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ABSTRACT
In mammals, anti-Müllerian hormone (AMH) is produced by Sertoli cells from the
onset of testicular differentiation and by granulosa cells only after birth. SOX9, a transcription
factor related to the testis-determining factor
SRY, is expressed in mouse testis 1 day before
AMH. To determine the relationship between AMH
and SOX9 in birds, we cloned the AMH promoter
in search of SOX9 response elements, and we
compared the expression of AMH and SOX9 in the
gonads of chick embryos using in situ hybridization. Potential SOX response elements were found
in the AMH promoter; however, AMH is expressed
in both sexes at stage 25, 1 day before the first
SOX9 transcripts appear in the male gonads.
SOX9 is never expressed in the female. These
results do not support the hypothesis that SOX9
could trigger the expression of testicular AMH in
the chick but does not exclude a later role in
testis development. Dev. Dyn. 1998;212:522–532.
r 1998 Wiley-Liss, Inc.
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INTRODUCTION
Mammals and birds both have a chromosomal mechanism of sex determination, but the mechanisms differ
in their implementation. In mammals, the male is
heterogametic; the genetic switch inducing testis differentiation is located on the Y chromosome and has been
equated to the SRY gene, which belongs to a family of
transcription factors characterized by the presence of a
high mobility group (HMG) box motif (reviewed in
Greenfield and Koopman, 1996). In birds, the female is
the heterogametic sex, and no homolog to SRY has been
detected in genomic DNA. Birds, however, do express
genes belonging to the HMG family, the so-called SOX
genes (for SRY-like box), which are autosomal and
share high structural and functional homology with
SRY (Griffiths, 1991).
The SOX family of proteins appears to bind to the
minor groove of the (A/T)(A/T)CAAAG motif (reviewed
in Prior and Walter, 1996). Binding induces a sharp
bend into DNA, which might promote association of
other transcription factors. This is important because
r 1998 WILEY-LISS, INC.

