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An introduction to the genetics and

biology of sex determination

Roger V. Short

Department of Obstetrics and Gynaecology, Royal Women’s Hospital, 132 Grattan Street,
Melbourne, Victoria 3053, Australia

The Ciba/Novartis Foundation meetings are amazing. I remember the ¢rst one I
attended, back in 1958. Last week I was in the University of California in Berkeley,
talking to Professor Howard Bern, the distinguished comparative biologist. He
said, ‘Do you know how my scienti¢c career began? It was when, as a young
graduate student, I was invited to a Ciba Foundation meeting in 1952, on germ
cells’ (Ciba Foundation 1953). I hope that in another 40 years’ time, some of you
will be saying something similar about this meeting. It is the discussions that we
have at these meetings that are so exciting.
I would like to set the scene. I should probably start with a word of explanation.

The ¢rst question that many of you will be asking is, why are there so many
Australians in the room? You might think that it is because Peter Koopman
proposed the meeting, but that isn’t the reason. Sex ‘down under’ is done rather
di¡erently, so we have much to learn from Gondwanaland about the evolution of
sex.
We are going to hear a great deal at this meeting about the evolution of sex

determination, which is currently a very exciting topic. But let me remind all of
you how we de¢ne sex. If you produce many small highly motile gametes, you
are male. If you produce fewer, large, sessile gametes, you are female. Although
we are going to be discussing sex determination, almost all of the papers will be
dealing not with the type of gametes that are ultimately produced, but with the
morphology of the gonadal soma. I think we need to remember that the somatic
sex of the gonad is a secondary issue; it is germ cell sex that ultimately determines
maleness or femaleness. Although we know much about the genetic control of
gonadal somatic di¡erentiation, we are largely ignorant of the genetic control of
the germ cells.
Let me say a few words about the gametes. The biggest single cell that has ever

existed is the egg ofAepyornis, the giant elephant bird fromMadagascar. One egg
could contain around ¢ve gallons of liquid! This may have been the species’
undoing, because when humans ¢rst landed on Madagascar about 2000 years
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ago, they found thatAepyornis eggsmadewonderful water containers, and so they
raided the nests, leaving ‘holy’ eggs as testimony of their activity.
Why are eggs so big?Why are sperm so small? Anisogamy is at the very heart of

sexual di¡erentiation. One of the reasons for the large size of the female gamete is
that mitochondrial DNA is exclusively maternally inherited, hence the oocyte at
ovulation has to contain all the mitochondrial DNA for the new individual. In
contrast, the male gamete is designed as a highly condensed nuclear DNA
warhead that can traverse great distances before penetrating the egg. Following
blasto¡ at orgasm the male gamete is propelled by rocket boosters in the form of
the mitochondrial DNA in the midpiece sheath, which drives the beating of the
sperm’s tail. Although the midpiece sheath actually enters the egg at fertilization,
all this paternalmitochondrial DNA is subsequently destroyed by the cytoplasmof
the oocyte. So here we are, sexually reproducing organisms, parasitized by
mitochondrial DNA which is reproducing vegetatively within us and is
exclusively inherited from our mothers. It may be this asymmetrical inheritance
of our mitochondrial DNA that has necessitated the sexual dimorphism of the
gametes, and hence the major sex di¡erences in the gonads.
Study of the germ cells has an illustrious history. Charles Darwin could not

understand how it was that the gametes could transmit information across the
generations. He thought that there must be particles, which he called
‘gemmules’, that were pieces of information from within every somatic cell that
was handed over to the gametes. However, he had only a vague understanding of
fertilization, and did not appreciate that a single spermatozoon was required to
fertilize the egg. August Weizmann then proposed an alternative view, the
continuity of germplasm. He envisaged an immortal germline which budded o¡
a mortal soma at each generation, and morphologists imagined that they could see
the sequestered germplasm in the newly fertilized egg prior to the ¢rst cell division.
Thanks to the cloning of Dolly the sheep, Cumulina the mouse, and many

others, we now know that almost any somatic cell nucleus in the body, if inserted
into an enucleated oocyte, can produce a new individual that is fully fertile. Thus
there is something magical in the cytoplasm of the oocyte that can restore
totipotency to a di¡erentiated somatic cell nucleus, and transform soma into sex,
somatic cell into germ cell. Each of us in this room therefore has the potential to
restore our germ cells from our own somatic cells by nuclear transplantation
cloning. This technology, coupled with recent advances in germ cell
transplantation, will ensure that germ cell creation, manipulation and repair will
be a fruitful area for future research.
One fascinating aspect of sex determination only recently occurred tome,when I

was thinking about the way in which mitochondrial DNA is transmitted from one
generation to the next. Since males only possess their mother’s mitochondrial
DNA, it is somewhat ironic that a man’s fertility is determined by the motility of
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his spermatozoa, which is controlled by his mother’s mitochondrial DNA in the
midpiece sheath of his sperm. So sexual inequality reigns supreme, and the female
of the species is more deadly than the male. Maybe it was prophetic foresight that
led William Harvey, in the frontispiece of his 1651 volume De Generatione
Animalium, to have Zeus holding apart the two halves of an egg inscribed with
those prophetic words, ‘Ex ovo omnia’.
So in conclusion, I would like to plead for more attention to be paid to the germ

cells as not just the arbiters of sex, but also the determinants of sex.After all, the sex-
determining gene Sry may turn the somatic tissue of the gonad of a female mouse
into a testis, but it is incapable of transforming the oogonia into spermatogonia.
And in the female, it needs an oocyte to induce the gonadal stroma to develop into
hormone-secreting follicular cells, so the somatic tissue of the ovary is at the mercy
of the germ cells.
With those thoughts, I would like to introduce the ¢rst paper.

Reference

Ciba Foundation 1953 Mammalian germ cells. Churchill, London (Ciba Found Symp 16)
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Sex-determining genes inmice:

building pathways

Robin Lovell-Badge, Clare Canning and Ryohei Sekido

Division of Developmental Genetics, MRC National Institute for Medical Research, The
Ridgeway, Mill Hill, London NW7 1AA, UK

Abstract. Sry is active in the mouse for a very brief period in somatic cells of the genital
ridge to initiate Sertoli cell di¡erentiation. SRY protein must act within the context of
other gene products required for gonadal development and must itself act on one or
more target genes that will ensure the further di¡erentiation and maintenance of Sertoli
cells. Over the last few years several genes have been found that have important roles in
gonadal development and sex determination. These include genes encoding transcription
factors such as Lhx9, Wt1, Sf1, Dax1, Gata4, Dmrt1 and Sox9, and some involved in
cell^cell signalling, including Amh, Wnt4 and Dhh. While more await discovery, it is
now possible to start putting some of the known genes into pathways or networks.
Sox9 probably occupies a critical role in mammals for both the initiation and
maintenance of Sertoli cell di¡erentiation. Data will be presented that are consistent
with SRY acting directly on Sox9 to ensure its up-regulation. SF1 is also central to
gonadal di¡erentiation. Our results imply that it contributes to transcriptional
activation of several relevant genes, not just those required for male development,
including Sox9 and Amh, but also those that can have an antagonistic e¡ect on Sertoli
cell di¡erentiation, such as Dax1. Progress in establishing other regulatory interactions
will also be discussed.

2002 The genetics and biology of sex determination. Wiley, Chichester (Novartis Foundation
Symposium 244) p 4^22

Sry was discovered in 1990. Over the following year it was proven to be the Y-
linked testis determining gene in both mice and humans through a combination
of mutation studies and transgenic experiments (Sinclair et al 1990, Gubbay et al
1990, 1992, Berta et al 1990, Koopman et al 1991). At this time, life seemed simple.
Sry was the only gene so far identi¢ed that was known to be involved in diverting
the pathway of gonadal development tomake a testis rather than an ovary.We also
knew two of the factors that e¡ectively exported the male signal to the rest of the
developing embryo. These were testosterone (and other androgens) made in
Leydig cells by a series of P450 gene products, and anti-Mˇllerian hormone
(AMH, otherwise known as Mˇllerian inhibiting substance, MIS), a
transforming growth factor (TGF)b-like protein made by Sertoli cells, two
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factors predicted by Jost through his experiments conducted over 50 years ago
(Jost 1953, Munsterberg & Lovell-Badge 1991, Josso & Picard 1986). Of
course, we knew things would not stay simple for long. There had to be many
other genes involved; in early gonadal development, in the sex-determination
step itself and for the di¡erentiation of all the various cell lineages making up the
developing gonad along the male or female pathway.
Current models of the pathway or more accurately the network of genes

involved look at ¢rst sight very complex. However, this can be simpli¢ed by
breaking the various components into separate, albeit interacting, parts.

Cell lineages

First, we can consider the di¡erent cell lineages that make up the developing
gonads. Sry acts within the supporting cell lineage, between 10.5 and 12.0 days
post coitum (dpc) in the mouse, triggering the di¡erentiation of Sertoli cells
rather than follicle cells (Palmer & Burgoyne 1991). Cell marking and BrdU-
labelling experiments have shown that cells of this lineage originate, at least in
part and conceivably entirely, from the coelomic epithelium prior to 11.5 dpc
(Karl & Capel 1998, Schmal et al 2000). A proportion of the cells entering the
XY genital ridge end up in an interstitial location where they form an unde¢ned
cell type. The remainder give rise to Sertoli cells. These rapidly begin to in£uence
all the other bipotential lineages within the gonad. The germ cells, which have
migrated into the genital ridge via the mesonephros, become arrested in mitosis
rather than entering meiosis, which is characteristic of germ cells within the
ovary. The latter seems to be the default pathway as germ cells that have failed to
migrate into the gonad of either sex enter meiosis at about the same time (McLaren
& Southee 1997). Steroidogenic cells, which are also likely to be within the genital
ridge by 11.5 dpc, but whose origin is uncertain, will di¡erentiate relatively early in
the testis, where they become Leydig cells (Morohashi 1997). These cells are
already beginning to produce testosterone by 12.5 dpc, as well as insulin-like
growth factor 3 (INSL3), a third factor essentially predicted by Jost’s
experiments, but only recently discovered, which is responsible for the
transabdominal phase of testicular descent (Nef & Parada 1999, Zimmermann et
al 1999). The ovarian theca cells are not obvious and seem to have little functional
role until much later. Finally, but critically, subsequent to SRY action there is a
reorganization of connective tissue cells into the testicular pattern. This includes
the migration of cells from the mesonephros into the developing testis (Martineau
et al 1997, Tilmann& Capel 1999). These cells give rise to peritubular myoid cells
and endothelial cells. The myoid cells, which are perhaps the only cell lineage
unique to testis, have an important role in the morphological di¡erentiation of
the testis as they participate with the Sertoli cells to form the epithelial testis

SEX-DETERMINING GENES IN MICE 5



cords. The endothelial cells contribute to the characteristic vasculature of the testis,
which is likely to be important to support the more rapid growth of the testis,
compared to the ovary, and to allow e⁄cient export of testosterone, INSL3 and
AMH, the three factors that masculinize the remainder of the embryo.
For each of these lineages there is a decision of cell fate. Any such decision

requires at least two processes. Firstly, an initiation step, which can involve
extrinsic factors such as growth factors or intrinsic ‘switches’ such as SRY. This
is then followed by a process that reinforces this initial decision, leading to
maintenance of the pattern of gene expression required for the cell phenotype,
where regulatory loops and/or long term changes in chromatin organization are
required. The regulatory loops can be cell autonomous or involve crosstalk with
another cell type. In this respect, the myoid cells may also have a critical role in
helping to maintain Sertoli cell di¡erentiation. Indeed it is likely that the
continued di¡erentiation of each cell type depends on interactions with all the
others. But if we ¢rst restrict ourselves to the supporting cell lineage it is easier to
understand how SRY might work.

Genetic pathways

The molecular events occurring within the supporting cell lineage can also be
simpli¢ed by separating the network of genes and their protein products into
three main themes. This is illustrated in Fig. 1, but it must be stressed that this is
only amodel.Many interactions remain to be established and it is highly likely that
additional critical genes will be found.
We can place a linear pathway in the centre, beginning with Sry. If Sry is

expressed, the related gene Sox9, which is switched on at a low level beforehand,
becomes expressed at high levels (Morais da Silva et al 1996, Kent et al 1996). Sox9
then stays at a high level throughout Sertoli cell development and is likely to be
involved in the initiation and maintenance of Sertoli cell-speci¢c gene expression.
SOX9 is known to be important for testis di¡erentiation in humans as
heterozygous mutations of the gene, which are responsible for the severe
dwar¢sm syndrome, campomelic dysplasia, also lead to XY female sex reversal in
about 75% of cases (Foster et al 1994,Wagner et al 1994, Kwok et al 1995, Sudbeck
et al 1996, Meyer et al 1997,Wunderle et al 1998, Pfeifer et al 1999). Themutations
can be regulatory or inactivating mutations within the coding region. Therefore,
heterozygous levels of SOX9 are insu⁄cient for normal cartilage development and
close to a threshold for gonadal development, below which Sertoli cells either do
not begin to di¡erentiate or they fail to be maintained as such. In the mouse, a
heterozygous null mutation does not seem to compromise Sertoli cell
di¡erentiation, but this may simply re£ect a lower threshold (Bi et al 1999).
Unfortunately, homozygous null embryos do not survive long enough to assess
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the precise role of Sox9. However, gain-of-function experiments reveal the central
importance of SOX9 for Sertoli cell di¡erentiation and sex determination in the
mouse (see below). So far, the only known direct target gene for SOX9 in the
gonad is Amh, but a number of other genes begin to be expressed within early
Sertoli cells at the same time, including Dhh and Fg f9 (De Santa Barbara et al
1998, Arango et al 1999, Bitgood et al 1996). Moreover, it seems likely that there
will be a substantial number of genes dependent on SOX9 for their expression later
on in Sertoli cells. Several genes are also down-regulated shortly after SOX9
expression has increased. These include Sry, Dax1 and Wnt4 (Swain et al 1998,
Vainio et al 1999). SOX9 is thought to function as both an architectural protein
in a similar way to SRY (by virtue of its HMG box DNA binding domain;
Pontiggia et al 1994), and a transcriptional activator (it has a strong activation
domain at its C-terminus; Sudbeck et al 1996). So it seems likely that an as yet
unidenti¢ed repressor mediates the down-regulation of these genes, possibly
itself activated by SOX9. However, perhaps in certain contexts SOX9 can
mediate repression itself, simply by acting as an architectural factor through
bending of DNA via its HMG box domain.

