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The ZW sex chromosomes of Gekko hokouensis
(Gekkonidae, Squamata) represent highly conserved
homology with those of avian species
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Abstract Populations of the gecko lizard Gekko hokouen-
sis (Gekkonidae, Squamata) on Okinawajima Island and a
few other islands of the Ryukyu Archipelago, Japan, have
the morphologically differentiated sex chromosomes, the
acrocentric Z chromosome and the subtelocentric W
chromosome, although the continental representative of
this species reportedly shows no sex chromosome hetero-
morphism. To investigate the origin of sex chromosomes
and the process of sex chromosomal differentiation in this
species, we molecularly cloned the homologues of six
chicken Z-linked genes and mapped them to the metaphase
chromosomes of the Okinawajima sample. They were all
localized to the Z and W chromosomes in the order ACO1/

IREBP–RPS6–DMRT1–CHD1–GHR–ATP5A1, indicating
that the origin of ZW chromosomes in G. hokouensis is
the same as that in the class Aves, but is different from that
in the suborder Ophidia. These results suggest that in
reptiles the origin of sex chromosomes varies even within
such a small clade as the order Squamata, employing a
variety of genetic sex determination. ACO1/IREBP, RPS6,
and DMRT1 were located on the Z long arm and the W
short arm in the same order, suggesting that multiple
rearrangements have occurred in this region of the W
chromosome, where genetic differentiation between the Z
and W chromosomes has been probably caused by the
cessation of meiotic recombination.

Introduction

Reptiles exhibit an extraordinary variability in sex chromo-
somal constitution and sex-determining system (Ciofi and
Swingland 1997; Sarre et al. 2004; Valenzuela and Lance
2004). All crocodilians, the tuatara, most turtles, and some
lizards have temperature-dependent sex determination
system (Ferguson and Joanen 1982; Head et al. 1987; Lang
and Andrews 1994; Cree et al. 1995; Ciofi and Swingland
1997; Valenzuela and Lance 2004), in which no karyotypic
difference was found between males and females, whereas
all snakes exhibit genetic sex determination (GSD) system
with female heterogamety as birds (Beçak et al. 1964;
Beçak and Beçak 1969; Singh 1972). Other reptilian
species showing GSD (some lizards and a few turtles) have
both male and female heterogameties (Olmo and Signorino
2005). The origin of sex chromosomes and the process of
sex chromosomal differentiation have been still almost
unknown in reptiles because the number of species whose
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sex chromosomes were identified is quite small except for
snakes. The sex microchromosomes were recently identi-
fied in several reptilian species using molecular cytogenetic
techniques (Ezaz et al. 2005, 2006b; Kawai et al. 2007),
suggesting that the sex microchromosomes, which have
been not identified by gross analyses of standard karyo-
types, will be found for more GSD species of reptiles in the
future.

The recent physical and genetic linkage maps of the
chicken revealed the extensive homology between chicken
and human chromosomes (Burt 2002; Groenen et al. 2000;
International Chicken Genome Sequencing Consortium
2004; Schmid et al. 2005); however, there was no
homology between the human XY and chicken ZW sex
chromosomes, suggesting that the sex chromosomes of
mammals and birds were derived from different autosomal
pairs of the common ancestor (Nanda et al. 1999, 2000,
2002). Snakes share a number of karyotypic characteristics
with birds, such as the physical size composition of
chromosomes (distinct differentiation into macrochromo-
somes and microchromosomes) and the highly differentiat-
ed ZW-type sex chromosomes with the exception of the
boid snakes that have less differentiated sex chromosomes
(Beçak et al. 1964; Beçak and Beçak 1969; Singh 1972).
The similarity of the karyotypes between snakes and birds
leads us to predict that the snake ZW sex chromosomes
have the same origin as the avian ZW sex chromosomes
(Ohno 1967). However, the comparative cytogenetic map-
ping between chicken and the Japanese four-striped rat
snake (Elaphe quadrivirgata: Colubridae) showed that the
chicken Z-linked genes were localized to the short arm of
the snake autosome 2, and, by contrast, the chicken
homologues of the snake Z-linked gene were located on
chicken autosomes (Matsuda et al. 2005; Matsubara et al.
2006; Kawai et al. 2007). The absence of homology with
the chicken Z chromosome in the snake Z chromosome was
also confirmed by another study using the habu
(Protobothrops flavoviridis, formerly Trimeresurus flavo-
viridis: Viperidae) and the Burmese python (Python
molurus bivittatus: Boidae) as snake representatives
(Matsubara et al. 2006). Furthermore, the difference in the
sex chromosomal origin from birds was also confirmedly
demonstrated for the Chinese soft-shelled turtle (Pelodiscus
sinensis), which has the ZW-type sex microchromosomes
(Matsuda et al. 2005; Kawai et al. 2007). These results
strongly suggest that the sex chromosomes of the Reptilia,
Aves, and Mammalia were all derived from the different
autosomal pairs of the common amniote ancestor, which first
appeared around 310 million years ago (MYA; Kumar and
Hedges 1998). They also indicate that the sex chromosomes
have been independently differentiated at least in a few
lineages of these taxa by involving a variety of genes for
establishment of genetic sex determination systems.

