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ABSTRACT The Sox9 gene encodes a tran-
scription factor that is critical for testis determination
and chondrogenesis in vertebrates. Mutationsin human
SOX9 cause campomelic dysplasia, a dominant ske-
letal dysmorphology syndrome often associated with
male to female sex reversal. Here we show that the
Sox9a gene was duplicated during evolution of the rice
field eel, Monopterus albus, a freshwater fish which
undergoes natural sex reversal from female to male
during its life, and has a haploid genome size (0.6~
0.8 pg) that is among the smallest of the vertebrates.
The duplicated capies of the gene (named Sox9a/ and
Sox9a2) fit within the Sox9 clade of vertebrates,
especially in the Sox9a subfamily, not in the Sex9b
subfamily. hey have similar structures as revealed by
both genomic and cDNA analysis. Furthermore, both
Sox9al and Sox9a2 are expressed in testis, ovary, and
ovotestis; and specifically in the outer layer (mainly
gonocytes) of gonadal epithelium with bipotential
capacity to form testis or ovary, suggesting that they
have similar roles in gonadal differentiation during
sex reversal in this species. The closely related gene
structure and expression patterns of the two sox9a
genes in the rice field eel also suggest that they arose in
recent gene duplication events during evolution of this
fish lineage. Mol. Reprod. Dev. 66: 211-217,
2003. @ 2003 Wilay-Liss, Inc.
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INTRODUCTION

Campomelic dysplasia (CB®) is a severe human
dwarfism syndrome characterized by malformations of
cartilage-derived structures (Maroteaux et al., 1971;
Houston et al., 1983). Most, campomelic patients (around
75%) show male-to-female XY sex reversal. Positional
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cloningand subsequent mutational analysis have shown
that SOX9 haploinsufficiency forms a molecular basis
for this disorder (IFoster et al., 1994; Wagneret al., 1994).
This gene encodes an autosomal transcription factor
that contains a DNAbinding domain of the high mobility
group (HMG) family that recognizes both chromatin
structure and a specific binding sequence. Through this
HMG box it appears related to the mammalian testis-
determining factor SRY. It also contains a transcription
activation domain located at the carboxyl terminus
of the protein. Evidences have been provided that dur-
ing chondrogenesis the chondrocyte-specific Col2al, the
gene encoding type II collagen, and aggrecan, a gene
encoding a sulfate proteoglycan are direct targets for
S0X9, and SOX9 is also implicated in the transeription
regulation of the gene for anti-Miillerian hormone dur-
ing the sex determination process (Bell et al., 1997
de Santa Barbara et al., 1998; de Crombrugghe et al.,
2000). The KIAA0800, a novel Sox9-activated gene, is
evolutionarily conserved and potentially involved in
sexual differentiation (Zhao et al., 2002a). Our recent
results show that human SOX9 interacts with TRAP230,
which adds a new transcription factor to the short list of
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activators described so far targeting the TRAP complex
to communicate to the general transcription machinery
(Zhou et al., 2002b). As expected during embryonic life,
SOX9 is expressed predominantly at sites of chondro-
genesis and in genital ridges where it appears to be
upregulated in males precisely at a time when sex
determination is engaged (Kent et al., 1996). Moreover,
S0X9 appears to be expressed in heart, kidney, nervous
system, and otic vesicles of mouse embryos, and also in
scrotum and mammary gland primordia and proli-
ferating Wolffian duct epithelium of marsupial (Pask
et al., 2002), suggesting that the Sox9 has additional
roles and Sox9 pathways remain to be established in
each case.

Efforts have been made to explore the functions of
S0X9 through comparative study ol different species.
The ortholog of SOX9 from lizard (Choudhary et al,,
2000), frog (Takase et al., 2000), turtle (Spotila et al.,
1998), alligator (Western et al., 1999), zebrafish (Chiang
et al., 2001), rainbow trout (Takamatsu et al., 1997),
medaka (Yokoi et al., 2002), chicken (Kent et al., 1996;
Morais da Silva et al., 1996), pig (accession number
AF029696), marsupial (Pask et al., 2002), mouse
(Wright et al., 1995; Kanai and Koopman, 1999), human
(Foster el al., 1994), and six other primate species
(Patel et al., 2001) have been identified, demonstrating
conserved roles for this gene. Expression pattern
analysis as reported in each case shows that common
expression sites are gonads of embryo and adult, along
with other distinct sites including brain, muscle, and
regions of chondrogenesis, implying that SOX9 is
critical in sex determination and differentiation. This
was confirmed by the recent experiment demonstrating
that Sox9 expression is sufficient to induce Sertoli cell
differentiation and testis development after transgen-
esis in XX mice (Vidal et al., 2001).