otherwise it is not clear how SOX genes could specifically activate their targets through a short, relatively
ubiquitous, motif. Furthermore, in vitro experiments
involving HMG proteins do not necessarily reflect the
true in vivo situation (Lovell-Badge and Hacker, 1995).
For instance, Sry significantly activates the transcription of a cotransfected reporter gene containing portions of the Fra1 promoter (Cohen et al., 1994), yet Fra1
is not expressed at any developmental stage of testis
differentiation, proving that it is not a downstream
target of Sry in the genetic cascade leading to testis
differentiation (Jeske et al., 1996).
In this context, great emphasis has been put on
expression studies. Obviously, whatever the outcome of
in vitro experiments, the product of a SOX, or indeed
any other, gene cannot regulate another if it is not
transcribed first in the appropriate setting. In mammals, one of the couples that has attracted the most
attention is composed of SRY and anti-Müllerian hormone (AMH). AMH, also called Müllerian inhibiting
substance (MIS), a member of the transforming growth
factor-b superfamily (Cate et al., 1986), induces the
regression of Müllerian ducts in male fetuses and is
subjected to tight developmental regulation (Münsterberg and Lovell-Badge, 1991). The mammalian AMH
promoter contains a degenerated SRY response element, but in vitro experiments seeking to establish its
role in AMH regulation have yielded conflicting results
(Haqq et al., 1994; Shen et al., 1994). In the mouse,
testicular Amh is turned on 20 hours after the onset of
Sry expression, at a time when Sry transcripts are at
their peak. This result is formally compatible with a
direct regulation of Amh by Sry, but the 20-hr delay
leaves room for intervening steps (Hacker et al., 1995).
SRY is not, however, the best choice for an AMH
regulator common to all vertebrates. It exists only in
mammals (Graves, 1995) in contrast to AMH, which is
present also in birds and reptiles (di Clemente et al.,
1992). SOX genes have been conserved during evolution (Coriat et al., 1993) and are expressed in many
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developing, mostly neural, tissues but one, SOX9,
closely related to SRY, in addition to its role in chondrogenesis, is expressed in the developing testis of mammals and chicken embryos (Kent et al., 1996; Morais da
Silva et al., 1996; McBride et al., 1997). In human, its
mutation leads to sex reversal in XY patients affected
with campomelic dysplasia, a severe form of chondrodystrophy (Foster et al., 1994; Wagner et al., 1994). SOX9
has been considered for the role of AMH regulator in
the mouse and would also be an attractive candidate in
the chick (Morais da Silva et al., 1996). Having recently
cloned the chick AMH cDNA (Carré-Eusèbe et al.,
1996), we have used the probes at our disposal to clone
the chick AMH promoter in search of a potential SOX9
response element and to localize the chick AMH gene on
chromosomes. In parallel, to investigate a potential
relationship between AMH and SOX9, we compared the
early stages of expression of AMH and SOX9 in male
and female embryonic gonads. The nucleotide sequence
reported in this paper has been submitted to the
Genbank/EMBL Data Bank with accession number
AJ225014.
RESULTS
Cloning and Nucleotide Sequence Analysis of the
58 Flanking Region of the Chick AMH Gene
1.6 3 106 clones from a chick genomic DNA library
were screened for AMH gene recombinants, using a
labeled probe corresponding to the whole AMH cDNA.
Nine independent positive clones were studied. Their
identical restriction maps suggest that they are multiple isolates of the same recombinant phage containing
2.25 kb of the 58 flanking region, 4.2 kb of the gene, and
6 kb of the 38 flanking region (Fig. 1A). The 3-kb
EcoRI-HindIII fragment containing the promoter region was subcloned in pBluescript KS (1) and sequenced.
The 1,050-bp sequence upstream of the transcription
start site (11) is shown in Fig. 1B. Very little general
homology was found between this sequence and the
mammalian AMH promoters (Cate et al., 1986; Guerrier et al., 1990; Haqq et al., 1992; Dresser et al., 1995);
the spliceosome-associated protein SAP62 gene is not
present in this region of the AMH promoter as it is in
mouse and human genes (Dresser et al., 1995).
The main transcription initiation site (11) has been
previously identified from the 58RACE-polymerase chain
reaction (PCR) results (Carré-Eusèbe et al., 1996) and
by primer extension (Neeper et al., 1996). The existence
of a minor transcription site at 22, suggested previously (Carré-Eusèbe et al., 1996), was confirmed by the
present genomic DNA sequence. The sequence variability observed at position 22 was shown to correspond to
a polymorphism by direct sequencing of PCR-amplified
chick genomic DNAs.
The sequence was screened for potential promoter regulatory elements; only the most interesting ones will be
described. (1) A degenerated TATA box, 231 TTTAAAAG
224, was found within the expected distance from the
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transcription initiation sites. (2) The 245 TCAAGGCCA
237 sequence corresponds to the steroidogenic factor SF-1
consensus response element (C/T)CAAGG(T/C)CA. SF-1 is
a key regulator of expression of the steroidogenic enzymes
(Morohashi et al., 1992). (3) A degenerated palindromic
estrogen-responsive element (ERE) (Klein-Hitpass et al.,
1986), 2128 AGTTCCTCTGACCCA 2114, located in the
proximal promoter, might interact directly with the estrogen receptor. Alternatively, part of this sequence, TGACCCA, is complementary to the half palindromic ERE
sequence TGGGTCA, found in the proximal region of the
chick ovalbumin gene promoter, where it is a target for the
transcription factor AP1 and mediates estradiol activation
of the gene by the estrogen receptor (Gaub et al., 1990;
Paech et al., 1997). (4) Last, but not least, the search for
sites to which SOX9 protein has been shown to bind in vivo
and in vitro (Bell et al., 1997), and for SRY response
elements, has revealed two well-conserved motifs. The
2604 CTTTGTT 2598 sequence is the inverse complement
of the SOX consensus heptamer motif AACAAAG, which
binds mouse SOX9 with good affinity (Südbeck et al., 1996;
Bell et al., 1997). The 2194 TTTGTTT 2188 sequence is
the complement of the SRY consensus response element
(A/T)AACAA(T/A) (Harley et al., 1994).
Chromosomal Localization of the Chick
AMH Gene
The female chicken karyotype is constituted of 78
elements, including nine pairs of morphologically distinguishable macrochromosomes (eight pairs of autosomes
and the ZW sex pair) and 30 pairs of microchromosomes
(Nanda and Schmid, 1994). We have performed fluorescence in situ hybridization (FISH) on chick fibroblast
cells, using the chick AMH gene recombinant phage as
a probe. A total of 50 metaphase cells were analyzed:
94% of them showed two fluorescent spots on both
homologs of a microchromosome pair (Fig. 2).
Expression of AMH and SOX9 mRNA During
Gonadal Differentiation
To compare the early expression of AMH and SOX9,
we used in situ hybridization on gonadal sections
rather than RNAse protection or RT-PCR assays, because it provides precise localization of mRNAs at the
cellular level and circumvents the risk of contamination by neighboring tissues, critical when the gene is
widely expressed, as is the case for SOX9 (Morais da
Silva et al., 1996, and our own results, see below).
Furthermore, to compare accurately the timing of expression of the two genes, we performed parallel in situ
hybridizations on frozen sections of the same gonads.
Immunolocalization of cytokeratins and fibronectin on
the very sections used for the in situ hybridization
allowed us to monitor gonadal morphology and the
evolution of the differentiation process. Differentiation
stages (HH) are defined according to Hamburger and
Hamilton (1951). Results shown for a given stage and
sex are taken from the same embryo and are representative of all the embryos of similar sex and stage
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Fig. 1. Structure of the chick anti-Müllerian hormone (AMH) gene. A:
Restriction map of the cloned genomic DNA fragment showing the five
AMH exons (boxes), the initiation and stop translation sites, and the
position of restriction sites (E, EcoRI; B, BamHI; H, HindIII). B: Sequence

of the region -1050 to 148 preceding the translation initiation codon (in
bold). The main transcription initiation site is indicated by a large arrow,
minor initiation sites by small arrows. Potential regulatory elements (TATA
box, SF-1, ERE, and SOX) are shown.