SEX-DETERMINING GENES IN MICE 7

FIG. 1. Model of the genetic interactions during sex determination in the mouse. The central
pathway (right-centre box) is essential for male development. Factors indicated in the lower left
box are required as anti-testis genes to ensure that the central pathway does not operate in theXX
gonad. Factors above in the upper left box are required for gonadal development, and act as
positive factors for the central pathway but also for the repressive, anti-testis genes. All these
factors act within the supporting cell lineage, but also signal to the other lineages within and
outside the developing gonad. See text and relevant chapters in this volume for further details
of the pathway and genes. T, testosterone; Insl3, insulin-like growth factor 3.



There are then two opposing forces acting on this central pathway. There is a set
of factors that are required for gonadal development, including LIM1, LHX9,
WT1, GATA4 and SF1 (see Swain & Lovell-Badge 2001 for review and
elsewhere in this volume). Many of these factors act at several stages, or
continuously, and can be considered to have a positive role with respect to
gonadal development and in particular Sertoli cell di¡erentiation. Null mutations
in each of these genes are known to lead to a failure of gonadal development in both
sexes. The exception to this is Gata4, where its role in gonadal development is
unknown because the null mutation is an early embryonic lethal (Viger et al
1998). Lhx9, Wt1 and Sf1 homozygous mutants all show a similar phenotype
with respect to the genital ridge, which begins to develop but the cells die
through apoptosis at about 11.5 dpc (Birk et al 2000, Kreidberg et al 1993, Luo
et al 1994). The similar phenotype suggests that there may be epistatic
relationships among them, and there is evidence that the expression of Sf1
depends on LHX9 (Birk et al 2000). Both of these are relatively speci¢c to the
gonad, although Sf1 is also expressed in the adrenals and pituitary and
hypothalamus. Wt1 expression is much more widespread, being in the
metanephros, coelomic epithelium, heart, etc. The gonads are, however, the only
place where all three are expressed, so together they could be responsible for
gonad-speci¢c expression of other genes.
All these genes may serve as transcriptional activators of genes in the central

pathway. There is strong evidence that SF1, WT1 and GATA4 participate along
with SOX9 forAmh transcription (De Santa Barbara et al 1998, Arango et al 1999,
Viger et al 1998). In this case SOX9 is the limiting factor as all the others are
expressed from the beginning of genital ridge development, whereas Amh only
begins to be expressed once SOX9 levels become signi¢cantly higher at 11.5 dpc.
Studies where the binding sites for SF1 and SOX9 in the minimal regulatory
region of Amh were mutated in vivo would also ¢t with this (Arango et al 1999).
All the other factors could bind to their target sequences but cannot initiate
transcription until SOX9 is able to initiate formation of the appropriate complex
through its ability to bend DNA, via its HMG box. There are suggestions that Sry
may depend on WT1 and we have some evidence that expression of Sox9 in the
genital ridge is dependent on SF1, as Sox9 transcript levels are absent in
homozygous Sf1 mutant embryos at about 11 days (Hossain & Saunders 2001,
A. Swain & R. Lovell-Badge, unpublished data).
A heterozygous mutation in SF1 and partial loss of function mutations inWT1

(notably in Frasier syndrome) can lead to XY female sex reversal in humans
(Achermann et al 1999, Barbaux et al 1997). This suggests that these factors act
positively to encourage Sertoli cell di¡erentiation, but it is not clear whether this
is at the level of initiation or maintenance. Moreover, as both genes seem to be
required for cell survival and perhaps proliferation, they may have a more critical
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role in the development of testes than ovaries, as increased cell proliferation is a
characteristic of the former. The sex reversal seen with these partial loss-of-
function mutations could also be explained by an e¡ect on the central pathway as
both Sry and Sox9 need to be expressed above a critical threshold to induce testis
formation.
Finally, there is a set of factors that act negatively on this central pathway. These

can be considered antitestis genes, butmay also include ovarian determining genes.
The role of these genes is to ensure that an ovary develops in the absence of Sry.
Unfortunately, to datewe only knowof one such factor,DAX1.This ismost likely
to be responsible for the dosage-sensitive sex reversal syndrome in humans, which
involves duplication of the region of the X chromosome containing the gene
XP21 (see Swain et al 1998, and references therein). Transgenic mice carrying
extra copies of the Dax1 gene can also show XY female sex reversal in some
circumstances. However, a loss of function mutation engineered in the mouse
gene does not lead to male development in XX animals, suggesting that if it is an
ovary-determining gene, it must be part of a redundant system, where other genes
can compensate for its absence (Yu et al 1998). The gene encodes an
unconventional member of the nuclear receptor superfamily, DAX1, which has a
ligand-binding domain, but a novel N-terminal domain instead of a zinc ¢nger
DNA-binding domain. It is unclear whether DAX1 can bind DNA by itself, but
there is substantial evidence that it interacts with SF1, a more typical orphan
nuclear receptor, recruiting co-repressors and changing the activity of SF1 from
that of transcriptional activator to repressor (e.g.Nachtigal et al 1998,Kawabe et al
1999). It is therefore simple to imagine that it canwork as an antitestis gene, simply
by antagonizing SF1.As Sox9 expression probably depends on SF1, this is likely to
be the critical point at which excess DAX1 leads to sex reversal. However, DAX1
has also been implicated as a repressor of Amh expression (Nachtigal et al 1998).
While the two genes are hardly co-expressed�Dax1 being down-regulated in the
testis coincident with the up-regulation ofAmh� it is possible that the persistent
expression of DAX1 in the ovary serves to ensure that AMH is not made in the
female embryo.
Interestingly, at least the initiation of expression of Dax1 in the genital ridge

depends on SF1 and perhaps some of the other ‘positive factors’. We showed that
an 11 kb 5’ fragment fromDax1 is su⁄cient to drive expression of reporter genes
within the developing gonad in a pattern identical to that of the endogenous gene
(Swain et al 1998). Further characterization of this 11 kb has delineated an SF1
binding site that is essential to the initiation of this expression. Moreover the
endogenous Dax1 gene is not expressed in Sf1 mutant genital ridges (Hoyle et al
2002). Therefore SF1 is directly responsible for the expression of its own
antagonist, which makes for an intriguing regulatory loop as well as stressing the
complexity of the network of interactions if viewed as awhole. It also reinforces the
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idea that SF1, and probably the other ‘positively’ acting factors grouped with it in
Fig. 1, are largely neutral in the decision to follow themale or female pathway. It is
just that the genes required for testis di¡erentiation are sensitive £owers and those
for the ovary are more robust.
From the above, it is clear that Sox9 plays a central role in mammalian sex

determination. It is a good candidate for a gene directly regulated by SRY.
Moreover, there is now substantial evidence suggesting that it is the only critical
gene downstream of SRY. These data include the following. Firstly, in transgenic
mouse experiments where Dax1 regulatory sequences were used to drive the
expression of human SOX9 speci¢cally in the genital ridge, only 1 out of more
than 20 independent transgenic mice or lines showed sex reversal, but this one
XXmale looked identical to those made with mouse Sry as a transgene (A. Swain
&R.Lovell-Badge, unpublished data). The reason for the low rate of sex reversal is
probably due to the transient nature of Dax1 expression in the male. In other
words, if the transgene begins to induce Sertoli cell di¡erentiation, then it will be
turned o¡. Perhaps the one case that worked had a su⁄ciently high level of SOX9
expression, such that it was able to induce expression of the endogenous Sox9 gene
via a feedback loop. Secondly, a case of sex reversal in humanswas reportedwhere a
duplication of 17q23-24 (the chromosomal region containing SOX9) led to XX
male development (Huang et al 1999). Thirdly, the best evidence comes from a
chance insertion of a transgene upstream of Sox9 that has led to the constitutive
activation of the gene in XX as well as XY gonads (Bishop et al 2000). Although
there is some dependency on genetic background, this is su⁄cient to cause male
development of all transgenicXXmice. The nature of themutation, termedOdsex,
is not understood, as it involves an insertion and deletion over 1 Mb upstream of
Sox9. It could be due to the loss of a negative regulatory element, to a less-speci¢c
long-range position e¡ect on chromatin or to a direct e¡ect of enhancer elements
contained within the transgene on Sox9 transcription. See also the recent paper by
Shedl and colleagues (Vidal et al 2001).

SRY action

It then becomes important to establish whether SRY directly regulates Sox9 and if
so, how this is achieved. An important question, still unanswered after 11 years, is
howdoes the SRYproteinwork? Is it a transcriptional activator or does it just exert
its e¡ects by altering chromatin structure, and howdoes it interact with any protein
partners? These questions have been di⁄cult to answer, partly because SRY has
evolved so rapidly, such that the only part of the protein showing any
conservation is the HMG box DNA binding domain (Whit¢eld et al 1993,
Tucker & Lundrigan 1993, Hacker et al 1995). Indeed, if the mouse and human
genes are compared there is no homology outside the box, including the rest of the

10 LOVELL-BADGE ET AL



open reading frame, 5’ and3’untranslated regions, and£ankingDNA.This implies
that the only functional part of the gene is the HMG box itself. This seems to be
borne out by mutation studies in cases of XY female sex reversal in humans,
where almost all point mutations are located within the box. If the N and C-
terminal domains were important then mutations a¡ecting these would also have
been frequent. This is seen for SOX9, where mutations leading to campomelic
dysplasia can a¡ect either the HMG box or the C-terminal activation domain.
On the other hand, the extent of non-synonymous versus synonymous changes

in the non-box regions of SRY, as well as the non-uniform rate of change seen
when comparing groups of related species, implies that there is selection for
change, and therefore some function to these regions (Whit¢eld et al 1993). In
vitro assays have demonstrated that the C-terminal glutamine-rich region of the
mouse SRY protein can function as an activation domain, although only weakly,
whereas the human protein has no demonstrable activation properties (Dubin &
Ostrer 1994). Moreover, in recent experiments, Bowles et al (1999) showed that
translational stop codons engineered into the mouse Sry open reading frame
(ORF), either just C-terminal to the HMG box or just before the glutamine rich
region, prevented the ability of an Sry transgene to giveXXmale sex reversal. This
implied that the glutamine rich region was essential to mouse SRY function,
although with the caveat that the authors were unable to show the presence of
stable SRY protein in vivo because of the lack of suitable antibodies.
Finally, while a 14 kb genomic fragment of themouse Sry gene readily givesXX

male sex reversal in transgenicmice, we had been unable to obtain sex reversal with
a 25 kb clone carrying the human SRY gene. This was despite showing that
transcripts were present in the genital ridge (Koopman et al 1991). This could be
interpreted as evidence that the mouse and human proteins act di¡erently,
implying that the conserved HMG box is not su⁄cient and that the other
domains of the protein are important, presumably through interactions with
other proteins. Indeed, interactions with other proteins have been shown in vitro
for both the mouse and human C-terminal domains, albeit with di¡erent proteins
in each case (Poulat et al 1997, Zhang et al 1999).
However, an alternative explanation is simply that the human gene is not

correctly expressed in mice. It could be a quantitative problem, where levels of
expression from the human SRY transgene are insu⁄cient to act in the mouse.
Indeed, it is possible that regulatory regions may be missing from the 25 kb
genomic region, or that the human and mouse genes could be regulated in
substantially di¡erent ways. To address this question, we have engineered two
transgene constructs that are hybrids between the mouse and human sequences
(C. Canning, I. Bar, G. Penney and R. Lovell-Badge, unpublished data). In the
¢rst, the mouse HMG box was replaced with the human N-terminal domain and
HMG box, in the context of the mouse regulatory sequences contained within the
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14 kb genomic region. This functioned e⁄ciently in transgenic mice, giving XX
male sex reversal. This shows that the human and mouse HMG boxes are
interchangeable and is in line with similar experiments by Eicher and colleagues
(Bergstrom et al 2000), who showed that the mouse SRY HMG box could be
replaced with that of either SOX3 or SOX9 and still function. However, in all
these experiments the C-terminal glutamine-rich domain of mouse SRY was still
present.We therefore engineered a second construct where the whole human SRY
ORF was inserted in the context of the mouse regulatory sequences, including its
own stop codon, so the only protein that could be made was that of human SRY.
This was also able to give sex reversal in transgenic mice. The resulting XXmales
were identical in phenotype to those produced with the mouse Sry transgene and
we could detect human SRY protein of the correct size within the genital ridge at
11.5 dpc. Therefore, despite the extensive sequence di¡erences, both human and
mouse SRY proteins can function in mice, and there is no requirement for the
glutamine-rich region or, presumably, any transactivation domain. It is still
possible that relevant factors that interact with the human SRY C-terminal
domain are present in mice, but given that this is just one representative of the
many di¡erent SRY sequences existing in mammals, each of which would have
to have its own speci¢c partner, the simplest explanation is that there is no
requirement for the non-box domains in sex determination. However, it is
conceivable that SRY could have additional (male-speci¢c) functions for which
the non-box regions are required. Such functions could include anything from
spermatogenesis to male behaviour, for which there could be selection to account
for the rapid evolution of the sequence.
It is likely then, that for the role of SRY in sex determination, all that is required

is an HMGbox of the right type, expressed in a stable form at the appropriate time
during gonadal development. In which case, although the HMG box will almost
certainly be involved in interactions with other proteins, SRYmay be acting solely
as an architectural factor altering local chromatin structure at its binding site in a
critical enhancer region of its target gene(s) (Pontiggia et al 1994). To really prove
this, however, such an enhancer has to be found.