The chondrogenic expression of Sox9 is conserved
among vertebrates. Because teleost fish has a miner-
alized skeleton, studies in evolution of teleostean osteo-
genesis mechanisms will help to understand skeletal
development in vertebrates. The rice field cel, Mono-
pterus albus, is an economically important freshwater
fish of southeast Asia, which undergoes natural sex
reversal from female to male during its life. This species
with a small genome [all chromosomes are telocentric
{2N = 24) and the haploid genome size is among the
smallest of the vertebrates (0.6 ~ 0.8 pg)] provides a good
model to study evolution and developmental processes,
especially sex determination/differentiation and chon-
drogencsis processes. A little is known about molecular
mechanisms of sex determination in this species. Two
Sox9 cDNAs, Sox9a and Sox9b, were recently cloned
in zebrafish (Chiang et al., 2001), while only one Sox9
gene was found in land vertebrates. Mechanisms of the
Sox9 gene evolution during vertebrate lineage still need
to be explored. To contribute to this analysis, the two
Sox%a genes from the rice field eel and the correspond-
ing cDNA products were cloned along with the char-
acterization of their expression patterns during the sex
differentiation process.

MATERIALS AND METHODS
Fish Samples

The rice field eels Monopterus albus (a teleost fish
belongs to the Synbranchoidae of the Synbranchiformes)
were obtained from the rice field in Wuhan area in
China. Phenotypie sex was verified by histological sec-
tioning of gonads and microscope analysis.

Cloning of the Sox9a Genes of Rice Field Eel

Genomic libraries were constructed using DNA ex-
tracted from blood, and were partially restricted with
Sau3Al. The partially digested DNA fragments of 9 to
23 kb were recovered by sucrose gradient centrifuga-
tion, ligated to a Lambda DASH 1I/BamHI vector, and
packaged with Glgapack Il extracts (Stratagene, La-Jolla,
CA) following the protocol supplied by the Stratagene. A
0.6-kb [ragment of Sox9 Aanking the HMG box cloned by
degenerate PCR amplification ol genomic DNA of the
rice field eel (Zhou et al., 2002a) was labeled with (**P)
dCTP and used as a probe to screen the genomic library.
A total of 1x10% phage-forming units were screened.
After three rounds of filter hybridization, positive
Lambda clones were digested by EcoRV or EcoRl, and
subcloned into pBluescript (EcoRV or EcoRI digested)
and sequenced on both strands using an ABI 377
autosequencer.

Isolation of the Sox%a cDNAs
and RT-PCR Analysis

Total RNA was isolated from the testis of rice field
eel. Reverse transcription was performed using the
Superscript system (Gibco-BRL, Invitrogen, Carlshad,
CA)with 0.5 ugofoligo (d1);5. 15 and 5 pg ol total RNA in
a 20 wl reaction. The cDNA products (1ul) were amplified
in PCR with primers for Sox9a1, Sox9a2, or f-actin. The
reaction conditions were 35 cycles at 94°C for 30 s, 55°C
or 60°C for 40 s, and 72°C 1.5 min. The primers for
Sox9al were: 5'TGGCTGTCACTGCAGTCTTTS and
5 CCAGCTGGCAGAAAGAAGTTE, those for Sox9a2
were 5’ ACGCGTAACTTGGCACCAAACS and 5’ATGT-
GTGGCTGTACATGTCAY, and those for fl-actin were
5’ AAGAAAGATGGCTGGAAGAGGS and 5'GGGTG-
TGATGGTTGGCATGG3. The PCR products were
blunted by the Klenow and subcloned into pBluescript
{(EcoRV digested) and sequenced on both strands using
an ABI 377 autosequencer.

