived from somatic meso-
derm during PGC migration. DMY
was detectable only in the somatic
cells surrounding PGCs with the
completion of the gonadal anlage.
It is notable that both SRY and DMY
are expressed by the somatic cells
surrounding PGCs in the gonadal pri-
mordium specifically during go-
nadal formation, whereas the timing
of the enclosure of PGCs by somatic
cells is different between mouse and
medaka. Although SRY and DMY are
unrelated sex-determining genes,
the timing of their expression during
sex determination suggests that the
encoded proteins may have similar
actions on this process.

DMY Positive Cells Are
Pre-Sertoli Cells

Previous reports suggested that SRY
was expressed in pre-Sertoli cells
(Burgoyne et al., 1988; Patek et al.,
1991; Rossi et al., 1993; Swain et al.,
1998; Salas-Cortes et al., 1999), al-
though direct evidence was lacking.
Recent detailed cell-tracing experi-
ment using Sry-EGFP transgenic
mice demonstrated that Sry was ex-
pressed in pre-Sertoli cells (Albrecht
and Eicher, 2001). In medaka, PGCs
are surrounded by the somatic cells
derived from lateral plate meso-
derm during PGC migration and
contribute to gonadal formation
(Hamaguchi, 1982; this study). At this
time, DMY is expressed in the so-
matic cells surrounding PGCs and
continues to be expressed only in
the germ cell-supporting cell lin-
eage of XY gonads during gonadal
differentiation and development.
Taken together, it is concluded that,
in medaka, DMY-positive cells are
pre-Sertoli cells and differentiate into
Sertoli cells.

What Is the Function of DMY
for Sex Determination and
Differentiation?

In mouse, SRY is required for male
differentiation by means of promo-
tion of Sertoli cell differentiation
(Swain and Lovell-Badge, 1999). Al-
though the identity of its target
genes remains unclear, Sry induces
changes in proliferation of gonadal

cells and the recruitment of peritu-
bular and endothelial cells to the
gonads (Capel, 2000). Although
DMY is required for male develop-
ment (Matsuda et al., 2002), its func-
tions and mechanisms of action are
unclear. It is well-known that the
number of germ cells in many non-
mammalian females is greater than
in males around the time of morpho-
logical sex differentiation (Van Lim-
borgh, 1975; Zust and Dixon, 1977;
Nakamura et al., 1998). Thereafter,
germ cells in females continue to
proliferate and then enter into mei-
osis, in contrast to the male germ
cells, which arrest in mitosis. In this
study, we determined that the first
appearance of the sex difference in
germ cell number occurred at stage
38 before hatching in medaka (Fig.
2) and subsequently PGCs entered
mitotic arrest in XY fry, whereas they
go into meiotic arrest in XX fry (Satoh
and Egami, 1972; Fig. 1). Later (at 10
dah), the formation of the acinus (a
globular structure that is the seminif-
erous tubule precursor) occurred in
XY gonads (Shinomiya et al., 2001;
Fig. 1). These events are the first mor-
phological signs of sex differentia-
tion and testicular differentiation.
They occur sequentially after the first
indications of DMY expression but
before DMRT1 expression. These re-
sults suggest strongly that DMY is in-
volved in PGC proliferation and tes-
ticular differentiation by means of
Sertoli cells. Although in medaka the
sex differences in germ cells, includ-
ing the number and mitotic arrest,
occur earlier than the sex differ-
ences in somatic cells, including tes-
tis cord formation, compared with
mammals (Swain and Lovell-Badge,
1999; Capel, 2000), these observa-
tions suggest that Sertoli cells cause
PGCs to enter mitotic arrest in both
fish and mammals.

This study demonstrates for the first
time that DMY protein is produced in
the somatic cells surrounding PGCs
and continues to be expressed dur-
ing gonadal differentiation. DMY
mRNA and protein were expressed
with similar timing during gonadal
differentiation. It is important to note
that DMY is localized in the nuclei of
the somatic cells surrounding PGC
immediately after gonadal forma-
tion, strongly suggesting that DMY

functions as a transcriptional regula-
tor during early gonadal differentia-
tion. Although binding of human
DMRT1 to a DSX site was reported
(Zhu et al., 2000), the DNA binding
motif of DMRT1 homologs has not
been identified in any vertebrate
yet. We have demonstrated re-
cently that tilapia and mouse DMRT1
have preferential DNA binding prop-
erties (Guan et al., unpublished ob-
servations). Taken together, these
results indicate that one of the func-
tions of DMY is to act as a transcrip-
tional factor regulating the prolifera-
tion of PGCs in a sex-specific
manner and testicular differentia-
tion.