Lizards (suborder Lacertila) are the largest group in
reptiles and are composed of more than 4,500 species of 20
families. The Gekkonidae comprises approximately 1,000
species, and the karyotypes have been reported for 145
species (Ota et al. 2001; Olmo and Signorino 2005). Out of
these species, 13 have been shown to possess heteromor-
phic sex chromosomes including both female heterogamety
(ZW) and male heterogamety (XY and X1X2Y). Cytoge-
netic studies on the sex chromosomes less progress for
lizards than for snakes, and the origin of the lizard sex
chromosomes and their chromosomal homology with the
chicken Z chromosome, the mammalian X chromosomes,
and the sex chromosomes of other reptilian taxa have never
been studied.

The gecko lizard Gekko hokouensis of the Gekkonidae is
widely distributed in southeastern continental China,
Taiwan, and some islands of the Ryukyu Archipelago and
a part of Kyushu, Japan (Ota 1989a; Toda et al. 2001,
2008). The karyotype of G. hokouensis (2n=38) was first
reported for the continental population, in which no
morphologically heteromorphic sex chromosomes were
identified (Chen et al. 1986). No differences in the diploid
chromosome numbers have been found among this and
other populations of this species; however, a prominent
female-specific chromosomal heteromorphism was found in
populations of the Ryukyu Archipelago as represented by
samples from Okinawajima Island, Suwanosejima Island,
and Nakanoshima Island (Kohno et al. unpublished data).
In the Ryukyu populations, therefore, the presence of a
genetic sex-determining system with female heterogamety
(i.e., ZZ/ZW system) is highly likely.

Here, we molecularly cloned homologues of six chicken
Z-linked genes in G. hokouensis with the putative ZZ/ZW
system and mapped them to G. hokouensis chromosomes to
examine the chromosomal homology of the G. hokouensis
Z sex chromosome with the chicken Z sex chromosome and
other reptilian sex chromosomes. We report a contrasting
case that the ZW sex chromosomes of the Ryukyu G.
hokouensis have the same origin as the avian ZW
chromosomes. We also show the structural difference
between the Z and W sex chromosome of G. hokouensis
and discuss the process of sex chromosomal differentiation
in this species.

Materials and methods

Animals

Nine adult males and nine adult females of G. hokouensis
were captured in Nakagusuku, the southern part of
Okinawajima Island, the Ryukyu Archipelago, Japan. Of
these, three males and three females were subjected to
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chromosome preparation through cell culture and chromo-
some mapping (see below). The remaining six males and
six females were karyotyped by simple bone-marrow air-
dry method following Ota (1989b).

Cell culture and chromosome preparation

After anesthetization, heart tissues were collected from each
individual and used for cell culture. All experimental
procedures with the animals conformed to the guidelines
established by the Animal Care Committee, Hokkaido
University. The tissues were minced, and the fibroblast cells
were cultured in DMEM medium (Invitrogen-GIBCO) sup-
plemented with 15% fetal bovine serum (Invitrogen-GIBCO),
100 μg/ml kanamycin, and 1% antibiotic–antimycotic (PSA)
(Invitrogen-GIBCO). The cell cultures were incubated at 26.5°C
in a humidified atmosphere of 5% CO2 in air. Primarily,
cultured fibroblast cells were harvested using trypsin and then
subcultured.