Phylogenetic Analysis

All sequences were analyzed using the Blast (http://
www.ncbi.nlm.nih.gov) and CLUSTALW (http://www.
igh.enrs.fr) programs to determine similarity. Neigh-
bor-joining trees were constructed using Phylogenetic
Analysis Using Parsimony (PAUP#). Bootstrap anal-
yses (1,000 runs) were performed and the confidence
values were calculated. Accession numbers of the
gene sequences used for comparisons were: zebrafish
Sox9a, AF277096; zebrafish Sox9b, AF277097; rainbow
trout Sox9, AB006448; alligator Sox9, AF106572; frog
Sox9a, AB0O35887; chicken Sox9, AB012236; pig Sox9,
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AF029696; mouse Sox9, 552469; and human SOX9,
746629,

Molecular Modeling

Homology modeling was used to generate struc-
tures of Sox9 proteins by use of a three-dimensional
position-specific scoring matrix method (3D-PSSM)
(Kelley et al., 2000) (http://www.bmm.icnet.uk/servers/
3dpssm). Molecules were rendered using the 3D-Mol
Viewer of the Vector NT1 program 6.0.

In Situ Hybridization

Antisense and sense RNA probes were prepared
respectively from subclones (linearized by Sacl or Sacll,
repectively) of the Sox9al and Sox9a2 ¢DNAs, 3'-coding
region after HMG box, and also containing some 3'-
untranslated region, which is specific to each gene,
labeled with digoxigenin-UTP, using SP6 or T7 RNA
polymerase. Gonadal tissues were cryosectioned (Leica
CM 1850), and the sections were immediately hybridized
with the probe. Hybridization signals were detected by
use of the NBT/BCIP system according to the manu-
facturer’s instructions (Roche, Germany).

RESULTS AND DISCUSSION

Two Sox9a Genes Arose in a Recent Gene
Duplication Eveni

To search for homologs of Sox9a in the rice field eel, we
used a 600-bp genomic fragment containing the HMG
box of rice field eel Sox9 isolated by degenerate PCR
(Zhou et al., 2002a) as a probe to screen a genomic
library. Two positive clones were obtained, which were
used for further characterization. A positive EcoRV-
generated fragment of ~6 kb {rom the Lambda clone A
and a positive EcoRl-generated fragment of 2.5 kb from
the Lambda clone B were subcloned into the pBluescript
vector for sequencing. These clones showed the highest
sequence similarity to mouse, rainbow trout Sox9, and
zebrafish Sox9a, but lower similarity to Sox9b of
zebralish, and each had two introns and three exons.
We therefore named them as Sox9al and Sox9a2
(Fig. 1A). The deduced amino acid sequences of the
coding regions of the two Sox9a genes of rice field eel
were similar to each other, which are apart {rom that of
the Sox9b of zebrafish (Fig. 1B). Phylogenetic analysis
of Sox9 genes of diverse species further showed that
the two Sox9a genes of Lthe rice field eel were similar to
each other. The relationships among the Sox9 genes of
the rice field eel, frog, alligator, chicken, and mammals
were determined by phylogenetic analysis (Fig. 1C).
Five groups were observed (A--E) which was consistent
with established taxonomic relationships. The two
Sox9a genes ol the rice feld eel clustered with the
Sox9 genes from diverse species, and fit especially well
into the Sox9 clade of group A, the fish group. Further-
more, because the two Sox9a genes of the rice field eel
were distinct from the related group of Sox genes, such
as Sox8 and Sox!0, the two Sox9a genes were not
orthologs of Sox8 and Sox10. Two copies of Sox9 genes
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have also found in zebrafish and rainbow trout, but only
one Sox9 gene has been found in the genome of mammals
and birds, which suggests that the Sox9 gene was
duplicated during the evolution of some fish lineages.
Zebrafish Sox9b was proposed to be a duplicate of zebra-
fish Sox9a, when duplication events involving large
chromosome sections occurred, consistent with the
occurrence of a third genome duplication event in ray-
finned fishes (Amores et al., 1998; Postlethwait et al.,
1998; Chiang et al., 2001). After being duplicated, the
S0x9b would gel its diversified roles in neural crest
(Li et al., 2002). As Sox9a is apart from Sox9b, two
closely related Sox9a genes would arise in a recent
duplication event in the rice field eel lineage. Interest-
ingly, only one Sox9 gene was found in a teleost fish,
medaka (Yokoi et al., 2002). 1t is possible that the dupli-
cated Sox9 has been lost, or become another Sox gene,
or a pseudogene by mutation in the medaka lineage.