Expression of DMRT1 During
Testicular Development

Unlike DMY, DMRT1 expression first
occurs at 20–30 dah. By this time, the
formation of testis is completed (Shi-
nomiya et al., 2001; Nanda et al.,
2002). This timing of DMRT1 appear-
ance coincides well with the first oc-
currence of proliferation of A-type
spermatogonia, suggesting the in-
volvement of DMRT1 in spermatogo-
nial proliferation. However, this tim-
ing of DMRT1 expression in medaka
testis appears to be different from
that reported in other species
(Zarkower, 2001). These studies have
shown that DMRT1 expression is evi-
dent in male gonads during sex dif-
ferentiation and considerably up-
regulated late in sex determination
or during the early testis differentia-
tion period (mouse; Raymond et al.,
1999b; chicken, Smith et al., 2003;
turtle, Kettlewell et al., 2000; trout,
Marchand et al., 2000; tilapia, Koba-
yashi et al., unpublished observa-
tions). We also found that in tilapia,
DMRT1 transcripts were already
present in Sertoli cells (or pre-Sertoli
cells) of XY gonads before testicular
differentiation, but not in XX gonads
(Kobayashi et al., unpublished
data). Thus, the timing of DMRT1 ex-
pression in testes of these animals
including tilapia appears to be dif-
ferent from that of medaka. Of inter-
est, DMY and DMRT1 have 93.0%
identity at the levels of nucleotide
bases. Besides medaka, there are
no reports of other vertebrate spe-
cies whose testes contain the sec-
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ond form of DMRT1. Thus, medaka is
unique to have two forms of DMRT1
homolog genes in testes, although
mice express several DM domain
genes in the testis, including DMRT1,
DMRT3, and DMRT4 (Kim et al., 2003).
This study also showed that DMY pro-
tein localized in both the nuclei and
cytoplasm of A-type spermatogo-
nia-supporting Sertoli cells, although
DMY is regarded as a transcriptional
factor. This finding may suggest the
DMY activity in Sertoli cells during
spermatogenesis. In XX sex-reversed
medaka, complete spermatogene-
sis was observed and DMRT1 was ex-
pressed in Sertoli cells, indicating
that DMY is not required for spermat-
ogenesis. Based on these findings,
the present study suggests that, in
medaka, DMY and DMRT1 have dif-
ferent roles in male development:
DMY is solely responsible for testicu-
lar differentiation, whereas DMRT1
plays a major role for further testicu-
lar development including spermat-
ogenesis.

In conclusion, although two
closely related DM genes, DMY and
DMRT1, are expressed in Sertoli cell
lineage cells, their expression pat-
terns are distinctly different. Our find-
ings suggest that, in medaka, DMY
functions in testicular differentiation,
while DMRT1 might be an essential
regulator of spermatogenesis. There-
fore, it appears that DMY and
DMRT1 have partitioned the func-
tions performed by DMRT1 in other
species, with DMY controlling testis
differentiation and DMRT1 control-
ling spermatogenesis. We speculate
that medaka may be early in the
process of duplication and diver-
gence of DMRT1 function, with DMY
retaining the early functions of the
ancestral DMRT1 gene and DMRT1
retaining the late functions. Interest-
ing evolutionary questions are how
DMY acquired its function as a sex-
determining gene, and why DMRT1
is expressed after testicular differen-
tiation in medaka, unlike other non-
mammalian vertebrates. Further
studies will be necessary to clarify
the transcriptional regulation and
the biochemical characteristics of
DMY and DMRT1 in medaka.

EXPERIMENTAL PROCEDURES

Strains

Most studies described used
medaka (Oryzias latipes) from an in-
bred HdrR line. In this strain, the wild-
type allele (R) of the r locus (a sex-
linked pigment gene) is located
Y-chromosome. Therefore, the fe-
male XrXr results in a white body
color, and the male XrYR results in
orange–red body color (Matsuda et
al., 2002). Medaka from a HNI inbred
line were used for detection of DMY
protein since the antibody was gen-
erated by using DMY from this line
(see below). Classification of devel-
opmental stage was according to
the descriptions of Iwamatsu (1994)
for medaka. XX sex-reversed males
(white), which are naturally occur-
ring (Nanda et al., 2003), were pro-
vided kindly from Dr. M. Sakaizumi
(Niigata University).

RT-PCR for DMY and DMRT1

The data illustrated in Figure 3A were
generated using the following proto-
col: first-strand cDNA was synthe-
sized from 400 ng of total RNA in 20 �l
using Omniscript (QIAGEN) with
oligo-dT primers. PCR was carried
out in a 25-�l reaction mixture con-
taining 1 �l of the first-strand cDNA
for PG04 and DMY/DMRT1 of testis
and ovary, 2 �l for embryos. Using
specific primer sets (PG04.1, PG04.2
for PG04 and PG17.41, PG17.42 for
DMY/DMRT1), PCR was performed
according to a previous report (Mat-
suda et al., 2002). For the data
shown in Figure 3B,C, RT-PCR was
performed by using an OneStep RT-
PCR kit (Qiagen). For olvas (vasa ho-
molog in O. latipes), 100 ng (RNA
from trunk body) or 20 ng (RNA from
gonads) of total RNA were used as
template in 25-�l reactions. For
DMY/DMRT1, 100 ng of total RNA
was used as template in 25-�l reac-
tions. PCR conditions were 30 min at
55°C; 15 min 95°C; 20 sec at 96°C, 30
sec at 55°C, 60 sec at 72°C for 35
cycles; and 5 min at 72°C. Specific
primers for olvas (GenBank acces-
sion no. AB063484), a germ cell-spe-
cific marker gene (Shinomiya et al.,
2000), were AGGCGCCAGGGACT-
CAGGAAATG and GCAGGATGG-
GCAGCAGGAACG.