The relationship between SRY and SOX9

As discussed above, Sox9 is the best candidatewe have for a direct target of SRY.A
high level of Sox9 expression correlates with the presence of Sry: it is seen in both
XY andXX Sry transgenic genital ridges and is absent from genital ridges that will
develop as ovaries, whether XX or carrying a Y chromosome deleted for Sry.
These genetic arguments are therefore consistent with Sox9 being a downstream
gene, although they cannot prove it is a direct target. To further explore this
possibility, we wanted to look in detail at how SRY and SOX9 are expressed
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during early testis development. As yet, we and others have been unable to derive
good antibodies against mouse SRY, so we took an alternative strategy, inserting
six copies of an epitope tag at the C-terminus of the SryORF, in the context of the
mouse 14 kb genomic region. This was then used to derive transgenic mice. The
tagged protein was functional, in that it causedXXmale sex reversal, and could be
detected by antibodies to the MYC epitope in the genital ridge. Co-localization
experiments using antibodies against SOX9 allowed us to conclude that SRY is
not expressed in cells of the coelomic epithelium, but is ¢rst found in cells just
below this layer. SOX9 is induced shortly after the onset of SRY expression,
perhaps within a few hours, but SRY is then rapidly lost as there are relatively
few double-positive cells. We also made use of a second Sry transgenic construct,
where a human placental alkaline phosphatase (HPLAP) reporter gene was
inserted at the beginning of the ORF. This transgene does not allow expression
of the SRY protein, so it does not cause sex reversal, but because HPLAP is a
very stable enzyme, it acts as a short-term lineage label allowing us to tell which
cells were expressing Sry at 12.5 dpc, at a time when transcripts for both the
transgene and endogenous Sry are no longer present. When combined with the
antibody data, we can conclude that all cells that have expressed Sry become
Sertoli cells and, importantly no other cell type. Details of these experiments will
be reported elsewhere (R. Sekido, I. Bar, V. Narvaez & R. Lovell-Badge,
unpublished data), but the conclusions are summarized in Fig. 2.
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Combining our data with those of Blanche Capel and co-workers (Martineau et
al 1997, Karl & Capel 1998, Tilmann & Capel 1999, Schmahl et al 2000), we can
propose a model that relates gene expression with the cell biology of the
developing testis. At about 10.5 dpc, some SF1-positive cells within the coelomic
epithelium divide, giving rise to daughter cells that enter the early genital ridge.
These adopt two separate fates, one giving rise to an interstitial cell type of no
known function, the other begins to express Sry. Once SRY protein accumulates
above a critical threshold it induces a high level of SOX9 expression. These cells
then signal back to the overlying coelomic epithelium to trigger an increase in
proliferation of SF1-positive cells, the daughter cells of which then enter the
genital ridge, giving rise to more interstitial and Sry-expressing cells. This cycle
continues, with the coelomic epithelium acting as a factory generating more pre-
Sertoli cells (although these also proliferate within the gonad), until shortly after
11.5 dpc when the process stops, coincident with the coelomic epithelium
becoming SF1-negative. By this stage, Sox9 expression will have also initiated
the expression of other genes, such as Amh, and led to the repression of Sry and
Dax1. The di¡erentiating Sertoli cells also produce signals responsible for the
migration of peritubular myoid and endothelial cells into the genital ridge from
the mesonephros. Conceivably, the presence of these cells could be responsible
for repressing further recruitment from the coelomic epithelium. It is possible
that FGF9 is the signal responsible for proliferation or recruitment of cells from
the coelomic epithelium and for the migration from the mesonephros (Colvin et al
2001).
The co-localization of SOX9 and SRYwithin the same cells and the rapid onset

of SOX9 expression following the appearance of SRY is again entirely consistent
with Sox9 being a direct target of SRY. However, to prove this, it is still necessary
to de¢ne the critical regulatory sequence responsible for the Sertoli cell-speci¢c
expression of Sox9. This poses a problem, however. In vitro cell transfection
experiments suggested that a small 5’ region adjacent to the Sox9 promoter could
drive reporter gene expression in cells isolated from the early testis, but this same
region did not work in transgenic mice to give any expression within the gonad
(Kanai & Koopman 1999). In fact, human mutation studies, where translocation
breakpoints leading to campomelic dysplasia and sex reversal were found to map
up to a megabase 5’ to SOX9, and transgenic experiments using YACs containing
up to 350 kb of SOX9 genomic sequence, both suggested that the critical
regulatory regions map a long way from the gene itself (Wunderle et al 1998,
Pfeifer et al 1999). However, it is possible that Sox9 is just particularly sensitive
to long range position e¡ects. We have therefore begun to readdress this
problem, beginning with a mouse Sox9 BAC clone including about 70 kb 5’ and
30 kb 3’ £anking DNA, into which a b-galactosidase reporter gene has been
engineered (R. Sekido & R. Lovell-Badge, unpublished results). In preliminary
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experiments this can give robust Sertoli cell-speci¢c expression within the gonads
of transgenic mice. It does not reproduce all the other sites of Sox9 expression, for
example within developing cartilage, but this result does suggest that it will be
possible to de¢ne the critical regulatory region that responds to SRY by further
analysis of the sequences contained within this BAC.

Conclusions

Considerable progress has been made over the last 11 years, such that it is now
possible at least to formulate reasonable models of how sex determination may
work in mammals. An impressive number of genes have been discovered that
clearly play an important role in the process. Moreover, from the model of the
network of gene interactions outlined in Fig. 1, one can imagine how this can be
altered in evolution, simply by changing the rate-limiting step. This can explain
how sex determination can work in the few mammalian species that do not have
Sry (Just et al 1995) and perhaps also in other vertebrates using a completely
di¡erent switch, such as the ZZ/ZW system of birds or environmental
mechanisms in reptiles. One could even choose a di¡erent cell lineage to be the
critical one� for example, steroidogenesis seems to play a more leading role in
sex determination in many lower vertebrates.
However,we are no doubt still missingmany relevant genes, in particular for the

female pathway, both those that can be considered antitestis genes and those that
are actively required for the speci¢cation of the cell types characteristic of the
ovary. We are also missing many of the details of gene, protein and cellular
interactions, which are necessary for a true understanding of the process. All of
this should keep us o¡ the streets for at least the next 10 years.
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DISCUSSION

Wilkins: It is clear that there is a complex network of interactions taking place
here. If there are evolutionary pressures to change the timing of expression of one
component, this will have knock-on e¡ects on other components. It is possible that
the early Sox9 expression in mammals is in some way a response to selective
pressures. I would submit that in order to make sense of such shifts in expression,
we have to understand the whole network (which is di⁄cult) and compare it in all
these organisms.
A speci¢c question: it seemed to me that the Dmrt genes were conspicuous by

their absence in your diagram. How do they ¢t into your scheme?
Lovell-Badge: I think they are important. But the experiments don’t quite show

this yet. This is probably because of functional redundancy.
Zarkower: We have some preliminary results that show that Dmrt1 can cause

some sex reversal if we sensitize the background. On the basis of the
evolutionary conservation of early male-speci¢c expression among a range of
vertebrates, it seems likely thatDmrt1 has early as well as late functions.
Burgoyne:Roger Short, I felt you threwdown the gauntlet in your introduction in

suggesting that the germ cells have a role in gonadal sex determination. One of my
main research interests is in the genetic basis for germ cell sex di¡erentiation; I
nevertheless feel that I should support the soma view. You have to di¡erentiate
between the determination process� that is, the fate decision to go down the
male or female pathways�and the di¡erentiation process itself. If you take an
XX Sry gonad or an XO Sry gonad, the soma imposes the fate decision for the
germ cells to go down the male pathway, because they become
prospermatogonia and not oocytes. Subsequently, XX germ cells with Sry don’t
make it very far down the process, because two X chromosomes become lethal.
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XO germ cells make stem cell spermatogonia and then they arrest because they
need genes on the Y chromosome. However, these are both requirements for the
di¡erentiation process; the fate decision is imposed by the gonad. I would say that
sex determination of the germ cells is mediated by the supporting cells.
Short: I agree, but I would still like to knowwhy two X chromosomes are lethal

to a male germ cell. What is it about the second X that is inducing lethality?
Capel:Why can’t it be di¡erent for the two sexes? In the female, the germ cells do

control the pathway; in the male, Sry interferes with the ability of the germ cells to
control the pathway. What I am suggesting is that in the absence of Sry the germ
cells will enter meiosis and dictate the formation of an ovary.
Burgoyne:They interact back on the system and are involved in the di¡erentiation

process.
Capel: But in the presence of Sry their ability to enter meiosis is blocked. The

soma is then imposing the male pathway, whereas in the absence of Sry the germ
cells are imposing the female pathway.
McLaren:All the germ cells are probably pre-programmed cell-autonomously to

entermeiosis and follow the female pathway, unless they are prevented from doing
so by the testis (McLaren& Southee 1997).We don’t knowwhether Sry or Sox9 is
needed in the testis for the inhibition of meiosis, but it is clearly something to do
with Sertoli cells. In the testis, di¡erentiation of the somatic component occurs
even without germ cells, but in the di¡erentiation of the ovary the female germ
cells call the tune (McLaren 2000).
InXX$XYchimeras, one gets a small number ofXXSertoli cells. They almost

certainly express Sox9. There are only a fewof them, so it is not likeBlancheCapel’s
sandwich experiment in which she seems to see many XX Sox9-expressing cells
induced. Do you think it is the other Sry- and Sox9-positive Sertoli cells
who are inducing neighbours? In your ¢rst diagram you had SOX9 directly
regulating its own expression: could there also be a paracrine e¡ect on Sox9
regulation?
Lovell-Badge: It might well be exactly the same thing that Blanche Capel was

seeing with the migration. The XX Sertoli cells may di¡erentiate slightly later.
The initial Sertoli cells form because of Sry, and then if they are su⁄cient to
induce the migration, there will be some XX cells induced to express Sox9,
which become Sertoli cells.
Mittwoch: I have a question relating to the di¡erence between human andmouse

Sry. IfSry induces cell proliferation, onewould expect the rate of proliferation to be
di¡erent in humans andmice. Did I understand correctly that the e¡ect of Sry does
not depend on the protein, but on the regulatory sequences? Are they likely to
specify the rate of proliferation?
Lovell-Badge:The proliferation is not directly due to Sry. It is due to the action of

Sox9. The role of Sry is only to activate Sox9 expression. The transgenic studies
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showing that the human SRY protein can work in mice tell us that the only part
of the protein needed is the HMG box. Eva Eicher has done some experiments
showing that the HMG box from other SOX proteins can be swapped. All that
is needed is the expression of an HMG box of this type at the right time. This
is su⁄cient to induce Sox9 expression, and everything else follows on from
that.
Harley: I would add that higher doses of SOX3 and SOX9 HMG box were

required to replace SRY in Eicher’s experiments, because di¡erent HMG boxes
have di¡erent DNA sequence speci¢city. Can you comment on Harry Ostrer’s
experiments showing that the polyglutamine-rich region of mouse SRY can
function as a transcriptional activation domain?
Lovell-Badge: There have been several reports about this. It is possible that it

could work by making it a slightly stronger protein, bringing in its own
transactivating domain. But this is clearly not necessary. There is no similar
activation domain in the human SRY protein.
Schedl:Your data support the idea that Sox9 can substitute for Sry function. We

have done some experiments that also support this idea. I will report on these data
in my paper (Guo et al 2002, this volume).
Graves: I have a question about the interaction between Sry and Sox9. Your

co-expression studies are very nice, but do they show that there is a direct
interaction?
Lovell-Badge: Unfortunately, not quite. The only way we will be able to prove

this is by ¢nding the regulatory region on Sox9where SRY binds. We assume that
there is going to be a critical region where SRY can bind. It is possible that there is
an autoregulatory feedback where SOX9 could also bind to this site. There may
also be an SF1 binding site. However, looking in 70 kb of sequence we ¢nd a lot of
potential sites for all the factors.
Behringer:Coming back to the expression of SOX9, have you looked at 10.5 days

in the male and female? It should also be switched on in the female. Does the Sox9
regulatory sequence have a switch element, or a gonad-speci¢c element?
Lovell-Badge:We see a low level of expression in both sexes at early stages.
Behringer: The wholemount in situ suggests it should be more robust.
Lovell-Badge: It should be. Have you seen the early expression of Sox9 in both

sexes? Not everyone sees it. In some experiments we ¢nd it clearly; in others we
don’t. It really is at a low level.
Behringer: Sox9 is expressed dimorphically in other tissues such as the Mˇllerian

duct mesenchyme. Where else is the lacZ expressed?
Lovell-Badge: It is not expressed throughout much of the skeleton, for example.