Cloning and Characterization
of the Sox9a cDNAs

Based on the genomic sequence information ol the
two Sox9a genes, we used RT-PCR to isolate the two
Sox9a ¢DNAs from testis RNA. After subcloning,
sequencing and comparison with genomic sequences,
two Sox9a ¢cDNAs were identified. Their intron-splicing
sites were further confirmed (Fig. 1A). The deduced
protein sequences were 482 aa [or Sox9al and 488 aa for
S0x9a2 (Fig. 1B). The Sox9 protein sequence alighment
of the rice field eel, chicken, and mammals revealed
high level of homology, especially in the eight evolutio-
narily conserved regions (A-H) (Fig. 1B). Adjacent to
Reglon A (at the N-terminus), was the most conserved,
domain B, which included the HMG boz. This region is
responsible for DNA binding, and as SOX9 carries
signals for nuclear import at each end of its HMG
domain (Stidbeck and Scherer, 1997), the regions at each
end of Domain B would presumably be involved in
nuclear import functions. Human SOX9 has a major
transactivation domain (TA)in the C-terminus (Stidbeck
et al., 1996). Due to a low conservation of this region
ameng the diverse species studied, it appears that the
full transactivation function of Sox9 requires other
domains, Indeed, four other conserved regions were
observed (Regions C-I") in the internal region. More-
over, the highest transactivation function was observed
in the region from Region C to the 3'-end, where region
from Region C, D) to E could be the major activation
domain, whereas the C-terminus (Regions F, G, and H)
corresponding to the TA domain of human SOX9 only
plays a minor role in transactivation function in zebra-
fish Sox9 (Chiang et al., 2001).

The HMG domains of Sox9 of diverse species were
also strongly conserved. The HMG domain binds and
bends DNA in a sequence-specific manner, allowing
Sox9 to function as a transcription factor. Most known
missense point mutations in human SOX9 occur in the
HMG domain, with altered DNA binding compared to
the wild type (Meyer et al., 1997; Preiss et al., 2001).
When Sox9 HMG sequences of diverse species were
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Fig. 1. A: Schematic representation of the gene structure of Sox9al
and Sox9a? of the rice field eel. The boxes indicate exons (shaded box,
HMG domain). The numbers on the boxes indicate the numbers of
amino acids (aa) encoded within the exon, and the numbersbetween the
lines indicate the nucleotide (nt) numbers of the intron. The start code
(ATG), stop code (I'GA), and recognition sites for various restriclion
endonucleases (K, EcoRL B, Bamlll, V, EcoRV; X, Xbal; P, Pstl) are
shown. The solid line represents the probe used for library screening. BB:
The amino acid sequences of 5o0x9al and SoxYu? of rice field cel (R-cel)
and amino acid alignments of the 50x9 proteins of rice field eel, rainbow

S0x9 Rainbow trout —
Sox9av1 Rice fisld eel
Sox9a2 Rice field esl A
Sox9a Zebrafish

Sox9b Zebrafish -
Sox9 Frog -~ B
Sox9 Mouse .
SOX9 Human C
So0x9 Pig -
Sox9 Chicken — I3
Sox9 Alligator - E

trout (R-trout), zebrafish (Z-fish), chicken, and human. The cight
conserved regions arc underlined (A—-H). The HMG domain is double
underlined. The transactivation domain in human S0X9 is indicated
as “TA domain” {dotted line). GenBank database accession numbers:
rice field cel Sox9al, AF378150; Sax9a2, AF378151. C: Phylogenetic
tree of the Sox9 protein of various vertebrate species constructed by the
Neighbor-joining method. The numbers on each branch represent
the bootstrap values in a thousand runs. The Sox%al and Sox9a2
ot the rice field eel are shown in bold. Five groupings are indicated as
A-E.
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aligned, we observed that all other amino acids were
identical, except for an amino acid variation in the HMG
domain: 8 (serine) in human and chicken Sox9;
G (glycine) in rice field cel Sox9a2, rainbow trout Sox9
and zebrafish Sox9b; V (valine) in rice field eel Sox9al
and zebrafish Sox9%a (Fig. 1B). In three-dimensional
models of the HMG domains of rice field eel Sox9al,
Sox9a2, and human SOX9 we found that the structure
of the domain was not changed although there was
amino acid variation (IYig. 2). The HMG domain com-
prised three alpha helices which came together in an
L.-shape in which the short arm was formed by helices 1
and 2 and the long arm was formed by helix 3 and the
N-terminal strand (Preiss et al., 2001).