studied (five males and three females for stages 25–27
and for stages 28–29, four males and four females for
stages 30–34).
HH stages 25–27. There was no structural difference
either between male and female gonads or between left
and right gonads, except that in both sexes the right

gonad was smaller than the left. Gonads were constituted of two territories: a thick surface epithelium,
positive for cytokeratins (Fig. 3B,F) and negative for
fibronectin (Fig. 3A,K), and an inner cytokeratinnegative part, containing irregular groups of cells
separated by strands of fibronectin-positive material
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Fig. 2. Localization of the anti-Müllerian hormone (AMH) gene on
chicken metaphase chromosomes by fluorescence in situ hybridization.
The arrowheads show fluorescent hybridization signals of the AMH probe
on two microchromosomes.

(Fig. 3A,K). A continuous fibronectin-positive basement
membrane, underlining the surface epithelium, was
clearly visible in stage 25 embryos (Fig. 3A).
Expression of AMH mRNA was already detected in
stage 25 embryos of both sexes (Fig. 3C,G) and did not
increase significantly up to stage 27 (Fig. 3J,L). Positive
cells were located in the center of the gonad, in some of
the cell groups negative for fibronectin (Fig. 3K). The
intensity of the labeling, per individual cell, seemed to
be identical in both sexes; however, the number of
positive cells appeared somewhat higher in males than
in females (compare Fig. 3C,J and Fig. 3G,L). There
was no difference between left and right gonads in
females (not shown).
At these stages, no SOX9 mRNA was detected in the
gonads either in males (Fig. 3D,I) or in females (Fig.
3H) even when using a high probe concentration and
increased enzymatic reaction times. A strong hybridization signal was observed in other tissues such as
mesonephric tubules as previously reported (Morais da
Silva et al., 1996), dorsal mesentery, and sclerotomal
cells (Fig. 3D,H,I). This signal was not seen using the
sense probe (Fig. 3E).
HH stages 28–29. Compared with the preceding
stages, gonads have increased in volume, and the
cytokeratin expression pattern has changed. Cytokeratin-positive cells were observed in the inner part of the
gonads, so that cytokeratins and fibronectin no longer
delimited mutually exclusive territories (Fig. 4A,B,H,J).
This observation, in addition to the fact that the
basement membrane under the surface epithelium was
clearly discontinuous (Fig. 4A,D,F,H), might well indicate that the surface epithelium was proliferating and
contributed to the building of the inner part of the
gonad.
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A clear sex difference in the expression of AMH
mRNA now became obvious. Many more positive cells
were present in the male than in the female gonads
(compare Fig. 4E with C). In both sexes, they were
detected in the inner cytokeratin-negative part of the
gonad (Fig. 4B,C,I,J). Localization of AMH transcripts
did not yet reveal a clear testicular cord organization.
A very faint expression of SOX9 mRNA was detectable in the male gonads at both stages 28 and 29 (Fig.
4G,K). It was localized in the same area as AMH mRNA
(compare Fig. 4E with G, and I with K). No SOX9
mRNA was found in female gonads (not shown).
HH stages 30–34. In male embryos (Fig. 5), testicular organization became progressively evident with
well-delineated seminiferous cords appearing as fibronectin-negative structures, and a very thin surface
epithelium (Fig. 5A,D). At stage 30, expression of SOX9
was detectable but still low (Fig. 5B), whereas that of
AMH was strong (Fig. 5C). Strikingly, within a few
hours, i.e., between stage 30 and stage 31, the expression of SOX9 became dramatically stronger (compare
Fig. 5B and E). As testicular organization progressed,
AMH and SOX9 expression were exclusively localized
in the differentiating seminiferous cords (Fig. 5E,F).
In female embryos (Fig. 6), up to stage 31, there were
no significant differences between right and left gonads
for either gonadal structure or expression of AMH
mRNA (Fig. 6A,B,D). AMH transcript-positive cells
were scattered throughout the gonads. The hybridization signal was much weaker than in differentiating
testes. At stage 34, an ovarian cortex is developing at
the surface of the left gonad (Fig. 6E). AMH mRNA was
expressed in the inner part of the gonad, in dispersed
cells or in small patches of cells preferentially localized
below the differentiating cortex (Fig. 6F) as previously
shown for 17-day ovaries (stage 43) (Carré-Eusèbe et
al., 1996). SOX9 mRNA expression was not detectable
in female gonads either at stage 30 (Fig. 6C) or at stage
34 (not shown).
DISCUSSION
The relative role of HMG proteins in sex differentiation is still a debated subject, which, as stated above,
cannot be resolved by DNA binding experiments alone.
One of the arguments brought forward to stress the
importance of SOX9 is its early expression by Sertoli
cells of different vertebrate classes (Kent et al., 1996;
Morais da Silva et al., 1996). The present report shows
that, in the chicken, although the AMH promoter
contains putative response elements for SOX9, AMH is
expressed before SOX9 in the early embryonic gonads,
disproving the hypothesis that, in this species, SOX9
can trigger AMH expression.
Despite the low homology between the chick and
mammalian promoters (Cate et al., 1986; Guerrier et
al., 1990; Haqq et al., 1992; Dresser et al., 1995),
common regulatory elements were found, including
SF-1 and potential estrogen and SOX response elements. In mammals, the conserved SF-1 response
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Fig. 3. Embryonic gonads at HH stages (differentiation stages defined
according to Hamburger and Hamilton) 25 and 27. A–E: Male at stage 25
(same gonad). F–H: Female at stage 25 (same gonad). I,J: Males at
stage 27. K,L: Female at stage 27. B,C and F,G and K,L are doublelabeled sections. All figures, except I, are at the same magnification.
Positive cells for anti-Müllerian hormone (AMH) mRNA are localized in the