There is a bit of expression around the dorsal aorta.
Behringer:What about in the Mˇllerian duct?
Lovell-Badge:Not really.
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Josso: I would like to return to the di¡erence in chronology between Sox9 and
Amh expression in mammals and birds. It is not as di¡erent as all that. Before Sox9
is expressed,Amh is expressed at a very low level. As soon as Sox9 appears,Amh
expression explodes and it is present at a high level. The only di¡erence is that a
little bit ofAmh is expressed before.
Sinclair:However, in the alligator we see very strong expression ofAmh before

Sox9 appears. This is also seen in the chicken.
Lovell-Badge: Chickens and alligators lack Sry. Perhaps there is not this early

phase of turning on of Sox9, and it only really comes on in response to the
migration of cells into the gonad.
Capel: In the alligator, one of the earliest indications of the male pathway is

proliferation. Does this occur before or after Sox9 appears?
Sinclair: Before.
Capel: So it is synchronous with the beginning ofAmhexpression. I think this is

also true in chickens.
Lovell-Badge: I think other things are happening ¢rst, with Sox9 being

downstream of the critical sex-determining genes in the chick. For example, SF1
could be more important forAmh expression.
Capel: I don’t know what to make of the timing di¡erences between Sox9 and

Amh.
Sinclair: Sox9 is clearly doing something later on, because it is being strongly up-

regulated.
Lovell-Badge: It is probably important for the regulation of other genes such as

Dmrt1.
Koopman: I would like to return to the structure^function data relating to Sry.

Robin, it seems to me that your data suggest that either a mouse or human HMG
box is needed, along with a mouse or human C-terminus, in any combination.
Lovell-Badge:That’s true for the HMG box. Also, Eva Eicher’s data show that a

Sox3 or Sox9HMG box would also work.
Koopman: Existing data suggest that some sort of C-terminus is needed

also.
Lovell-Badge:Yes, but this could just be for stability. Or it could be that Sry has

functions outside the gonad and that the reason why you have this rapid evolution
of Sry is not for its role in sex determination, but for roles outside the genital ridge.
For example, Sry could play a role in spermatogenesis, where it is known to be
expressed in some species, or in the brain. This is very speculative, but could Sry
be contributing to some aspects of behaviour that are sex speci¢c, and is this the
reason for its rapid evolution? The non-HMG box portion of the protein could be
there partly to give stability, but it could also be doing other things.
Wilkins: It is possible that some of the changes in Sry are being driven by

selective changes for these other functions, which would have required
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compensatory changes so that Sry could keep on doing its job with the molecules
that it interacts with in sex determination.
Short: If I remember correctly, some time ago that you said you thought Sry had

the fastest known rate of mutation of any gene. To what extent do you think the
rapidmutation rate of Sry is because it is stuck out there on the Y chromosome and
can’t get any recombination repair?
Lovell-Badge: It is clearly evolving faster than some other genes on the Y

chromosome, so that can’t be the whole explanation. I wouldn’t necessarily make
the claim that it was the fastest-evolving gene; that’s probably not the case. But it
certainly does have a rapid rate of evolution. If you compare di¡erent primate
species, the rate of Sry evolution isn’t constant among them. The di¡erence
between some species is much greater than that between others. This implies that
there may be selection.
Wilkins: I thinkwe should avoid speaking of a rapid rate ofmutation. Theremay

be a rapid rate of evolution, but the mutation rate is likely to be the same for all
genes.
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Early gonadal development: exploring

Wt1 and Sox9 function

Jian-Kan Guo, Annette Hammes, Marie-Christine Chaboissier, Valerie Vidal,
Yiming Xing, Frances Wong and Andreas Schedl1

Human Molecular Genetics Unit, University of Newcastle upon Tyne, Ridley Building,
Newcastle upon Tyne, NE1 7RU, UK

Abstract. Prior to sex determination the gonadal anlage is formed as a bipotential
primordium with the capacity to di¡erentiate into either testes or ovaries depending on
the presence or absence of the Sry gene. Knockout experiments have implicated ¢ve genes
in the formation or survival of the gonadal primordium: Wt1, Sf1, Lim1, Lhx9 and
Emx2. We are particularly interested in the Wilms’ tumour suppressor, WT1, which is
characterized by complex posttranscriptional modi¢cations. Here we will focus on
published in vitro evidence suggesting distinct functions for the various isoforms and
present our own results from in vivo experiments. Our data suggest that WT1 is an
important regulator of the transcription or stability of the sex-determining gene Sry.
One of the ¢rst genes expressed after the initial male sex-determining signal is the Sox9
gene. Human SOX9 has been implicated in male-to-female sex reversal. To analyse
Sox9 function in mouse development we have performed transgenic experiments and
ectopically expressed this gene in XX gonads. Our data indicate that Sox9 is su⁄cient
to induce testis formation in mice. Here we will discuss our new data and present an
updated model forWt1 and Sox9 function in gonad formation and sex determination.

2002 The genetics and biology of sex determination. Wiley Chichester (Novartis Foundation
Symposium 244) p 23^34

Genes involved in gonad formation and survival

The indi¡erent gonad in the mouse forms at embryonic day 10 as a swelling at the
ventromedial side of the mesonephros. Proliferation of the coelomic epithelium
results in the generation of the gonadal primordium, which due to the presence
or absence of the SRY protein then di¡erentiates along the male or female
pathway. Despite intensive research over the last few decades very little is known
about the molecular mechanism underlying the formation of the gonadal
primordium. So far we know of ¢ve genes which seem to play an essential role
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during this process: The Wilms’ tumour suppressor gene Wt1 (Kreidberg et al
1993), the steroidogenic factor Sf1 (Luo et al 1994), the Lim-type homeobox
containing genes Lim1 (Shawlot & Behringer 1995) and Lhx9 (Birk et al 2000)
and the evenskipped homologue Emx2 (Miyamoto et al 1997). Knockout
mutations in all of these genes result in mice lacking gonadal tissues, but the basis
for this phenotype is di¡erent. Whereas the gonadal anlagen in Wt1 and Sf1
knockout mice seem to undergo apoptosis, gonads in Lhx9 and Emx2 knockout
mice exhibit proliferative defects within the coelomic epithelium. The reason for
the absence of gonadal tissue in Lim1 knockout mice is still unclear, but recent
evidence suggests that it is required for the di¡erentiation of the intermediate
mesoderm (Tsang et al 2000). We are particularly interested in Wt1 and the role
of its various isoforms in the formation and di¡erentiation of the gonad.

Biochemical evidence for distinct functions of Wt1 isoforms

Wt1 is a complex gene. Through a combination of alternative splicing, RNA
editing and three alternative translation start sites as many as 24 di¡erent
isoforms are expressed from its locus (Fig. 1A). Of particular interest are
isoforms produced by the usage of an alternative splice donor site at the end of
exon 9 (Fig. 1), which leads to the insertion or omission of three amino acids
(KTS) between zinc ¢ngers 3 and 4. Because this insertion changes the spacing of
the zinc ¢ngers it has been proposed that it also changes the DNA binding
speci¢city of this protein. Indeed, in vitro studies demonstrated distinct consensus
sequences and a⁄nities to DNA (Laity et al 2000) and the two isoforms di¡er in
their potential to activate or repress the transcription from a variety of promoters
(for review see Menke et al 1998). Whereas�KTS variants are usually much more
potent transcriptional regulators in co-transfection studies, +KTS isoforms seem
to be able to bind to RNA. Moreover, the nuclear localization of WT1 seems to
change depending on the presence or absence of the three amino acids KTS.
Isoforms lacking the KTS sequence show a more di¡use staining whereas +KTS
variants localize in speckles, a pattern reminiscent of splicing factors (Larsson et al
1995, Englert et al 1995). Finally, recent biochemical results suggest that +KTS
products are associated with splicing complexes (Davies et al 1998, Ladomery
1997).

WT1mutations and urogenital abnormalities

WT1 has been identi¢ed as a genemutated inWilms’ tumour, an embryonic kidney
tumour a¡ecting 1 in 10 000 children (Haber et al 1990, Gessler et al 1990). Soon
after cloning it became clear that in addition to being a tumour suppressor,WT1
ful¢lsadditional functionsduringdevelopment.Firstly,patientswithheterozygous
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FIG. 1. Structure of WT1 and its various isoforms. (A) Through a combination of alternative
splicing (exon 5 and exon 9) RNA editing (exon 6) and three alternative translation start sites, as
many as 24 di¡erent isoforms of WT1 can be produced. (B) Schematic representation of the
two targeting constructs designed to interfere with the alternative splice donor sites at the end
of exon 9. Frasier mice mimic a mutation in Frasier patients and produce only WT1�KTS
variants. Mutations in KTS mice abolish the ¢rst splice donor site and result in +KTS
products only.



deletions of WT1 showed mild abnormalities in gonadal development, such as
hypospadias and cryptorchidism. Secondly, dominant point mutations in WT1
have been associated with Denys^Drash syndrome (DDS) (Pelletier et al 1991)
and Frasier syndrome (Klamt et al 1998, Barbaux et al 1997), which are
characterized by urogenital abnormalities ranging from hypospadias or sex
reversal to gonadal dysgenesis. Mutations in Frasier patients are intronic and a¡ect
the alternative splicing of WT1 within the zinc ¢nger region (Fig. 1). As a
consequence no +KTS isoforms are produced from the mutated allele.
Interestingly, Frasier mutations are dominant and both + and�KTS variants are
still expressed from the wild-type allele. We can therefore conclude that the ratio
between +KTS/�KTS is important for normal development in human. The
essential function for WT1 in gonad formation and survival was ¢nally
demonstrated using the knockout approach (Kreidberg et al 1993). Homozygotes
showed gonadal dysgenesis due to massive apoptosis in the gonadal primordium.

Splice-speci¢c knockouts demonstrate distinct functions in vivo

We have seen overwhelming evidence in vitro that + and �KTS products have
distinct biochemical and cellular properties. To address whether the two
alternatively spliced isoforms also serve distinct functions in vivo, we have
generated mouse strains lacking either + or �KTS variants (Hammes et al 2001).
For easier distinction of the two models we have named the mouse strain with the
mutation mimicking the mutation found in human Frasier patients as Frasier mice
and animals lacking �KTS products as KTS mice (Fig. 1B). In both models the
observed phenotype of homozygous animals was less severe than that observed in
complete knockout mice and the induction of kidney development occurred
normally. The two splice variants must therefore be able to complement for each
other at least to some extent. At later stages however there were clear-cut
di¡erences in particular during gonad formation. KTS mice showed a dramatic
increase in apoptosis at E11.5 of the developing gonad suggesting that this
isoform has an important function for cell survival. Interestingly, a recent
publication by Richard et al (2001) describes �KTS products as an important
factor for cell survival together with the prostate apoptosis response factor Par4.
Frasier homozygotes (lacking +KTS products) did not show an increase in
apoptosis and XX gonads developed normally. Frasier XY gonads, however,
never formed sex cords and developed along the female pathway. This male-to-
female sex reversal was also demonstrated on the molecular level. Expression of
Sox9 and Amh (Mis) was completely absent from Frasier XY gonads and Dax1
showed the female speci¢c expression pattern.
What is the function of the WT1+KTS protein during sex determination? Kim

et al (1999) have shown thatWT1�KTS isoforms can activate theDax1 promoter
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at least in vitro. They speculated that a reduction of +KTS isoforms may lead to an
increase of �KTS variants and consequently an up-regulation of Dax1.
Overexpression of Dax1 could indeed interfere with male development, as has
been demonstrated in transgenic studies (Swain et al 1998). Using a real-time
PCR approach we did not detect any signi¢cant increase of Dax1 expression
suggesting a distinct mechanism for the observed sex reversal in Frasier mice.
Another proposed target gene forWT1 is the sex-determining geneSry (Hossain

&Saunders 2001). Again the transcriptionally active form in their experimentswas
the �KTS variant, whereas +KTS proteins had no stimulating e¡ect on Sry
transcription. Interestingly, when we tested Frasier homozygous animals we
found a dramatic decrease of Sry expression indicating that WT1+KTS is the
more important isoform for Sry regulation in vivo. At present we do not know
whether +KTS variants are involved in transcriptional activation of the Sry gene
or whether they may act through a di¡erent mechanism. Given the evidence from
in vivostudies,which indicate a role for+KTS inRNAbinding (Kennedy et al 1996,
Caricasole et al 1996), it is tempting to speculate that it may be involved in
stabilising the Sry mRNA by binding to it. Future experiments will be aimed to
address this question.