After colcemid treatment (120 ng/ml) for 45 min, the
cells were harvested, suspended in 0.075 M KCl for 20 min
at room temperature, and fixed with 3:1 methanol/acetic
acid three times following a standard protocol. After
centrifugation, the cell suspension was dropped on glass
slides and air-dried. Replication-banded chromosome prep-
aration was performed for chromosome mapping of
functional genes using fluorescence in situ hybridization
(FISH) as described previously (Matsuda and Chapman
1995) with slight modification. Briefly, BrdU (12 μg/ml;
Sigma-Aldrich) was added to the cell cultures at log phase,
and the cell culture was continued for 12 h including
45 min of colcemid treatment before harvest. After BrdU
treatment during the late replication stage, the cells were
collected, and chromosome slides were made as mentioned
previously. After the chromosome slides were stained with
Hoechst 33258 (1 μg/ml) for 5 min, replication bands were
obtained by heating the slides at 65°C for 3 min and
exposing them to UV light at 65°C for an additional 6 min.
The slides were kept at −80°C until use.

Molecular cloning of G. hokouensis homologues of chicken
Z-linked genes

We molecularly cloned G. hokouensis homologues of six
chicken Z-linked genes: soluble aconitase 1/iron-responsive
element binding protein (ACO1/IREBP), ATP synthase, H+

transporting, mitochondrial F1 complex, alpha subunit,
isoform 1, cardiac muscle (ATP5A1), chromodomain heli-
case DNA binding protein 1 (CHD1), growth hormone
receptor (GHR), doublesex and mab-3-related transcription
factor 1 (DMRT1), and ribosomal protein S6 (RPS6).
Nucleotide sequences of the primers used for cDNA
cloning of the genes are listed in Table 1. Testes were
homogenized and lysed with TRIzol Reagent (Invitrogen),
and total RNAs were extracted following the manufac-
turer’s instruction. Reverse transcription-polymerase chain
reaction (RT-PCR) was performed to amplify the homo-
logues of the chicken Z-linked genes. For the cDNA
synthesis, 3 μg of total RNA was mixed with 0.5 μg Oligo
(dT)12–18 Primer (Invitrogen) and incubated for 10 min at
70°C. After cooling on ice, the solution was mixed with 1×
first strand buffer, 0.1 M DTT, 10 mM deoxyribonucleotide
triphosphate (dNTP), and 200 U of SuperScript II RNase
H− Reverse Transcriptase (Invitrogen). Reactions were
performed for 50 min at 42°C and terminated by incubating
for 15 min at 70°C. The cDNA amplification was carried
out in 20 μl of 1× ExTaq buffer containing 1.5 mM MgCl2,
0.2 mM dNTPs, 5.0 μM degenerate primers, and 0.25 U of
TaKaRa Ex Taq (Takara Bio). The PCR conditions were as
follows: an initial denaturation at 94°C for 2 min, followed
by 35 cycles at 94°C for 30 s, 58°C for 30 s, and 72°C for
35 s; and a final extension at 72°C for 5 min. The PCR
products were electrophoresed on a 1% agarose gel and
stained with ethidium bromide. The target DNA bands were
isolated from the gel and extracted using a QIAquick Gel
Extraction Kit (Qiagen). The DNA fragments were cloned
using pGEM-T Easy Vector System I (Promega) and were
transformed into Escherichia coli JM109 competent cells
(Takara Bio). Nucleotide sequences were determined using

Table 1 Degenerate oligonucleotide primers used for cloning cDNA fragments of the chicken Z-linked gene homologues from Gekko hokouensis

Gene Forward primer (5′–3′) Reverse primer (5′–3′)

ACO1/IREBP GACAGYTTRCARAAGAATCARGAY CCYTTRAATCCTTGCTTNGYTCC
GTGCTCACYRTNACNAAGCACCT AGGTCTCCCTGNGTDATNGCYTC

ATP5A1 GAARACTGGCACHGCWGARRTRTCCTC GGCAATBGADGTTTTSCCMGTCTGYCTGTC
CGYCTKCTGGARAGAGCAGCBAARATG CTGKTCWGAGATYTTSCCMTCAGWCCTG