inner part of the gonads in both male and female embryos; the number of
positive cells appears to be higher in males. No expression of SOX9
mRNA is observed in gonads (g) of either sex, whereas a strong reaction
is observed in some mesonephric tubules (mt), dorsal mesentery (dm),
neural tube (n), and sclerotomal cells surrounding the nervous tube and
the chorda (c). Scale bars 5 100 µm.

AMH AND SOX9 IN CHICK EMBRYONIC GONADS
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Fig. 4. Embryonic gonads at HH stages (differentiation stages defined
according to Hamburger and Hamilton) 28 and 29. A–C: Female right (r)
and left (l) gonads at stage 28. D–G: Male at stage 28 (same gonad).
H–K: Male at stage 29 (same gonad). B,C and D,E and F,G and I,J are

double-labeled sections. Anti-Müllerian hormone (AMH) mRNA expression is stronger in male than in female gonads, a faint expression of SOX9
mRNA is observed in the male gonad. Scale bar 5 100 µm in K (applies to
A–K).

element, located approximately 60 bp upstream of the
TATA box, is required for AMH promoter activity in rat
(Shen et al., 1994) and mouse (Giuili et al., 1997) Sertoli
cells. Despite a closer location of the SF-1 element
relative to the TATA box, the same function can be
expected in the chick, in which the SF-1 factor has
recently been cloned (Kudo and Sutou, 1997). The
presence of a potential estrogen response element in

the AMH promoter is interesting in keeping with the
major role played by estrogens in avian sex differentiation (Scheib, 1983; Elbrecht and Smith, 1992).
The pattern of expression of AMH is very different in
chick and in mammals, apart from the fact that in both,
the hormone is produced exclusively by somatic cells of
the gonad. In mammalian fetuses, AMH is expressed
only in males, whereas in chick embryos, it is expressed
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Fig. 5. Male embryonic gonads at HH stages (differentiation stages
defined according to Hamburger and Hamilton) 30 and 31. A–C: Testis at
stage 30. D–F: Testis at stage 31. A,B and D,E are double-labeled
sections. SOX9 mRNA expression is still weak at stage 30 and becomes

stronger at stage 31. Anti-Müllerian hormone (AMH) mRNA expression
already very strong at stage 30, is increasing at stage 31. At stage 31
SOX9 and AMH transcripts are localized in well-delineated testicular
cords. Scale bar 5 100 µm in F (applies to A–F).

in both sexes. In the mouse fetal testis, Amh transcripts
are detected, by in situ hybridization, in Sertoli cells at
12.5 days postcoitum (Münsterberg and Lovell-Badge,
1991), when distinct cord organization is observed, and
at 11.5 days postcoitum using the extremely sensitive
RNAse protection assay (Hacker et al., 1995). Mammalian granulosa cells express AMH only after birth. In
chicken, previous studies had detected AMH transcripts (Carré-Eusèbe et al., 1996) and bioactive (Hut-

son et al., 1981; di Clemente et al., 1992) or immunoreactive (Teng, 1987) AMH protein in embryonic gonads
of both sexes. The use of frozen rather than paraffin
sections greatly increased the sensitivity of in situ
hybridization technique and allowed us to detect the
presence of transcripts at earlier stages than in previous studies (Carré-Eusèbe et al., 1996). AMH mRNA
was expressed, in female as well as in male gonads,
from the earliest stage studied, i.e., stage 25, 2 days
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Fig. 6. Female embryonic gonads at HH stages (differentiation stages
defined according to Hamburger and Hamilton) 30 and 34. A–C: Right
gonad at stage 30; D: Left gonad at stage 30. E,F: Left gonad at stage 34.
E,F is a double-labeled section. There is no expression of SOX9 mRNA;