Sox9 is su⁄cient to induce testis formation in XXmice

We have seen that WT1+KTS is required for the expression of high levels of the
sex determining gene Sry. Shortly after the induction of Sry expression, Sox9
becomes activated in the male gonad (Kent et al 1996, Morais da Silva et al 1996).
Several studies both in vitro and in vivo document the importance of this gene for
male development. Firstly, human patients with mutations in SOX9 su¡er from
Campomelic Dysplasia, a condition often associated with male-to-female sex
reversal (Foster et al 1994, Wagner et al 1994). Secondly, SOX9 is able to bind
and activate the anti-Mˇllerian hormone (AMH; also known as Mˇllerian
inhibiting substance, MIS) promoter both in vitro (De Santa Barbara et al 1998)
and in vivo (Arango et al 1999). The sex reversal found in human patients
suggested that SOX9 might also serve other functions besides the activation of
AMH during sex determination, since Amh knockout mice show
pseudohermaphroditism rather than a complete sex reversal. To answer this
question we brought the mouse Sox9 gene under control of an ectopic promoter
expressed in both male and female gonads (Fig. 2; Vidal et al 2001). As Wt1 is
expressed in XX and XY animals from the earliest stages of urogenital
development (E9.5), we decided to introduce the Sox9 gene into a yeast arti¢cial
chromosome (YAC) construct containing themouseWt1 locus (Scholz et al 1997).
We expected that such a YAC knock-in approach would result in the expression of
Sox9 in a Wt1 speci¢c pattern. XY transgenic animals generated with this
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construct developed normally and were fertile. In contrast XXmice transgenic for
Wt1-Sox9 developed testes,with apparently normal Sertoli andLeydig cells.Germ
cells were almost entirely absent, due to the presence of the two X chromosomes
(Hunt et al 1998). Taken together these data suggest that Sox9 can substitute for
Sry and induce testis formation.

Conclusions

Wt1 and Sox9 are key players during embryonic development. Here we have
shown yet another facet of the variety of actions these genes can ful¢l in gonad
formation and sex determination. Taken together our data suggest a new model
for the involvement of Wt1 and Sox9 in gonad formation (Fig. 3). Proliferation
of the coelomic epithelium leads to the development of the undi¡erentiated
gonad. �KTS isoforms are required for the survival of the gonadal primordium
and KTS mice show increased apoptosis. In male gonads the sex determination
process is initiated by the expression of Sry. +KTS variants are required for high
levels of Sry expression and consequently the activation of other male speci¢c
genes such as Sox9 and Amh. It seems that Sry is only required for a very short
time, possibly for the activation of Sox9. Once activated Sox9 on its own or
through interaction with other proteins regulates genes such as Amh, but also
other genes important during sex determination. Future research will focus on
the identi¢cation of these downstream targets and how they initiate Sertoli cell
di¡erentiation.
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FIG. 2. YAC knock-in approach to address Sox9 function in vivo.The Sox9 genomic locus was
homologously recombined into amouseWt1YACand transgenicmicewere generatedwith this
construct. Regulation of Sox9 occurred through WT1 regulatory regions encoded on the YAC
and consequently expression in both XX and XY gonads was detected.
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DISCUSSION

Short: I knowwe are not supposed to be discussing the kidney, but doesWt1 do
anything to the development of the mesonephric kidney? One might imagine that
lesions in the mesonephric kidney would seriously interfere with genital ridge
formation.
Schedl: That is a good point. TheWt1 knockout mice have fewer mesonephric

tubules. Other than this, I don’t think much work has been done on the
mesonephros.
Short:Does the genital ridge form normally in these mice?
Schedl:They have a genital ridge, but this undergoes apoptosis at about day 11.5.

This is very similar to what we see in the�KTS knockout.
Koopman:What is the e¡ect of ectopic expression of Sox9 in the kidney?
Schedl: There is no e¡ect. The mice seem to be completely normal. In the kidney

Sox9 is expressed at the ureteric tip, whereasWt1 is expressed in the metanephric
mesenchyme. I think Sox9 has to work in the epithelial component, at least in the
kidney.
Lovell-Badge: In these experiments, can you distinguish the transgene expression

from that of the endogenous gene, and do you see activation of the endogenous
gene?
Schedl:We started to do this experiment, but the ¢rst trial failed. I can’t comment

on this. In principal, we should be able to distinguish between the two.
Renfree: In your transgenic sex-reversalmice, are the testes smaller?You said that

the number of germ cells is reduced: are they completely abolished or do they
disappear in the long-term?
Schedl:They are a lot smaller. The size is prettymuch the same during embryonic

development, but then when proliferation of the germ cells occurs in wild-type
mice, germ cells in knockout mice undergo apoptosis. The reduction of size is
almost certainly due to the fact that there is a second X chromosome. This is also
seen in the Sry sex-reversal mice.
McLaren: Do you know whether the functional di¡erence between the two

isoforms is due to the presence or absence of KTS amino acids, or is it a spacing
phenomenon?
Schedl: Nick Hastie’s lab has done some experiments that address this question

(Davies et al 2000). It looks as if it is a spacing e¡ect. Pu¡er ¢sh also hasWt1, with
one of the amino acids replaced.
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Behringer:Do you think that any SOXprotein expressed with theWt1promoter
would cause sex reversal?
Schedl: I don’t think that just any SOXprotein would, but I do think that SOX8

and SOX10 would.
Carmerino: What happens to the adrenals when Sox9 is ectopically

expressed?
Schedl:Ectopic expression of Sox9 in the adrenal doesn’t seem to have any e¡ect.

We have tried to express Sox9 under an adrenal-speci¢c promoter, which didn’t
work because no decent promoters are available. Interestingly, the Wt1 gene is
not expressed in the adrenal glands once they are distinguishable from the
gonads. Since Wt1 is important for adrenal formation, I assume it must be
expressed very early on in the adrenal/genital primordium.
Capel: If you think the+KTS isoformnormally bindsRNAand you believe that

this is the isoform that is important for testis determination, has anyone looked to
see whetherWt1 binds the Sry RNA, for example?
Schedl:We are doing this at the moment.
Capel: Robin Lovell-Badge’s lab made a construct that he used to express the

human SRY gene, and Peter Koopman did a similar experiment and got a
di¡erent result. What is di¡erent about these two constructs? Could it have
something to do with the RNA?
Green¢eld: Robin, with your mouse Sry transgenes, have you any evidence that

the CAG-rich domain might be required for transcriptional regulation?
Lovell-Badge: We have not tried to address this yet. We know that if you

delete the 3’ end then you don’t get expression. If you delete the 5’ end you
can still get expression. It is clear that there is something about the 3’ end that is
important.
Koopman: Some of the transgenic mouse experiments that we have done have

implicated the 3’ UTR in the regulation of the function of Sry.
Wilkins: When a molecule shows multiple functions, there has usually been a

sequence of acquisitions of these capacities. Has anyone looked at Wt1 functions
in other vertebrates, in particular in ¢sh?
Schedl:NickHastie’s lab has done an evolutionary study onWt1. I have told you

about two alternative splices. The ¢rst one is exon 5, and this seems to be very
mammalian speci¢c. It doesn’t occur in alligator and ¢sh. The KTS sequence is
present whereverWt1 is found, so this seems to be a hallmark ofWt1.
Harley:Has anyone done RNA splicing assays with KTS?
Schedl:Nick Hastie’s lab is trying to do this. What they ¢nd is that it co-puri¢es

with the active splicing component, but there is no functional evidence that it
actually does anything (LaDomery et al 1999). If it is working on a speci¢c
molecule or RNA, then this will be very di⁄cult to see: you would ¢rst have to
identify the target to know what to put into the splicing assay.
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Behringer: Do I understand correctly that overexpression of Sox9 in the male
gonad is not detrimental?
Schedl:We can’t really conclude this because we don’t know whether there is an

autoregulatory loop that switches o¡ the endogenous Sox9 gene. I don’t think we
have huge amounts of Sox9 expression in our transgenic animal.
Swain: In your transgenic experiment howdo you know that SOX9 is acting like

the endogenous SOX9 protein and not just acting through its HMG box domain?
It has been suggested that the only active part of SRY is theHMGbox domain, and
because your levels are low, it could be argued that SOX9 is just working as SRY,
by providing an HMG box domain.
Schedl: So you are suggesting that SOX9 can substitute for SRY function.
Swain: You need to repeat your experiment with a SOX9 protein that lacks the

transactivation domain in order to argue that SOX9 is actually working as the
endogenous SOX9.
Goodfellow: You need to look at the timing of the expression. If you are right, it

should be expressed very early.
Swain: Right, and you wouldn’t need that much. This is also consistent with

your results.
Renfree:Andreas Schedl, what do you thinkWt1 is doing in the Sertoli cells? Is it

produced all the way through to adult life, or just at certain stages?
Schedl: Wt1 is produced throughout adult life in the Sertoli cells, but I have no

idea what it does. It seems to be involved in fertility. Our own unpublished data
suggest that mice with low levels ofWt1 expression in the adult testis are initially
fertile and then become quite rapidly infertile. Sertoli cells are supporting cells, and
they are important for getting the germ cells to develop into sperm.
Lovell-Badge:What is the role ofWt1 in apoptosis?
Schedl:Again,we don’t really knowmuch about this.About 50 target genes have

been identi¢ed in vitro using transfection assays of cells. But I don’t believe most of
them. Bcl2 is one of the target genes identi¢ed that way. Unfortunately,Wt1 will
a¡ect almost any promoter, because there is a binding site on almost any promoter:
it is a CG-rich binding site and most genes have CPG islands. If you put large
amounts of DNA and protein into a cell, they will bind to each other.
Goodfellow: I think the experiment that Andreas Schedl has done is a crucial one.

We are all circling around the same point, which is that we need to understand
whether this is a box e¡ect. This is one of the big puzzles about SRY: it just looks
like a box. We need to understand the biochemistry of what happens when you
deliver a box. Presumably, if its action is due to a box e¡ect, it must be soaking
up some limiting factor at a crucial point in time. The experiments performed by
Eva Eicher imply that the box is not a speci¢c component, although it would have
been more compelling if she had used a more diverse box than the SOX9 box. If I
have understood properly, you could set up this experiment to get the answer. The
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prediction is that you will see early expression of the transgene that will switch on
the normal expression of the endogenous Sox9 gene, and this is what is causing sex
reversal. If it is not doing this, then the interpretation must be that Sox9 itself is
responsible for the sex reversal.
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General discussion I

The mechanism of action of SRY

Koopman: There seem to be two schools of thought on the function of SRY
protein. One is that SRY is just an HMG box with some dangly bits, and the
other is that SRY is an HMG box in combiantion with another important part at
the C-terminus.We seem to be going o¡ on the ‘SRY as just a box’ tangent without
thinking this through carefully enough. My understanding of the biochemistry
suggests that all SOX proteins (and SRY would have to be included) achieve
target speci¢city and complex protein^protein interactions that allow them to
function as individual proteins with diverse roles in development by having an
HMG box and other important protein domains. To assume that any of the SOX
proteins, including SRY, acts just by binding and bending, doesn’t explain how
SRY does what it does�how it binds to certain target genes and not others.
Goodfellow:Wedon’t know that it binds to any target genes.What is the evidence

that it does?
Koopman: There’s a lot of evidence that the HMG box binds to speci¢c DNA

targets.
Goodfellow: There is evidence that the HMG box can bind to DNA, but there is

no evidence that it binds to speci¢c targets.
Koopman: It binds to speci¢c target sequences in DNA, not necessarily speci¢c

DNA targets.
Lovell-Badge: If mutations occur which a¡ect all the properties that you are

talking about, then sex reversal occurs.
Koopman:We know that certain classes of mutations in humans that a¡ect DNA

binding cause sex reversal.
Goodfellow: But you don’t knowwhat else they a¡ect. You don’t know that they

don’t a¡ect protein^protein interactions.
Harley: It is interesting that SRYmutations cause complete gonadal dysgenesis,

despite the fact that point mutations can have quite variable biochemical activities,
from wild-type-like activity (in terms of DNA binding) to complete abolition of
that activity. Surely this suggests the existence of other activities that as yet are
unknown.
Goodfellow: In the experiments in which you showed that SRY lost the ability to

bind and bend to DNA, could you rule out stability of the protein structure as a
contributory factor?
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Harley:No.
Goodfellow: If that is the case, the argument that Peter Koopman is making

doesn’t rule out it being an e¡ect on protein^protein interaction.
Harley: We have data showing that a couple of sex-reversing campomelic

dysplasia (CD) mutations do a¡ect stability, and this in turn a¡ects its ability to
be recognized by its nuclear receptor importin b and be translocated into the
nucleus. Regardless of DNA binding activity, if it is not getting into the nucleus
it can’t do its job.
Lovell-Badge: Is anyone aware of mutations outside the HMG box that are really

having an e¡ect on its potential DNA binding activity?
Harley: I have measured two sex-reversing mutations in SRY, one in the