CHD1 TGTAACCATTGCTACCTCATTAARCC AGATCATTYTGTGGATTCCARTCNGAATCR
CTCCAGAAGATGTGGAATATTATAAYTGC AGYTCYTTGTGNAGRCTTGCATAACC

DMRT1 GCAGCGGGTGATGGCNGCNCAGGT GCCAGAATCTTGACTGCTGGGYGGYGA
GHR TGAGTTTATTGAGYTGGAYATWGAYGA GCTAHGGCAKGATTTTGTTCAGTTGG
RPS6 CACTGGCTGCCAGAAGCTCAT GGCCTCCTTCATTCTCTTTG
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an ABI PRISM3100 DNA Analyzer (Applied Biosystems)
after sequencing reactions with a Big Dye Terminator v1.1
Cycle Sequencing Kit (Applied Biosystems).

Chromosome mapping

FISH was performed for chromosomal localization of G.
hokouensis homologues of chicken Z-linked genes as
described previously (Matsuda and Chapman 1995). For
chromosome mapping of the ACO1/IREBP, ATP5A1, and
CHD1 genes, two cDNA fragments isolated for each gene
were used as probes to cover a wide region of the gene
(Table 2). The cDNA fragments were labeled with biotin-
16-dUTP (Roche Diagnostics) by nick translation following
a standard protocol. After hybridization, the slides were
incubated with goat anti-biotin antibody (Vector Laborato-
ries) and then reacted with Alexa Fluor 488 rabbit anti-goat
IgG (H+L) conjugate (Invitrogen-Molecular Probes) and
stained with 0.75 μg/ml propidium iodide (PI). The
hybridization signals were observed under a Nikon fluo-
rescence microscope using Nikon filter sets B-2A and UV-
2A, and the FISH images were microphotographed with
DYNA HG ASA100 film (Kodak).

Results

Karyotype of G. hokouensis from Okinawajima Island

The diploid chromosome numbers of the nine males and
nine females of G. hokouensis were invariably 38. The
heteromorphism was observed in chromosome 4 for all nine
females but not for any males: in the former one element of
chromosome 4 was acrocentric and the other was sub-
telocentric (Fig. 1). Although there is no evidence that this
heteromorphic chromosome pair has a sex-determining
capacity, this sex-correlated chromosome heteromorphism
is regarded as the ZZ/ZW-type sex chromosome system in
the Okinawajima Island population (and other Ryukyu

populations, see above). The autosomes were characterized
by two large submetacentric (chromosomes 1 and 2), two
small submetacentric (chromosomes 16 and 19), four large
subtelocentric (chromosomes 6, 13, 14, and 15), one small
subtelocentric (chromosome 17), one small metacentric
(chromosome 18), and nine acrocentric pairs.

Molecular cloning of the chicken Z-linked gene
homologues and their nucleotide sequences

The G. hokouensis homologues of the six chicken Z-linked
genes were molecularly cloned (Table 2). The nucleotide
sequences were determined for the cDNA fragments, and
their consensus sequences were deposited in DNA Data
Bank of Japan (DDBJ, http://www.ddbj.nig.ac.jp/Welcome.
html). The nucleotide sequences of the six G. hokouensis
homologues were compared in the equivalent regions with
the cDNA fragments of three reptilian species, P. sinensis,
E. quadrivirgata, and the Siamese crocodile (Crocodylus
siamensis) (Table 3; Kawai et al. 2007). The highest
identities were observed for ACO1/IREBP (84.6%),
DMRT1 (83.1%), and GHR (75.9%) between G. hokouensis
and E. quadrivirgata; for CHD1 (88.7%) and RPS6
(85.5%) between G. hokouensis and P. sinensis; and for
ATP5A1 (83.8%) between G. hokouensis and C. siamensis.