Anti-Müllerian hormone (AMH) transcript-positive cells are evenly distributed in both the right and the left gonads at stage 30; at stage 34, they are
mainly localized underneath the differentiating ovarian cortex in the left
gonad. Scale bar 5 100 µm in F (applies to A–F).

before any histologic sign of differentiation were detected (Carlon and Stahl, 1985). At stages 25 and 27,
the number of positive cells in the male gonads is
greater than in female ones, making it an early indicator of gonadal sexual dimorphism; however, the level of
expression of the mRNA per cell appears to be the same
in both sexes. From stage 28 thereon, AMH expression
increases dramatically in the male.
If SOX9 is implicated in the triggering of AMH
expression, a prerequisite is that SOX9 should be
expressed before AMH in the same cell lineage. Both

genes are expressed in the same testicular cells; nevertheless, AMH transcripts were detectable at stage 25, a
full day before a faint expression of SOX9 mRNA
appeared at stage 28. Furthermore, in the female
embryo, in which ovarian SOX9 transcripts were never
detected, AMH was expressed nonetheless.
Two previous studies of gonadal SOX9 expression in
chicken did not include evaluation of AMH transcripts
and resulted in conflicting results. Kent et al. (1996)
reported results similar to ours, i.e., no SOX9 expression observed in the male genital ridges at day 5.5
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(likely to correspond to stage 27–28), and no expression
in the female. On the other hand, Morais da Silva et al.
(1996) detected a low level of SOX9 expression in both
sexes at stage 25, followed by an up-regulation in the
male and a down-regulation in the female at later
stages. In both studies, whole-mount in situ hybridization with digoxigenin-labeled RNA probes was used at
the youngest stages. The discrepancy could possibly
arise from differences in probe specificity, our own
probe being similar to the one used by Kent et al.
(1996). More importantly, our in situ hybridization was
performed on sections, a technique that provides a more
resolutive approach than whole-mount, showing the
exact cellular localization of the label with no possible
interference by underlying tissues.
The important sex-dependent differential expression
of AMH from stage 28 onward corresponds to an
up-regulation of AMH expression restricted to the male
gonad. It cannot be explained by a direct gene dosage
effect because, as shown here by FISH analysis, the
chick AMH gene is autosomal, like the chick SOX9 gene
(Kent et al., 1996). Could SOX9 be implicated in this
up-regulation? This mechanism cannot be ruled out
because SOX9 transcripts begin to be detected in the
male gonads precisely at stage 28. However, the level of
these transcripts is very low compared with later
stages. In keeping with the suggestion that SOX9 is
involved in Sertoli cell differentiation (Kent et al., 1996;
Morais da Silva et al., 1996), we observed a dramatic
increase in chick SOX9 mRNA expression, colocalized
with AMH in well-organized seminiferous tubules of
the testes, at stage 31.
In conclusion, the precedence of AMH over SOX9
expression seems to be a characteristic of chick gonadal
differentiation. In the mouse, separate studies have
monitored Amh and Sry expression (Hacker et al.,
1995) on one hand, and Sox9 expression on the other
(Morais da Silva et al., 1996). They concluded that high
levels of Sox9 expression precede the onset of Amh
transcription by about 1 day and made the hypothesis
that SOX9 might control AMH expression. This mechanism may apply to the mammalian embryonic testis,
but, even in mammals, SOX9 is not absolutely required
for AMH expression because AMH is produced in
granulosa cells of the adult ovary in the absence of
SOX9 expression (Kent et al., 1996). Our observation
that, in the chick, the early sexually dimorphic expression of AMH precedes testicular SOX9 expression challenges the primacy of SOX9 as the common ancestral
sex-determining gene in vertebrates and leaves open
the question of the role of this factor in testicular
differentiation.
EXPERIMENTAL PROCEDURES
Screening of Genomic Library
Clones containing the chick AMH promoter were
isolated by screening a chick genomic DNA library in
Charon 4A l phage prepared by Dodgson et al. (1979).
Recombinant phages (1.6 3 106 clones) from the ampli-