N-terminal region and the other in the C-terminal region, and neither have e¡ects
onDNA binding or bending. One is a familial mutation with wild-type-like DNA
binding activities.
Poulat: We say that SRY is only a box. We can exchange this box with other

boxes; we ¢nd patients with CD who have a truncation of the SOX9 C-terminal
domain. Basically we have a truncated SOX9 protein, which is also more-or-less
only a box: nevertheless, in this casewe have sex reversal. It would be interesting to
see whether this kind of truncated protein has any e¡ect when expressed under the
SRY promoter. Perhaps we are focusing too much on the box. I can’t believe that
proteins such as SRY could bemaintained like that in evolution.When you look at
mammals, the N-terminal and C-terminal domains are still there. If these regions
were of no interest, they may well have been lost.
Goodfellow:That is exactly what has happened.
Poulat: Something has been retained; at least at the C-terminus.
Goodfellow: There’s very little homology at the C-terminus.
Poulat:We are attempting to explain the function of proteins just by comparing

the sequence. Perhaps the important molecular structures are what have been
retained.
Lovell-Badge: The experiments I talked about in which I replaced the human

ORF in the mouse regulatory region show that the human protein can work in
mice. You could imagine a scheme where there are interacting partners present
that interact with the C-terminal domain, which just happen to be there in the
mouse but aren’t normally used with the mouse protein, but it is a little weird.
Poulat: For sure, but there is a sex reversal that has been described where the

C-terminal part of SRY is cut by a stop codon.
Lovell-Badge:There has to be protein stability.
Poulat: But can we explain everything by stability?
Lovell-Badge: We know that SRY has to be expressed above a particular

threshold. It is not normally expressed much above that threshold. Even just a
small reduction in activity is su⁄cient to prevent it working properly. A lot of
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the e¡ects that we are looking atmay be very weak ones.We know from transgenic
experiments that just expressing 50% of the normal level is frequently insu⁄cient
to give you sex reversal.
Goodfellow: It’s clear that we can’t rule out a speci¢c sequence to which it binds

and so on, but the dosage argument suggests that we are dealing with some other
limiting component. The arguments that Robin Lovell-Badge has mentioned all
suggest the model where SRY is titrating a component in competition which
would have bound to something else. This is the theory that is most consistent
with the lack of conservation of the sequence outside the box. It is also consistent
with the suggestion from the current data that any box will do.What we should be
looking for are the components that form part of a complexwith the box. It is even
possible that you needDNAorRNA in order to form the complex, but the speci¢c
sequence at which SRY binds could be irrelevant, because what it is doing is
absorbing some limiting factor.
Swain: It may also be that transcription at the Sox9 locus is particularly sensitive

to chromatin changes. The binding of an HMG box to the locus could make a big
di¡erence, which might be dependent on levels of protein. You could argue that
the phenotype seen inColinBishop’s transgenic experiment (Bishop et al 2000)was
due to a change in chromatin that occurred distally to the gonad-speci¢c promoter
elements, which are much closer to the start of transcription.
Green¢eld: Robin, are you going to use your Myc epitope-tagged SRY to do

chromatin immunoprecipitation? This would be a good experiment to identify
the regulatory regions where it presumably binds.
Lovell-Badge:We are working up to do this.
Vilain: I know of two human sex-reversal cases with duplications of relatively

large chromosomal regions. One is a duplication of 22q that leads to XX sex
reversal (one case of XX hermaphrodite and one case of XX male). In the other,
there is duplication of 17p leading to an XXmale. What is interesting about these
two cases is that these regions both contain SOX genes: 22q has SOX10 and
17p has SOX20. One could argue that any region that is duplicated in humans
that contains a SOX gene that happens to be expressed in the gonad may be able
to replace SRY just by dosage e¡ects. If you just double the dose you would be
able to replace SRY arti¢cially. One way to test this would be in transgenic
animals.
Lovell-Badge: Does anyone know what happens in the mole vole, which lacks

SRY? Could this be a duplication?
Graves: I don’t think anyone knows yet. Perhaps there is another SOX gene.
Green¢eld: There seems to be a picture emerging in which there are two

temporally distinct steps. Step one would be the appearance in the genital ridge
in the appropriate cell type of a stable HMG box protein. This may or may not
bind certain targets speci¢cally; it may or may not interact with other molecules.
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Step two is the subsequent appearance of another HMG box protein that is
transactivation dependent. Is this correct?
Koopman:All I am arguing against is the all importance of theHMGbox for SRY

function. I am not saying necessarily that it needs a transactivation domain. I’m
suggesting that there is some sort of protein interaction or target speci¢city
required.
Green¢eld:Howdo you explain Robin’s successful sex reversal in the absence of a

protein encoding that domain?
Koopman: Because, as I said before, Robin’s data are not incompatible with the

idea that you need anHMGbox of one type or another and a C-terminal part of the
protein that separate from the HMG box.
Green¢eld: So you are not specifying the kind of C-terminal protein.
Lovell-Badge: We would like to do similar experiments putting another SRY

protein in the context of the mouse regulatory sequences, such as the marsupial
SRY protein. If that works, then you would have to argue that all possible C-
terminal domains could work.
Koopman:But they are not just any old C-terminal domains: they are C-terminal

domains of SRY. These may not need to look similar at the sequence level to ful¢l
the same function.
Harley: Berta cloned a C-terminal interacting factor, which was a PDZ-like

protein. They have the property of binding almost any C-termini and then being
involved in intracellular signalling. Perhaps if you have a C-terminus it doesn’t
have to have sequence conservation, but some kind of recognition motif.
Behringer:Why can’t the HMG domain bind co-factors?
Koopman: It could. All I am saying is that I think there are other things going on

in addition to whatever functions the HMG box might mediate.
Goodfellow: Basically we can’t distinguish between any of the hypotheses. SRY

could be binding in a sequence-speci¢c manner and acting as an activator or a
repressor, or by blocking something else that would have bound to the site that
SRY binds to. Then you can work the same trick all the way through. The
speci¢city of the binding may actually be such that in the absence of other
information in the molecule, all HMG boxes will bind to a related set of
sequences, which are actually modi¢ed by the co-factors. Then you go for the
hypothesis that instead of blocking something that is binding, you are removing
a cofactor which would be used by another factor.
Behringer:What would be the de¢nitive experiments that we could all try?
Goodfellow: I think we need to ¢nd out which SOX boxes actually work and

which ones don’t. The problem with the current experiments is that we are in a
SOX9/SRY loop.
Behringer: Sowe should do the assay that Eva Eicher did, but just try more SOX

proteins.
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Goodfellow: I think this would at least give us a clue about where to look. Clearly,
if the chromatin precipitation experiments could actually get to target sequences,
this would be a remarkable step forward. I don’t like the experiments that involve
testing promoters for binding of SRY. Unless you know this happens in vivo, you
just get trapped in a loop that doesn’t take you forward.
Harley: Returning to the HMG box, most activities that I have looked at don’t

vary between HMG boxes. However, when you look at its intrinsic ability to
recognize speci¢c sequences in DNA from random pools, there is a conserved six
bases and then a wobble at each end. This wobble seems to be SOX speci¢c. SOX9
prefers an AG at one end and a GG at the other, whereas SRY prefers an AT and a
TT.Thismay be symptomatic of something in chromatin, but is the only di¡erence
that I have seen between those HMG boxes. This could also explain why three^
¢vefold mouse SOX3 or SOX9 HMG box expression is required to replace SRY
HMG box in Eva’s experiments.
Graves: My attitude to SRY has hardened somewhat by realizing what a very

recent gene it is. It has only been around for about 130 million years. It is
disappearing fast and has already gone in voles. It is probably is just a HMG box
that happened to be in the right place at the right time. And almost anything has
been attached to it in di¡erent species. In one marsupial a new intron has been
introduced probably only 14 million years ago and there is a new C-terminal
region that is completely unrelated to the regions in other species. If this sort of
thing can happen, I can’t see that evolutionarily it is terribly important what other
functions are added. Perhaps they are rather marginal functions. Perhaps it is
important to have a transactivation function in mouse, but not in other species.
Perhaps rodents have invented a completely di¡erent way to use SRY by adding
other functions on.
Short:How dowe explain facultative sex reversal in ¢sh? Is it possible to explain

how, on a social whim, ¢sh can change from testis to ovary and back to testis again?
Fernald: The problem is that we don’t know the mechanisms at the genetic level

in those animals. Many species have both gonads present in primitive forms and
one or the other gets turned on depending on the social situation. There isn’t
genetic understanding of the process.
Goodfellow: A tangential thought. If we look at nuclear hormone receptors, the

coactivators and corepressors that bind to the nuclear hormones are very ligand
dependent. One can start to de¢ne the biological activity of the nuclear hormone
receptor in terms of which drug is binding to the receptor, which coactivators are
binding, and then whether you are getting the full biological response. Our
knowledge of nuclear hormone receptors is an order of magnitude further
advanced than that of the SOX family of transcriptional regulators.
Capel: So you are suggesting a series of binary inputs into the activity of SRY

that could interact with a number of other things: each can be on or o¡.
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Goodfellow: I guess what I am saying is that we have ignored the cofactor
molecules in transcription factors for too long. This is why I was emphasizing
the possibility that we may be looking at soaking up a cofactor that is needed for
expression of another gene. I agree that there is no more evidence for this than
anything else.
Poulat: Concerning the level of expression of SRY, if SRY is just a box, it would

mean that in terms of ¢nding the targets, it would be extremely non-speci¢c. We
know that SRY is binding to ‘AACAAT’ that can be found in every gene. If you
want to have some speci¢c target in the nucleus for this box, you have to ¢ll your
nucleus with tons of box. The problem is that the expression level of SRY is
extremely low.
Goodfellow: Speci¢city could change if there is a cofactor.
Poulat: You have to restrict the speci¢city of the protein.
Goodfellow: All our experiments are done in a test tube with milligram levels of

SRY, or micrograms at least.
Harley: No, SRY binds at 10 nM levels, which is a respectable binding. SOX9

does as well. But these are to optimized binding sites. In the case of SOX9 binding
to its Col2 sites, it binds about fourfold less than at optimal sites.
Capel: I think it is a mistake to overlook the 3’ UTR in Sry. When we were ¢rst

working on the mouse transcript we identi¢ed the circular form that deletes the 3’
UTR. That transcript is not translated. For all we know, the 3’UTRof Sry controls
its translation in a speci¢c region of the cell where its concentration is very high.
We have not been looking at that level of regulation, and we should consider it
more carefully.
Vilain:We know that 3’ UTR deletion in humans results in XY sex reversal.
Capel:And it also seems to be required in themouse for e⁄cient sex reversal. I’m

convinced that this is an important element of the gene. For all we know, the RNA
is localized through the 3’ UTR, and where it is localized it is translated. Perhaps
this creates a localized high concentration. I’m just suggesting that there could be
many elements of regulation here that we are not in touch with.
Swain: AndWT1 might be involved in this process.
Goodfellow:Has any more work been done in those species where there has been

Sry ampli¢cation, looking for potentially co-ampli¢ed genes? The rat has 20 copies
of Sry, although it is not clear how many of these are active. Clearly, if one gene is
ampli¢ed, another related gene might also be ampli¢ed.
Schedl: Is there any other Sox gene apart from Sox9 expressed early on in the

gonad? There are so many of them now.
Lovell-Badge: Sox3 is expressed early on, albeit at a low level.
Schedl: I’m just asking because of this argument about boxes. If there is a

gene expressed at high levels you can argue that it might be a di¡erent HMG box
that doesn’t do the same job as SRY. If you ¢nd one that has quite high
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conservation in terms of the HMG box then perhaps the regions outside this are
important.
Graves: I continue to ¢nd Sox3 very interesting, because it is expressed early on

in the gonad and it is also pretty clear that it is the gene from which Sry evolved.
The two do have overlapping expression, even in mouse where the window is so
narrow. I wonder whether Sox3 is also involved in the interactions between Sry
and Sox9.
Lovell-Badge:We still don’t know about the function of Sox3. We ¢nally have a

conditional mutation through the germline, so we can now address this.
Graves: The whole issue of dosage comes in here. All these interactions seem to

be dose dependent, at least in humans. It is such a recurring theme in sex
determination, for other genes as well as the Sox genes.
Goodfellow: Peter Koopman, have you looked at the human genome sequence to

count the total number of SOX box genes?
Koopman: There are currently about 20 human SOX genes known.
Behringer: If I understand correctly, around the Sox9 gene the chromosome is

very gene vacant. This is interesting.
No one has really mentioned the double repressor model, which was pushed by

the odsex paper (Bishop et al 2000). Robin Lovell-Badge’s Sox9 regulation data
argue against this.
Capel: In what way?
Behringer: In the odsex paper there was a suggestion that the deletion, which is

way upstreamofwhereRobin isworking, had taken out a cis element thatwould be
required for this repression mechanism. Robin’s can switch without that cis
element.
Koopman: To me, the combined data suggest that there is a female-speci¢c

repressor of Sox9 that is a megabase upstream, and a male-speci¢c activator
element within 70 kb of the transcription start site.
Behringer: Robin’s female turns down lacZ expression.
Lovell-Badge: My view is that the sequences found a megabase upstream are

actually all to do with chromatin domains. The critical element is where you may
have an anti-testis gene product binding, andwe proposed at one point thatDAX1
could be involved here. Thus the role of SRY could still be to prevent that
repressor from binding.
Behringer: Is anything known about gene-vacant areas in chromatin? Is Sox9

unusual?
Lovell-Badge: How about Wt1? This has a long regulatory region that is gene

vacant.
Schedl: But we don’t know much aboutWt1 regulation, so it is di⁄cult to draw

any conclusions. I think Pax6, which is just next to it, also has very few genes
nearby. Wt1 and Pax6 are about 700 kb apart. After Pax6 follows a very gene-
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poor region and there is a regulatory element about 300 kb away, which seems to
have some kind of tissue-speci¢c element.
Scherer: As far as we have analysed the human SOX9 region, there is a 2Mb

intergenic distance 5’ and 500 kb 3’. From the cytogenetic data and from the
sequence it is a G band/R band transition zone, so the 5’ region is lower in GC
content than the 3’ region. GC regions are known to be generally gene poor.
Goodfellow: So no other genes have been found in this region by sequence

analysis.
Scherer: There are just two pseudogenes and a few non-coding transcripts with

no open reading frames.
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Anomalies of human sexual

development: clinical aspects and

genetic analysis

Eric Vilain

UCLADepartment of Human Genetics, CA, USA

Abstract. Disorders of human sex determination result in malformations of the external
and internal genitalia. These malformations may vary from sexual ambiguity to complete
sex reversal (XY female, XXmale). Most of the knowledge of the molecular mechanisms
involved in the mammalian sex determination pathway has been derived from the genetic
analysis of intersex patients. Clinical management of these conditions critically depends
on a precise understanding of their pathophysiology. Until recently, only transcription
factors such as SRY, SOX9, DAX1, WT1 and SF1 were known to be responsible for
abnormal gonadal development and sexual ambiguity. Gonadal dysgenesis may be
isolated, as in the case of SRY mutations, or associated with abnormal development of
other organs, such as bone or adrenals, consistent with the spatial expression pro¢le of the
disrupted genes (SOX9 or SF1). WNT4 is a new sex-determining signalling molecule.
Deletions of Wnt4 were shown to be responsible for the masculinization of XX mouse
pups while its duplication and overexpression in humans leads to XY sex reversal.
Similarly, duplications of loci containing DAX1 or SOX9 have also been shown to
cause sex reversal. These results support the emerging concept that mammalian sex
determination is dosage sensitive at multiple steps of its pathway.