Table 2 The cDNA fragments of Gekko hokouensis homologues of
the chicken Z-linked genes

Gene Length of cDNA
fragment (bp)

Accession number

ACO1/IREBP 1,122a AB326219, AB326220
ATP5A1 990a AB326215, AB326216
CHD1 1,263a AB326217, AB326218
DMRT1 637a AB326222
GHR 852a AB326214
RPS6 593a AB326221

a Total length of cDNA fragment concatenated with multiple PCR
products

Fig. 1 Giemsa-stained karyotype of female Gekko hokouensis from
Okinawajima Island. The Z and W chromosomes (chromosome 4) are
acrocentric and subtelocentric chromosomes, respectively
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Chromosomal locations of G. hokouensis homologues
of chicken Z-linked genes

The G. hokouensis homologues of the six chicken Z-linked
genes were all localized to both the Z and the W sex
chromosomes (Fig. 2). More than 70 metaphase spreads
were observed for each cDNA fragment. The hybridization
efficiency was different between the cDNA fragments,
ranging from around 30% to 70% of metaphase spreads.
The order of the six genes was ACO1/IREBP–RPS6–
DMRT1–CHD1–GHR–ATP5A1 from the centromere to
the distal end on the long arm of the Z chromosome
(Fig. 3). On the W chromosome, three genes, ACO1/IREBP,
RPS6, and DMRT1, were located on the short arm in the
same order from the distal to the centromere, and the other
three genes were located at the same positions on the long
arm as those of the Z chromosome.

Discussion

There is a large diversity of sex-determining systems in
lizards: temperature-dependent sex determination with
no differentiation of sex chromosomes, and genetic sex
determination with male and female heterogameties
(Ciofi and Swingland 1997; Valenzuela and Lance 2004;
Olmo and Signorino 2005). G. hokouensis from Okina-
wajima Island examined in this study exhibited the ZZ/
ZW-type female heterogametic sex chromosomes. The
homologues of the six chicken Z-linked genes, ACO1/
IREBP, RPS6, DMRT1, CHD1, GHR, and ATP5A1, were
all mapped to the Z and W sex chromosomes of G.
hokouensis, indicating that the G. hokouensis ZW sex
chromosomes have the same origin as the avian ZW sex
chromosomes. This is the first case in reptiles, which
represents the same sex-linkage as the chicken Z chromo-

some, and is in contrast to our previous data that the
chicken Z sex chromosome corresponded to autosomes of
three snake species and one turtle species (Matsuda et al.
2005; Matsubara et al. 2006; Kawai et al. 2007). These
results collectively suggest that in reptiles the origin of the
sex chromosomes varies even within such a small clade as
the order Squamata, and a variety of sex-determining
genes are employed for genetic sex determination in those
taxa.

The acrocentric Z sex chromosome of paleognathous
birds is the ancestral type of bird sex chromosomes (Ansari
et al. 1988; Ogawa et al. 1998; Nishida-Umehara et al.
1999, 2007; Shetty et al. 1999; Tsuda et al. 2007), and the
metacentric chicken Z chromosome probably resulted from
multiple intrachromosomal rearrangements that indepen-
dently occurred in the lineage of the Phasianidae of the
Galliformes (Shibusawa et al. 2004). The order of the six
chicken Z-linked genes, ACO1/IREBP–RPS6–DMRT1–
CHD1–GHR–ATP5A1, has been found on the Z sex
chromosomes of the ostrich (Struthio camelus) and the
elegant crested tinamou (Eudromia elegans) of the Palae-
ognathae (Tsuda et al. 2007), whose lineage was estimated
to have diverged around 120 million years ago (MYA) (van
Tuinen and Hedges 2001). The same order of the genes has
been conserved on the Z sex chromosome of G. hokouensis
from Okinawajima Island, as well as on the chromosome 6
of P. sinensis and chromosome 2p of E. quadrivirgata,
which correspond to the G. hokouensis Z sex chromosome
(Fig. 4). These results suggest that the linkage of the avian
Z-linked genes and their order that had been located on an
autosomal pair of the common ancestor of sauropsids have
been conserved in both the lineages of the Archosauromor-
pha and the Lepidosauria since they diverged 260–
290 MYA (Kumar and Hedges 1998; Kumazawa and
Nishida 1999; Janke et al. 2001; Iwabe et al. 2005; Benton
and Donoghue 2007; Kumazawa 2007).