fied library were adsorbed onto LE392 Escherichia coli
host, plated (3 3 105 plaque-forming units per 22 cm 3
22 cm plates), and grown for 4 hr at 42°C. Replicas of
the plates on Hybond-N membranes (Amersham, Arlington Heights, IL) were treated successively with 0.5
M NaOH, 1.5 M NaCl (2 min), 0.5 M Tris/HCl, pH 7.4,
1.5 M NaCl (5 min), and 33 citrate-buffered saline
(SSC) (5 min) and cross-linked with ultraviolet light
(0.6 kJ/cm2). Screening was performed by hybridization
with a [a32P]dCTP-labeled random-hexamer generated
probe (Megaprime DNA labeling system, Amersham)
corresponding to the full-length cDNA, overnight at
42°C in a 63 SSC, 53 Denhardt’s solution, 10% polyethylene glycol (PEG), 1% sodium dodecyl sulfate (SDS),
50% formamide solution, containing 0.1 mg/ml denatured sonicated herring sperm DNA. Membranes were
washed twice at 65°C with 23 SSC, 0.1% SDS for 20
min and autoradiographed. Nine positive clones, purified to homogeneity by three successive rounds of
rescreening under identical conditions, were further
used for restriction mapping and subcloning.
Subcloning and Sequencing of Inserts
For sequencing, DNA inserts from positive plaques
were subcloned, after digestion with EcoRI and
HindIII, into pBluescript KS (1) (Stratagene, La Jolla,
CA) cleaved with the same enzymes. Plasmid DNA was
purified using Wizard minipreps (Promega, Madison,
WI) and sequenced with the Sequenase V2.0 kit (United
States Biochemical, Cleveland, OH), using the denaturation method of Hsiao (1991). Ambiguities were resolved by inosine substitution. Two independent DNA
clones were sequenced, on both strands. Sequences were
analyzed on 6% Hydrolink long ranger (Bioprobe systems,
Montreuil, France), 8 M urea sequencing gels, with 0.63
TBE [54 mM Tris-borate, 1.2 mM ethylenediaminetetraacetic acid (EDTA)] as running and gel buffers.
Sequence Analysis
The sequence was analyzed manually and with TFsearch and MatInspector (Quandt et al., 1995) online
for motifs present in the TRANSFAC database.
Chromosome Localization of the AMH Gene
Chicken chromosome spreads were obtained from
cultured female embryo fibroblasts according to standard procedures. Before hybridization, slides were pretreated with RNase A, then denatured in 70% deionized
formamide in 23 SSC for 2 min at 70°C and dehydrated
through an ice-cold ethanol series. Lambda phage DNA
containing the AMH gene (12.5-kb insert) was biotinylated by nick translation with biotin-16-dUTP (Boehringer Mannheim, Indianapolis, IN) as indicated by the
manufacturer. Hybridization to chromosome spreads
was performed as described (Pinkel et al., 1986). The
biotin-labeled DNA was mixed with hybridization solution
at a final concentration of 10 µg/ml and used at a concentration of 150 ng/slide. Before hybridization, the labeled probe
was annealed with a 500-fold excess amount of total
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chicken DNA (previously cleaved with Sau3A I), to
compete with the aspecific repetitive sequences. The
hybridized probe was detected by means of fluorescent
isothiocyanate-conjugated avidin (Vector Laboratories,
Burlingame, CA). Chromosomes were counterstained
with propidium iodide diluted in antifade solution.
Riboprobes
In situ hybridization was performed using digoxigeninlabeled riboprobes (DIG-RNA). The chick AMH probe has
been previously described (Carré-Eusèbe et al., 1996). It
corresponds to part of the fourth and fifth exons (821
nucleotides) and lacks the region coding for the last 78
C-terminal amino acids, a sequence displaying some degree of conservation within members of the transforming
growth factor (TGF)-b superfamily. No hybridization was
observed with chick heart, a tissue rich in TGF-b. The
chick SOX9 probe was obtained by PCR amplification of a
623-bp fragment of chick genomic DNA chosen in an
intronless region, downstream of the HMG box, corresponding to nucleotides 748 to 1370 of the chick SOX9 cDNA
sequence (accession No. U12533). Sense and antisense
primers were 5’-CGGGCAAGCAGGACCTGAAG-38 and
58-CGTGGGGTTCATGTAGGTGA-38, respectively. The
blunt-ended, 58 phosphorylated PCR product was cloned at
the EcoRV site within the polylinker of Bluescript KS (1)
vector, and the identity of the insert was verified by
sequencing. The plasmid was linearized by digestion with
EcoRI or HindIII and transcribed with T3 or T7 RNA
polymerases, using the digoxigenin labeling kit (Boehringer) as indicated, to synthesize sense or antisense
riboprobes, respectively. Homology searches in sequence
databases detected only chick and human SOX9 genes and
the trout SoxP1 gene (accession No. D83256).
Tissue Preparation
The chicken strain used was characterized by a
sex-linked imperfect albinism (sal), allowing the recognition of the genetic sex (males with pigmented eyes,
females with albino eyes). Staging of the embryos was
performed according to Hamburger and Hamilton
(1951). This chicken strain presents a delay of about
half a day in embryonic development compared with
wild type (Mérat et al., 1986). Under our incubation
conditions at 38°C, stages 25, 27, 28, 29, 30, 31, and 34
corresponded to 5.0, 5.5, 6.0, 6.5, 7.0, 8.0, and 9.0 days
of incubation, respectively.
Gonads with the associated mesonephros were fixed
1 hr in 2% paraformaldehyde- phosphate buffered
saline (PBS). After washing in PBS with increasing
concentrations of sucrose (0, 12, 15, and 18%), specimens were embedded in Tissue-Tek O. C. T. Compound
(Miles, Inc., Kankakee, IL) and frozen at 220°C. Cryostat sections (5-µm thickness) were mounted on slides
coated with 2% 3-aminopropyltriethoxysilane (Sigma,
St. Louis, MO, A-3648) and stored at 220°C.
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In Situ Hybridization
After thawing, sections rehydrated in PBS were fixed
in 4% paraformaldehyde-PBS (20 min), rinsed in PBS