Expression Patierns of the Duplicated Sox%a
Genes in Gonads of the Rice Field Eel

the rice field eel were [urther analyzed. We examined
expression of Sox9al and Sox9a2 by RT-PCR analysis
using tolal RNA prepared from various tissues. Both
Sox9al and Sox9a? were expressed in testis, ovary, and
ovotestis of intersex rice feld eel (IFig. 3A). Transcripts

Fig. 2. The three-dimensional molecular siructure of the HMG
domains of mice field eel Sox9al (A), Sox%a2 (B), and human SOX9(C).
sates of varialion among the Sox9 proteins of fish, chicken. and human
are indicated i green.

[ixpression patterns of the Sox9a! and Sox9a? of
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Fig. 3. A. Expression of rice field eel Sox9a] and Sox9a2 in dh{ferent
adult tissues detected by RT-PCR. Ovotestis indicates the gonad of
Intersex rice field eels. fi-acfin gene primers were used to determine
whether equal amounts of RNA were used for each reaction A negative
control was utihzed by preparing reactions without inclusion of cDNAs
B: Expression analysis of Sox9al and Sox9a2 by in sitwhybridization in
gonads of fernale, intersex, and male rice field ecl. (), (b) and (¢). and
(dh, (¢ and D) antisense probes for Sox9al and Sox9a2, respectively,
show expression of the two genes in gonadal epithebum of female,
intersex, and male. Sense probing as control (), (h), and (1) and [&E
staining (j), (k), and (b 1 the gonad saraples of the three sexes are
shown below. The gonadal epitheliun s indicated by arrowheads.

from Sox9a! were also expressed in brain, whereas
Sox9a2 was detected in brain and heart. The expression
of both Sox9a genes in brain ol the rice field eel further
supports Lhat the distribution ol SOX9 protein in rat
and mouse brain correlated with the sites of veport-
ed brain abnormalities in campomelic dysplasia (CD)
patients (Pompolo and Harley, 2001). In the rice field
eel, natural sex reversal from female to male occurs
during its life, while its gonad transforms (rom ovary to
ovotestis to testis during sex transformation. In order to
gain insight into the role of the two Sox9a genes in sex
differentiation in this species, we analyzed their ex-
pression patlerns in the three forms of gonads by in situ
hybridization. Both Sox9a! and Sox9a2 were expressed
in the outer layer (mainly gonocytes) of gonadal epithe-
lium, but not in the inner layer of gonadal epithelium
(mainly consisting of growing and differentiated germ
cells) in male, intersex, and female; and signals ap-
peared to be identical in the Lhree sexual forms (Fig. 3B).
Ovarian structures in the gonad ol the rice field eel were
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replaced by testicular tissue during gonadal differentia-
tion. The formation of testicular lobules in the gonad
occurred later in the life cycle by rapid multiplication
of spermatogonia derived from gonocytes (Chan and
Phillips, 1967). The fact that both Sox9a genes were
specifically expressed in the bipotential gonad in the
three sexual forms, suggests that the double dose of
the Sox9¢ genes may play a role in gonadal differ-
entiation from female to ovotestis to testis during sex
reversal. One copy of Sox9 gene may be sufficient for
determination of gonadal differentiation in birds and
mammals, bul we infer that two copies of Sox9 may be
essential for transformation of gonadal tissue from
female to male within rice field eels. This kind of dose
effect has been observed for Dax/ which is an anti-testis
gene involved in sex determination. When the Sry
gene is present, one copy of Daxl is not sufficient to
produce an anti-testis effect, but extra copies of Daxl
can reverse male Lo female in the presence of Sry (Swain
et al., 1998). This presents opportunities for study of
functions of Sox9. It is difficult to study the null function
of mouse Sox9 by gene targeting, because heterozy-
gosity of Sox9 is lethal (Bi et al., 1999). The similar
expression of the two Sox9a genes of the rice field eel
may facilitate gene function ablation for further evalua-
tion of the roles of Sox9 genes in development and
evolution.
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