Table 3 Nucleotide sequence identities of cDNA fragments of six genes among Gekko hokouensis (GHO), Pelodiscus sinensis (PSI), Elaphe
quadrivirgata (EQU), and Crocodylus siamensis (CSI)

Gene Identity (%)a

GHO–PSIb GHO–EQUb GHO–CSIb

ACO1/IREBP 83.7 (939/1,122) 84.6 (949/1,122) 83.5 (937/1,122)
ATP5A1 83.5 (827/990) 83.1 (823/990) 83.8 (830/990)
CHD1 88.7 (1,120/1,263) 88.0 (1,111/1,263) 88.1 (1,113/1,263)
DMRT1 80.3 (514/640)c 83.1 (532/640)c –
GHR 73.9 (632/855)c 75.9 (472/622)d 75.8 (650/858)c

RPS6 85.5 (507/593) 85.2 (505/593) 84.7 (502/593)

a The number in parenthesis indicates the number of identical bases/the number of bases in overlapped region between cDNA fragments of two
species.
b The nucleotide sequences of the cDNA fragments of P. sinensis, E. quadrivirgata, and C. siamensis were taken from Kawai et al. (2007).
c The identities were calculated for the nucleotide sequences of the GHO cDNA fragments containing the gaps.
d The identities were calculated for the nucleotide sequences overlapped with those of EQU cDNA fragments.
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Ohno (1967) asserted that the heteromorphic sex
chromosomes are originated from a homologous autosomal
pair through the occurrence of dominant sex determinator
on one of the pair. It is generally accepted that a pericentric
inversion is the most likely mechanism as an initial step of
sex chromosomal differentiation. The ACO1/IREBP, RPS6,
and DMRT1 genes were localized to the long arm of the Z
chromosome and the short arm of the W chromosome in G.

hokouensis, and the order of the three genes, ACO1/
IREBP–RPS6–DMRT1, from the centromere to the distal
on the Z long arm, was the same as that from the distal to
the centromere on the W short arm. This suggests that
several chromosome rearrangements, not a simple pericen-
tric inversion alone, were involved in the process of the W
chromosome differentiation in G. hokouensis: first, a
pericentric inversion probably occurred in the region of a

Fig. 2 Chromosomal localiza-
tion of the six chicken Z-linked
gene homologues to metaphase
chromosome spreads of female
G. hokouensis from Okinawa-
jima Island. The cDNA frag-
ments are used for chromosome
mapping as biotin-labeled
probes. a, b The GHR gene is
localized to the Z and W chro-
mosomes of PI-stained meta-
phase spread (a). The
fluorescent Hoechst-stained pat-
tern of the same metaphase
spread as (a) is shown in (b). c,
d The ATP5A1 gene is located
on the Z and W chromosomes of
PI-stained metaphase spreads.
e–h FISH patterns of the CHD1
gene (e, g) and Hoechst-stained
patterns (f, h) of the same
metaphase spreads, respectively.
The GHR, ATP5A1, and CHD1
genes are arranged in the same
locations on the long arms of the
Z and W chromosomes. i–t
Chromosomal localization of the
ACO1/IREBP (i–l), RPS6 (m–
p), and DMRT1 (q–t) genes.
The Hoechst-stained patterns of
the same PI-stained metaphase
spreads as (i, k, m, o, q, and s)
are shown in (j, l, n, p, r, and t),
respectively. The ACO1/IREBP,
RPS6, and DMRT1 genes are
localized to the long arm of the
Z chromosome and the short
arm of the W chromosome.
Arrows indicate the hybridiza-
tion signals. A scale bar repre-
sents 5 μm. All the pictures are
shown in the same
magnification
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Z chromosome containing ACO1/IREBP, RPS6, and
DMRT1, and then, positions of these three genes on the
short arm of the resultant W chromosome were rearranged
presumably through a series of paracentric inversions,
becoming the same as those on the Z long arm in order.
Further chromosome mapping data will allow us to
precisely identify the chromosome rearrangements that
actually occurred between the Z and W chromosomes in
this species.