and treated by 0.25% acetic anhydride in 0.1 M triethanolamine (pH 8). Prehybridization was performed for 2
hr at 55°C in the following mixture: 50% formamide, 23
SSC, 53 Denhart’s solution, 50 µg/ml yeast tRNA, 250
µg/ml salmon sperm DNA, 4 mM EDTA, pH 8.0, 2.5%
dextran sulfate. Digoxigenin-labeled antisense and
sense riboprobes were diluted in the same mixture
without salmon sperm DNA or EDTA. The optimal
probe concentration was determined empirically. Hybridization was carried out overnight at 55°C in a
humid chamber. After treatment with ribonuclease A
(20 µg/ml), sections were washed in 0.13 SSC-30%
formamide, 1 hr at 55°C. Detection of DIG-RNA was
performed as described previously (Fridmacher et al.,
1995) with an alkaline phosphatase-conjugated antiDIG antibody (Boehringer Mannheim, 1093274). The
duration of the reaction with the alkaline phosphatase
substrates varied from 2 hr for AMH mRNA to overnight for SOX9 mRNA. In some cases, the duration was
homogenized in using more diluted AMH riboprobes.
The reaction was stopped in 10 mM Tris, 1 mM EDTA,
pH 8.0. Hybridizations with sense and antisense probes
were carried out on the same slide.
Immunofluorescence
To identify gonadal structures, immunofluorescence
was performed using as primary antibodies either a
rabbit anti-human plasma fibronectin serum (Life Technologies, Grand Island, NY, 6071 SA) or a mouse
monoclonal anti-cytokeratin pan antibody (clone lu-5)
reacting with an epitope common to most cytokeratins
and preserved from amphibian to man (Franke et al.,
1987). The reaction was performed on sections previously treated by in situ hybridization (double labeling)
or on adjacent sections. In both cases, sections were
washed in PBS, and indirect immunofluorescence detection was performed as described (Fridmacher et al.,
1995).
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Carré-Eusèbe D, di Clemente N, Rey R, Pieau C, Vigier B, Josso N,
Picard JY. Cloning and expression of the chick anti-Müllerian
hormone gene. J. Biol. Chem. 1996;271:4798–4804.
Cate RL, Mattaliano RJ, Hession C, Tizard R, Farber NM, Cheung A,
Ninfa EG, Frey AZ, Gash DJ, Chow EP, Fisher RA, Bertonis JM,
Torres G, Wallner BP, Ramachandran KL, Ragin RC, Manganaro
TF, MacLaughlin DT, Donahoe PK. Isolation of the bovine and
human genes for Müllerian inhibiting substance and expression of
the human gene in animal cells. Cell 1986;45:685–698.
Cohen DR, Sinclair AH, McGovern JD. SRY protein enhances transcription of Fos-related antigen 1 promoter constructs. Proc. Natl. Acad.
Sci. USA 1994;91:4372–4376.
Coriat AM, Müller U, Harry JL, Uwanogho D, Sharpe PT. PCR
amplification of SRY-related gene sequences reveals evolutionary
conservation of the SRY-box motif. PCR Methods and Applications
1993;2:218–222.
di Clemente N, Ghaffari S, Pepinsky RB, Pieau C, Josso N, Cate RL,
Vigier B. A quantitative and interspecific test for biological activity
of anti-Müllerian hormone: The fetal ovary aromatase assay. Development 1992;114:721–727.
Dodgson J, Strommer J, Engel JD. Isolation of the chicken beta-globin
gene and a linked embryonic beta-like globin gene from a chicken
DNA recombinant library. Cell 1979;17:879–887.
Dresser DW, Hacker A, Lovell-Badge R, Guerrier D. The genes for a
spliceosome protein (SAP62) and the anti-Mullerian hormone (AMH)
are contiguous. Hum. Mol. Genet. 1995;4:1613–1618.
Elbrecht A, Smith RG. Aromatase enzyme activity and sex determination in chickens. Science 1992;255:467–470.
Foster JW, Dominguez-Steglich MA, Guioli S, Kwok C, Weller PA,
Stevanovic M, Weissenbach J, Mansour S, Young ID, Goodfellow PN,
Brook JD, Schafer AJ. Campomelic dysplasia and autosomal sex
reversal caused by mutations in an SRY-related gene. Nature
1994;372:525–530.
Franke WW, Winter S, von Overbeck J, Gudat F, Heitz PU, Stähli C.
Identification of the conserved, conformation-dependent cytokeratin
epitope recognized by monoclonal antibody (lu-5). Virchows Arch.
1987;A411:137–147.
Fridmacher V, Lebert M, Guillou F, Magre S. Switch in the expression
of the K19/K18 keratin genes as a very early evidence of testicular
differentiation in the rat. Mech. Dev. 1995;52:199–207.
Gaub MP, Bellard M, Scheuer I, Chambon P, Sassone-Corsi P. Activation of the ovalbumin gene by the estrogen receptor involves the
fos-jun complex. Cell 1990;63:1267–1276.
Giuili G, Shen WH, Ingraham HA. The nuclear receptor SF-1 mediates sexually dimorphic expression of Müllerian inhibiting substance, in vivo. Development 1997;124:1799–1807.
Graves JAM. The evolution of mammalian sex chromosomes and the
origin of sex-determining genes. Philos. Trans. R. Soc. Lond. B Biol.
Sci. 1995;350:305–311.
Greenfield A, Koopman P. SRY and mammalian sex determination.
Curr. Top. Dev. Biol. 1996;34:1–21.
Griffiths R. The isolation of conserved DNA sequences related to the
human sex-determining region Y gene from the lesser black-backed
gull (Larus fuscus). Proc. R. Soc. Lond. B Biol. Sci. 1991;244:123–
128.
Guerrier D, Boussin L, Mader S, Josso N, Kahn A, Picard JY.
Expression of the gene for anti-Müllerian hormone. J. Reprod.
Fertil. 1990;88:695–706.
Hacker A, Capel B, Goodfellow P, Lovell-Badge R. Expression of Sry,
the mouse sex determining gene. Development 1995;121:1603–
1614.
Hamburger V, Hamilton H. A series of normal stages in the development of the chick embryo. J. Morphol. 1951;88:49–92.
Haqq C, Lee MM, Tizard R, Wysk M, DeMarinis J, Donahoe PK, Cate
RL. Isolation of the rat gene for Müllerian inhibiting substance.
Genomics 1992;12:665–669.
Haqq CM, King CY, Ukiyama E, Falsafi S, Haqq TN, Donahoe PK,
Weiss MA. Molecular basis of mammalian sexual determination:
Activation of Müllerian inhibiting substance gene expression by
SRY. Science 1994;266:1494–1500.
Harley VR, Lovell-Badge R, Goodfellow PN. Definition of a consensus
DNA binding site for SRY. Nucleic Acids Res. 1994;22:1500–1501.