2002 The genetics and biology of sex determination. Wiley, Chichester (Novartis Foundation
Symposium 244) p 43^56

Sexual development is the process by which external and internal genitalia are
formed. Its disruption results in various degrees of sexual anomalies. Sexual
development may be viewed as being composed of two processes: sex
determination and sexual di¡erentiation. This distinction, although somewhat
arti¢cial, has nevertheless proved important to the understanding of the medical
classi¢cation andmanagement of abnormalities of human sexual development. Sex
determination is the developmental decision that directs the orientation of the
undi¡erentiated embryo into a sexually dimorphic individual. In mammals, this
occurs during the development of the gonads. If mammalian embryos are
castrated early in development and reimplanted into the uterus, they all develop
into females, regardless of their genetic sex. This led the physiologist Jost to
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conclude that sex determination is synonymous with testis determination. In
essence, once the testes are formed in males, sex is determined. Following this sex
determination decision, the process of sexual di¡erentiation begins and the testes
start producing the male hormones testosterone and anti-Mˇllerian hormone
(AMH, also known as Mˇllerian inhibiting substance, MIS), which are
responsible for male sexual characteristics. This concept, veri¢ed in almost all
mammalian species, led to the search for a sex-determining gene that was a testis-
determining factor (TDF). When the karyotype of patients with Klinefelter
syndrome who are male (47, XXY) and Turner syndrome who are female (45, X)
were discovered, it became clear that the Y chromosome was sex-determining and
that TDF had to be located on the Y chromosome.

Human pathologies of sexual development

Malformations of genitalia occur with an estimated frequency of 1% and are
extremely varied in their presentation. In most cases, they are simple, isolated
variations of the ‘normal’ anatomy of external genitalia, such as an enlarged
clitoris, a small penis, an abnormal position of the urethral opening (known as
hypospadias) or undescended testes (referred to as cryptorchidism). In more rare
instances, these variations are so far from the normal anatomic standards that they
are referred to as ambiguous genitalia or intersex conditions.
In the last few years, there has been considerable debate over the clinical

management of these cases. In particular, the necessity of early sex assignment by
surgical methods has been highly controversial, as outcome data on large cohorts
of patients are still missing. In this context, understanding the mechanisms of
sexual development and the pathophysiology of intersex conditions has become
increasingly important. Endocrine and genetic advances in the biology of sexual
development are becoming an integral part of the decision-making process in
intersex cases.
Pathologies of sexual di¡erentiation are the most frequent and best understood.

The gonads develop normally, but the subsequent development of internal or
external genitalia fails. For instance, in an XY individual with a disorder of sexual
di¡erentiation, testes develop normally but testosterone fails to act normally, either
because of a defect of its biosynthesis, or because of a defect in its receptor. As a
consequence, external genitalia are feminized. In XX individuals with disorders
of sexual di¡erentiation, ovaries are normal but the external genitalia are
masculinized because of an excessive impregnation by exogenous androgens, or
more commonly, of adrenal origin (congenital adrenal hyperplasia).
Pathologies of sex determination are characterized by an abnormal development

of the gonads (gonadal dysgenesis). They are poorly understood and are intensely
investigated. They are caused by the defective action of genes involved in sex
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determination. Most of them have been identi¢ed in humans with disorders of sex
determination, also known as sex reversal, by a positional cloning approach. These
individuals have a discordance between their phenotypic and their geno-
typic sex. They are XX males, XX true hermaphrodites, or XY females with
gonadal dysgenesis. XX males typically have normal male genitalia, small azoo-
spermic testes and no Mˇllerian structures (uterus, Fallopian tubes, upper part of
vagina), butmay also present at birthwith severe hypospadias or sexual ambiguity.
XX true hermaphrodites present with ambiguous genitalia, persistence of some
Mˇllerian structures, and are de¢ned pathologically by the presence of both
ovarian and testicular tissue in their gonads. XY females with pure gonadal
dysgenesis have normal female genitalia, including a normal uterus due to lack of
AMH production, and ¢brous streak gonads in place of the ovaries. When the
gonadal dysgenesis is partial, these patients may present with sexual ambiguity.
These disorders are di⁄cult to diagnose, as little is known about their patho-
genesis. These pathologies, occurring with a frequency of approximately 1 in
20 000 have allowed themapping of sex determining genes, and TDF in particular.
However, a large majority (about 75%) of sex-reversed patients cannot yet be
explained at the molecular level, suggesting the existence of a number of
unknown sex determining genes (Vilain & McCabe 1998). Female gonadal
development remains mostly mysterious at the molecular level. Long considered
as a ‘default pathway’, it now appears to be an active process, as ‘anti-testis’ genes
that may also be ‘pro-ovary’ are being identi¢ed. We will review several sex-
determining genes and the pathologies they induce in humans when their action
is disrupted. They are summarized in Table 1. A number of genes responsible,
when deleted, for abnormal gonadal development in mice, have not been shown
to be involved in human pathologies of sex determination as yet. They include
Lim1,M33 and Fgf9.

Genes involved in early gonadal development

A number of genes encode transcription factors required for early morphogenesis
of the gonads. Theymay also play a role throughout testis and ovary development.
SF1 (steroidogenic factor 1), an orphan member of the nuclear receptor
superfamily initially identi¢ed as a regulator of cytochrome P450 hydroxylases
(Honda et al 1993, Lala et al 1992), is able to activate various gonadal and adrenal
steroid hydroxylases (Morohashi et al 1993). Further studies demonstrated that
SF1 was expressed in the developing hypothalamus, pituitary, adrenals and
gonads as early as E9 in genital ridges, and its homozygous deletion resulted in
the absence of development of the gonads and the adrenals, as well as abnormal
gonadotropic function (Ingraham et al 1994). SF1 therefore acts at multiple
levels of the reproductive axis, including during the early stages of gonadal and
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adrenal development. In humans, amutation inSF1was identi¢ed in a patientwith
adrenal insu⁄ciency and XY sex reversal, con¢rming the role of SF1 in human
gonadal and adrenal development (Achermann et al 1999).
WT1 is a transcription factor expressed as early as E9.5 in the intermediate

mesoderm of both males and females (Pelletier et al 1991). Knockout mice
homozygous for a Wt1 null mutation have kidney and gonadal agenesis
(Kreidberg et al 1993). In humans, mutations in WT1 were identi¢ed in patients
withDenys^Drash syndrome and Frasier syndrome, who present with severe renal
failure caused by mesangial sclerosis and XY gonadal dysgenesis (Pelletier et al
1991, Barbaux et al 1997). This suggests a crucial role for WT1 in human kidney
and gonad development.

Sex-determining genes

Genes directly responsible for the decision to form either a testis or an ovary have
primarily been identi¢ed by the geneticmapping of patientswith sex reversal. They
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TABLE 1 Genes involved at the initial stages of sexual development: chromosomal
localization, gene family and presumed functions

Gene Localization Gene family Putative function Phenotype of mutations

SF1 9q33 Nuclear receptor Transcription factor Gonadal dysgenesis and
adrenal insu⁄ciency

WT1 11p13 Zinc ¢nger protein Transcription factor Denys^Drash and Frasier
syndromes

SRY Yp11 HMG protein Transcription factor XY gonadal dysgenesis

DAX1 Xp21.3 Nuclear receptor Transcription factor Duplication: XY gonadal
dysgenesis

Mutation: adrenal
hypoplasia congenita

SOX9 17q24 HMG protein Transcription factor Duplication: XX sex
reversal

Mutation: campomelic
dysplasia with XY
gonadal dysgenesis

DMRT1 9p24 DM domain proteinTranscription factor XY gonadal dysgenesis

AMH 19q13 Transforming
growth factor
(TGF)b

Growth factor Persistent Mˇllerian duct
syndrome

WNT4 1p35 Wnt Growth factor XX sex masculinization
in mouse

(Adapted from Vilain &McCabe 1998)



are summarized in Table 1, along with the phenotypes they induce when mutated.
While some genes such as SRY and SOX9 have been shown to in£uence sex
determination towards maleness, others such as DAX1 and WNT4 have been
shown to prevent it, or even to possibly in£uence ovarian formation.

SRY

By positional cloning, a small fragment of the Y chromosome (35 kb), translocated
on theX chromosomeofXXmales and true hermaphrodites,was found to contain
TDF. SRYwas identi¢ed as a conserved sequence within these 35 kb (Sinclair et al
1990). It encodes a 204 amino acid protein with the ability to bind and bend DNA
through an HMG (High Mobility Group) conserved motif (Harley et al 1992).
Several convergent arguments proved that SRY was TDF. SRY protein has the
biochemical properties of a transcription factor (Harley et al 1992); it is localized in
the expected portion of the Y chromosome (Sinclair et al 1990); and its temporal
pro¢le of expression is appropriate, since murine Sry is expressed between E10.5
and E12.5, just prior to the appearance of seminiferous tubules (Koopman et al
1990). More importantly, an XX mouse transgenic for 14 kb of a genomic Y
chromosome fragment containing Sry developed as a male (Koopman et al 1991).
Finally, we and others providedmultiple genetic evidence that SRYwas indeed the
testis-determining factor in humans. Pointmutations in SRYwere shown to divert
the fate of the bipotential gonad of an XY fetus from testicular to ovarian tissue
(review in Vilain & McCabe 1998). These mutations were found in XY females
with pure gonadal dysgenesis.
SRY analysis is inadequate to explain the phenotype of all the patients with

pathologies of sex determination. For instance, we have shown that a completely
normal male phenotype could occur in an XXpatient without any Y chromosome
sequences including SRY (Vilain et al 1994). Genetic studies have also shown that
while SRY is present in 90% of XX males without ambiguities, it is detected in
only 10% of XX true hermaphrodites and in only 10% of XX ambiguous males
(McElreavey et al 1995). Conversely, SRYmutations are found in only 25% ofXY
females with gonadal dysgenesis (McElreavey et al 1995, Vilain &McCabe 1998).
This suggests that genes other than SRY are needed for normalmale development.

SOX9

Like SRY, SOX9 is a male-determining gene. Chromosomal rearrangements of
chromosome 17 were observed in patients with campomelic dysplasia
(Tommerup et al 1993), a severe skeletal dysplasia in which a majority of XY
patients are phenotypic females. This allowed the cloning of SOX9, a member
the SOX gene family of transcription factors related by the presence of an HMG
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box (Foster et al 1994, Wagner et al 1994). Point mutations in SOX9 associated
with campomelic XY females showed that it was a sex-determining gene (Foster
et al 1994,Wagner et al 1994). It also binds to the sameDNA targets as SRY in vitro.
Although the physiological target of SOX9 remains unknown, there is some
evidence that it can regulate the transcription of AMH in association with SF1
(de Santa Barbara et al 1998). However, several indirect arguments challenge the
hypothesis that SOX9 regulates AMH expression directly. The fact that XY
patients with mutations in SOX9 are sex reversed while XY patients with
mutations in AMH are male (Behringer et al 1994) suggests the existence of a
number of genetic intermediates between these two genes. In addition, it was
shown in chickens that AMH is expressed prior to SOX9 (Oreal et al 1998),
suggesting alternative regulation in this species. Recently, an XX male patient
was shown to carry a large duplication of chromosome 17 including SOX9
(Huang et al 1999). This is the ¢rst example of XX sex reversal not caused by
SRY in humans. It suggests that SOX9, like SRY, has the capability to induce
male development in an XX individual.