Meiotic recombination is suppressed in the differenti-
ated region between the Z and W chromosomes, and the
cessation of recombination is considered to favor the
accumulation of gene mutations on the W chromosome.
This leads us to predict that the W homologues of the Z-
linked genes in the region have been diverged in
nucleotide sequence as gametologous genes as found in
the avian ZW sex chromosomes (Griffiths et al. 1996; de
Kloet and de Kloet 2003; Handley et al. 2004; Tsuda et al.
2007). The DMRT1 gene, which encodes the DM domain
that is a conserved component of the vertebrate sex-
determining pathway, exhibits a gonad-specific and sexu-
ally dimorphic expression pattern (Raymond et al. 1998).
This gene is located on the Z sex chromosome but not on
the W chromosome in the chicken (Nanda et al. 2000). This
is also true in the emu that has extensively homomorphic
sex chromosomes (Shetty et al. 2002), suggesting that
DMRT1 is a strong candidate for an avian sex-determining
gene, which may represent a dosage-sensitive testis
determinant (Nanda et al. 1999; Smith and Sinclair 2004).
DMRT1 was localized to both the Z and W sex chromo-
somes in G. hokouensis; however, their locations were
different between the Z and W chromosomes, indicating a
possibility that the W homologue has been differentiated
from the Z homologue. The accumulation of gene
mutations should lead to the functional inactivation of the
genes followed by the partial deletion of euchromatin and

Fig. 3 Comparative cytogenetic map of the six chicken Z-linked gene
homologues on the Z and W chromosomes of G. hokouensis from
Okinawajima Island

Fig. 4 Comparative cytogenetic
maps of the six chicken Z-linked
gene homologues in the ostrich
(Struthio camelus, SCA) and
three reptilian species, the Chi-
nese soft-shelled turtle (Pelodis-
cus sinensis, PSI), the Japanese
four-striped rat snake (Elaphe
quadrivirgata, EQU), and the
gecko lizard (G. hokouensis,
GHO). The ideograms of the Z
chromosomes of the ostrich and
two reptilian species and the
chromosomal locations of the
six genes were taken from our
previous studies (Kawai et al.
2007; Tsuda et al. 2007). The E.
quadrivirgata chromosome 2p is
arranged upside down to make
the gene order correspond to
those on the S. camelus Z
chromosome (SCA Z), the P.
sinensis chromosome 6 (PSI 6),
and the G. hokouensis chromo-
some Z (GHO Z)
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the accumulation of heterochromatin, which advance sex
chromosome differentiation. This process of sex chromo-
some differentiation was clearly shown in the elegant
crested tinamou, which is at more advanced stage of sex
chromosome differentiation than the extensively homomor-
phic and euchromatic Z and W sex chromosomes of
paleognathous ratites (Nishida-Umehara et al. 2007; Tsuda
et al. 2007). The sex chromosome of G. hokouensis from
Okinawajima Island, therefore, is considered to be at the
early stage of sex chromosome differentiation. The pres-
ence of a conspecific population in the southeastern
continental China with no sex chromosome heteromor-
phism at all (Chen et al. 1986, see above) circumstantially
supports this view.

The genomic DNA clone of the DMRT1 gene was
reported to be localized to the Z chromosome in the tiger
snake (Notechis scutatus) (Ezaz et al. 2006a). By contrast,
the cDNA clones of DMRT1 were commonly located on the
short arm of chromosome 2 in other three snake species, P.
flavoviridis of the Viperidae, E. quadrivirgata of the
Colubridae, and P. molurus bivittatus of the Boidae
(Matsubara et al. 2006). These results suggest a possibility
of the multiple origins of snake sex chromosomes, but more
detailed analysis is needed to clarify the origin of sex
chromosomes and the diversity of sex-determining systems
in squamates. The difference in the chromosomal location
of this gene even within the Squamata implies the wide
variety of the critical sex-determining genes in reptiles and
that the mechanism of sex determination has evolved
independently in each lineage. Further studies on the
molecular structures of the sex chromosomes for more
other reptilian species are required to clarify the process of
sex chromosome differentiation and the evolution of
genetic sex determination systems in reptiles.
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