Hsiao KC. A fast and simple procedure for sequencing double stranded
DNA with Sequenase. Nucleic Acids Res. 1991;19:2787.
Hutson J, Ikawa H, Donahoe PK. The ontogeny of Müllerian inhibiting
substance in the gonads of the chicken. J. Pediatr. Surg. 1981;16:822–
827.
Jeske YWA, Mishina Y, Cohen DR, Behringer RR, Koopman P.
Analysis of the role of Amh and Fra1 in the Sry regulatory pathway.
Mol. Reprod. Dev. 1996;44:153–158.
Kent J, Wheatley SC, Andrews JE, Sinclair AH, Koopman P. A
male-specific role for SOX9 in vertebrate sex determination. Development 1996;122:2813–2822.
Klein-Hitpass L, Schorpp M, Wagner U, Ryffel GU. An estrogenresponsive element derived from the 5’ flanking region of the
Xenopus vitellogenin A2 gene functions in transfected human cells.
Cell 1986;46:1053–1061.
Kudo T, Sutou S. Molecular cloning of chicken FTZ-F1-related orphan
receptors. Gene 1997;197:261–268.
Lovell-Badge R, Hacker A. The molecular genetics of Sry and its role in
mammalian sex determination. Philos. Trans. R. Soc. Lond. B Biol.
Sci. 1995;350:205–214.
McBride D, Sang H, Clinton M. Expression of Sry-related genes in the
developing genital ridge/mesonephros of the chick embryo. J. Reprod. Fertil. 1997;109:59–63.
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