Determination of Germ Cell
Number During Gonadal
Differentiation

Embryos and fry of HdrR inbred line
were dissected to separate head
and body. Dissected body portions
were fixed in Bouin’s fixative solution
overnight and then embedded in
paraffin. Each dissected head was
used to determine genetic sex, ac-
cording to a previous report (Shi-
nomiya et al., 1999; see below).
Cross-sections were cut serially at 5
�m thickness. All germ cells were
counted in each fry. Ten individuals
derived from the same parents were
examined at each developmental
stage for each sex. After cell count-
ing, mean and SE were calculated
for each sex at each stage and then
differences between the sexes were
evaluated statistically by paired
t-test for each stage.

In Situ Hybridization

Gonads of fry 0–5 dah and greater
than 10 dah were dissected with or
without trunk body, respectively,
and then fixed in 4% paraformalde-
hyde in 0.1 M phosphate buffer (PB;
pH 7.4; 4% PFA) at 4°C overnight. For
stage 25 to 39 embryos, whole em-
bryos were fixed in 4% PFA, similarly.
In situ hybridization was performed
according to previous reports
(Kobayashi et al., 2000; Matsuda et
al., 2002).

Production of Antibody and
Immunoblotting

To generate a specific antibody
against DMY, an oligopeptide corre-
sponding to a C-terminal amino
acid sequence (PSSRPTP) predicted
from DMY cDNA of the HNI strain
(Matsuda et al., 2002) was synthe-
sized, with the addition of a cysteine
at the N-terminus to facilitate link-
age to KLH as carrier protein. Female
rabbits were immunized four times
and then blood was collected. Se-
rum was separated and then puri-
fied by affinity chromatography us-
ing the oligopeptide as antigen. To
demonstrate that anti-DMY anti-
body specifically reacted with DMY
protein, recombinant protein de-
rived from His-tagged DMY and
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DMRT1 expression vectors was ex-
tracted from E. coli lysate and purified
using Ni�-agarose beads (Amer-
sham–Pharmacia Co., Ltd.). Protein
extracts were also prepared from tes-
tes and ovary according to a previous
report (Kobayashi et al., 1996). Pro-
teins (10 �g) were separated by so-
dium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) with
12.5% SDS-polyacrylamide gel and
then transferred to Immobilon mem-
brane (Millipore) by semidry electrob-
lotting (Kobayashi et al., 1996). Anti-
DMY antibody and anti-His antibody
(Qiagen) were used at dilutions of
1:250 and 1:1,000, respectively.

Immunohistochemistry

Fry and dissected testes from mature
XY males were fixed in 4% parafor-
maldehyde in 0.1 M phosphate or
cacodylate buffer (pH 7.4) over-
night, dehydrated, and embedded
in paraffin. Serial sections were cut
at 5 �m thickness. Methodology
used for immunohistochemistry was
described in detail previously (Koba-
yashi et al., 1998, 2002). Anti-DMY
and anti-vasa antibodies (Koba-
yashi et al., 2002) were used at 1:100
and 1:1,000, respectively. To detect
DMY protein, sections were preincu-
bated in 10 mM sodium citrate
buffer (pH 6.0) for 5 min at 100°C
before application of the primary
antibody.

Distinction of Genetic Sex and
RNA Extraction

The genetic sex of specimens was
determined by PCR. For embryos, to-
tal RNA and genomic DNA were ex-
tracted from each embryo after ho-
mogenization with 350 �l of buffer
RLT supplied with the RNeasy Mini Kit
(Qiagen). The homogenized lysates
were centrifuged and supernatants
were used for RNA extraction by us-
ing the RNeasy Mini Kit with the
RNase-Free DNase set protocol (Qia-
gen). Precipitated material was
used for DNA extraction by using the
DNeasy Tissue Kit (Qiagen) accord-
ing to the manufacturer’s protocol.
For fry, the dissected head part was
used for DNA extraction to examine
genetic sex while the body part was
used for RNA extraction or in situ hy-

bridization analysis. RNA was ex-
tracted as above. Genomic PCR
was performed using the primers for
DMRT1 and DMY: PG17.5, CCGGGT-
GCCCAAGTGCTCCCGCTG; PG17.6,
GATCGTCCCTCCACAGAGAAGAGA.
PCR conditions were 5 min 95°C, fol-
lowed by 30 cycles of 20 sec at 96°C,
30 sec at 55°C, 30 sec at 72°C, fol-
lowed by 5 min at 72°C.
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