DAX1: an ‘anti-testis’ gene

Duplications of a region of the short arm of the X chromosome (Xp21.3) were
found in several XY females with gonadal dysgenesis (Bardoni et al 1994). The
shortest duplicated region of the X responsible for sex reversal was found to be
160 kb, and was named DSS (dosage-sensitive sex reversal) (Bardoni et al 1994).
DAX1, a gene in which mutations also lead to adrenal hypoplasia congenita, was
cloned within DSS (Zanaria et al 1994).DAX1 encodes an unusual member of the
nuclear hormone receptor superfamily, with a typical ligand-binding domain but a
novel putative DNA-binding domain containing 3.5 repeats of 65^67 amino acids
that may represent zinc ¢nger structures (Zanaria et al 1994). Although its
physiological target is still unknown, DAX1 was shown to bind to single-strand
hairpin DNA motifs and to act as a repressor of transcription. It was also shown
recently that DAX1 could act as an RNA-binding protein (Lalli et al 2000).Dax1
knockout resulted in a defect of spermatogenesis (Yu et al 1998). No sex reversal
was observed, but neither was any overt adrenal phenotype, suggesting that this
milder-than-expected phenotypewas caused by a hypomorphic allele ofDax1. The
murine pattern of expression of Dax1 is consistent with its role in sex
determination. It is expressed at E11.5 in the gonads of both sexes (Swain et al
1996). In males, this corresponds to the peak of expression of Sry and to the
period immediately prior to the ¢rst signs of testis di¡erentiation. At E12.5,
Dax1 is turned o¡ in the testis, but remains on in the ovary (Swain et al 1996).
This suggests a possible role for Dax1 in ovarian formation. In addition,
transgenic XY mice carrying additional copies of Dax1 develop as females,
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suggesting thatDax1 antagonizes the action of Sry and can be considered an ‘anti-
testis’ gene, and possibly a ‘pro-ovary gene’ (Swain et al 1998, Goodfellow &
Camerino 1999).

Other sex-determining genes

Several other sex-determining loci are known, based on sex reversed patients with
chromosomal abnormalities. They include 9p24, a region deleted in some XY
females (Bennett et al 1993) that contains the transcription factors DMRT1 and
DMRT2 (Raymond et al 1998, Ottolenghi et al 2000). They also include 10q, a
region deleted in several XY females (Wilkie et al 1993), and 22q, a region
duplicated in an XX true hermaphrodite (Aleck et al 1999) and an XX male
(Seeherunvong et al 2000).

A genetic model for mammalian sex determination

Based on the pattern of inheritance of XX sex-reversal in humans, we proposed a
new model for sex determination in mammals (Vilain et al 1993, McElreavey et al
1993). In order to explain the mechanisms of the recessive mode of inheritance of
XXmales without SRY, we proposed that SRYmight antagonize a gene, termed
Z, whichwould in turn inhibitmale-speci¢c genes. The observation ofXY females
with a duplication of DSS (Bardoni et al 1994) and the antagonistic e¡ects of Sry
andDax1 in mice (Swain et al 1998) support this hypothesis, and suggest that Z is,
in fact, DAX1. Our working model is that SRY would inhibit the action of
DAX1, which would in turn prevent testis formation. When DAX1 is
duplicated, the doses of SRY would not be high enough to antagonize the
increased DAX1 activity. DAX1 is therefore still active and continues to
prevent testis formation. This results in the development of an XY female. This
model became more complex as more sex-determining genes were discovered. In
fact,DAX1 is part of a complex network of interaction between a number of sex-
determining genes. SF1 up-regulates the expression ofDAX1 in an adrenocortical
carcinoma cell line (Vilain et al 1997), probably by binding to an SF1-response
element in theDAX1 promoter. DAX1 and SF1 also interact at the protein level
as part of a multi-protein complex. It was demonstrated that SF1 acts
synergistically with WT1 to up-regulate AMH expression, and that this
activation could be blocked by DAX1 (Nachtigal et al 1998).

Signalling sex determination

Until recently, all known sex-determining genes were transcription factors.
WNT4, a member of the WNT family of locally acting cell signals was shown to
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be a new signalling molecule involved in sex determination in mice. Wnt4 is
expressed as early as E9.5 in the mesonephros and in the coelomic epithelium of
the presumptive gonad (Vainio et al 1999). Wnt4 expression is then down-
regulated in the developing male gonad, but persists in the developing ovary.
Targeted deletion of Wnt4 results in the masculinization of XX mice. We have
recently shown that overexpression of WNT4 in humans results in XY sex
reversal, as observed with overexpression of DAX1 (Jordan et al 2001). These
results suggest that WNT4 could act as an ‘anti-testis’ gene like DAX1. WNT4
is part of the family of cysteine-rich glycosylated secreted ligands involved in cell
proliferation and di¡erentiation of a variety of organisms, from Caenorhabditis
elegans and Drosophila to mammals. In their canonical pathway, WNT molecules
bind to Frizzled receptors, which activate a signalling cascade that includes
dishevelled (DSH), glycogen synthase kinase 3 (GSK3), and b-catenin/TCF (T
cell factor), which binds to a TCF response element. Interestingly, the TCF
response element (AACAAAG) is known to bind members of the TCF/LEF
family, which contain an HMG box. In an alternate pathway, the transcriptional
activation is thought to occur as a result of G protein-mediated modulation of
internal Ca2+ concentrations. We have shown that in a mouse Sertoli cell line,
WNT4 can up-regulate Dax1 expression. One hypothetical model is that WNT4
acts as a molecular link between SRY andDAX1. SRYwould inhibit the action of
DAX1 via WNT4 (Fig. 1).

Conclusion

Sex-determining genes direct the fate of the bipotential gonad into either testis or
ovary. They can be categorized into (1) transcription factors involved throughout
gonadal morphogenesis (e.g. SF1, WT1), (2) inducers of testicular development
(SRY, SOX9), and (3) ‘anti-testis’ genes and potential promoters of ovarian
development (DAX1 and WNT4). All these genes are expressed in the
developing genital ridges, and their products interact with each other as part of a
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FIG. 1. Hypothetical schematic diagram of the mammalian sex determination pathway. (A) In
XX individuals, WNT4 expression up-regulates the expression of DAX1. Then, DAX1
expression prevents the formation of testes and allows the normal formation of ovaries. (B) In
XY individuals, expression of SRY inhibits the action of WNT4 and, consequently, of DAX1.
Low levels of DAX1 cannot fully inhibit the formation of the testes, leading to normal male
development. Genes in bold are ‘on’. Genes not in bold are ‘o¡ ’.



complex genetic pathway leading to gonadal di¡erentiation into one sex or
another.
Duplication of chromosomal regions containing sex-determining genes lead to

XY sex reversal (DAX1 andWNT4) or XX sex reversal (SOX9). A new concept
is emerging, as modi¢cation of the copy number of key sex-determining genes
changes the fate of the gonadal sex: mammalian sex determination appears to be
sensitive to gene dosage at important steps of its pathway. However, the precise
molecular mechanisms of gene dosage in sex determination are not known.
Disruption or overexpression of sex-determining genes results in sex reversal in
humans (XX males and XY females), but a majority of patients with abnormal
gonad development remain unexplained genetically.
Identifying new sex-determining genes will not only enhance the understanding

of gonadal development, but will also provide molecular tools to help diagnose
and manage patients a¡ected with disorders of sexual development.
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DISCUSSION

Wilkins: You described various human babies who show sexual ambiguity.
Presumably these all come from parents who are sexually normal enough to be
fertile. So are they newly arising mutants?
Vilain: Yes, they are almost always newly arising mutants. The only case that is

suspicious is the familial case I described earlier, in which there is an extra dose of
SRY in the father of the two XX masculinized children. The father is a normal,
fertile male who has SRY on his Y chromosome and also on his X chromosome.
Hismothermust have hadSRY on one of herX chromosomes, butwewere unable
to access her DNA to show this. One could argue that she may have been a true
hermaphrodite who was fertile, and was only very mildly masculinized.
Zarkower: I have seen at least one other report of an XY female duplication on

distal 1p. Have you looked at this?
Vilain:Yes, there are four reports I know of showing duplication of 1p. Two of

them are sex reversed, the other two have only cryptorchidism, which is a non-
speci¢c sign of any chromosomal abnormality. Those two clearly do not include
WNT4. There is one other case from a German laboratory in Magdeburg, and I
will soon have access to these cells to study.
Short: Could you tell us more about the clinical management of patients born

with micropenis? I have seen it stated recently that if the phallus is less than a
certain length, a gender reassignment is carried out almost routinely (Dreger
1998). This sounds horri¢c. What is the general practice in the USA if a boy is
born with basically male external genitalia but a micropenis?
Vilain: If there is no ambiguity, the clinicalmanagement is to let the patients stay

male. Therewas a famous example that has been in themedia spotlight of a botched
circumcision in one of twomale twins, BruceReimer. The doctors decided tomake
this boy a girl, and Bruce became Brenda. The hypothesis was that nurture would
always overcome nature. This was an immense failure, and Brenda grew up to be a
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very depressed woman, who eventually changed back to his original gender and
took the name David. Medical practice is now very cautious and does not use
surgery without at least a specialized team of people from various disciplines,
including endocrinologists, urologists, psychologists and geneticists, to make
the most precise diagnosis and adequate gender assignment. The problem is, we
know almost nothing about brain gender ‘imprinting’ during fetal life. We don’t
know the e¡ect of the presence or absence of a Y chromosome, or testosterone
levels, on brain sexual di¡erentiation. This is a virgin ¢eld to be explored.
Short: John Colapinto’s recent book describing John Money’s alleged

mismanagement of that famous case is an amazing account of how one can be
sucked into a major clinical error by prejudice (Colapinto 2000). The statement
that I was referring to was in a book called Hermaphroditism and the medical
invention of sex (Dreger 1998). The statement was made that in the USA it was
better for an XY child born at term with a phallus length of less than 2.5 cm
(when stretched) to be made into a girl!
Vilain: This is no longer routine in major centres in the USA. The problem is

isolated surgeons making decisions on their own without understanding what is
going on in the ¢eld.
Sinclair:What about the option of not intervening at all and allowing children to

decide for themselves when they reach sexual maturity?
Vilain: This is becoming an option that can be proposed to the parents.

However, I’m not entirely convinced that letting the child choose for him of
herself until he or she is 18 years of age is always going to be the best choice in
terms of quality of life. With our highly sexually dimorphic culture, there are
practical issues such as where they would go to the toilet at school.
Unfortunately, we are not ready to deal with this in our society. In theory it is a
great solution, because we just wait until the child tells us.
Sinclair: This is what the Intersex Society is actually suggesting that patients

should do.
Vilain: I understand this. However, there are no outcome studies that tell us

whether the children are actually happier when no gender assignment decision
has been made. This is a big problem in this ¢eld. We only listen to the angry
patients 20^30 years after mistakes have been made. We would have to do
retrospective studies with lots of ethical issues, going back to ask patients how
they feel now. Many of my patients would not like their families to know, and
some patients aren’t even aware themselves. What is left are prospective studies,
and we hope these will provide the answer in a number of years.
Josso: I think the idea of letting people choose their gender at age 18 is crazy: it is

totally impossible.
Vilain:There is an intermediate position.At ¢ve or six years of age children have

the ability to tell whether they feel like boys or girls.
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Josso:Another important factor in the decision is how things will go at puberty.
Physicians themselves have a hard enough timemaking these decisions, so how can
a child of ¢ve or six decide? We ¢nd that many parents have strong opinions
themselves, and this can in£uence clinical decisions.
McLaren: How can non-gender assignment work in practice? Do the parents

refer to the child as ‘he’ or ‘she’?
Vilain: I am not proposing that this should be the case, but it does happen. I

don’t know how the family refers to the child. There are ambiguous ¢rst names
that can be used.
Goodfellow:The dialogue that occurs between themedical profession and patient

groups is something that the medical profession has to listen to. Not just with
respect to this very di⁄cult area, but generally. Treatment can re£ect the social
prejudices of the treaters. When a particular treatment is chosen because of the
prejudices of the people who are performing that treatment, there has to be a
social dialogue. The responsibility for the treatment of patients in the UK has
changed in my lifetime. Thirty years ago you could not see your medical records
because they belonged to the doctor, not you.This has changed. Clearly, there is no
easy solution to this problem, because unless social attitudes change dramatically
we are dealing with individuals who fall outside societal norms. Each case must
also be treated individually on the basis of the medical needs: some of these
intersex individuals have medical problems independent of the gender issue. It is
di⁄cult to come to a general conclusion, but we would be wrong not to engage in
dialogue with those to be treated.
Camerino: In Italy we don’t have many prospective studies. This means that we

don’t know howpatients feel after they have become independent of their families.
I don’t think that the problem has been studied very scienti¢cally.
Short: The more people who get involved in the discussion the better. To read

that Colapinto account of how John Money handled the Reimer case makes your
hair stand on end.
Goodfellow: It was not just him: people who I respect greatly, suddenly found

their whole professional basis�how they treated and supported patients�
suddenly thrown into question. In some ways, I thought that book detracted
from the issue because it painted a very black and white picture.
Short: I heard Milton Diamond, one of John Money’s critics, voicing some of

those concerns many years ago.
Fernald: You gave a ¢gure of 1% for sex determination problems in humans.

This struck me as very high: which population does this refer to? Is this fraction
the same in Asia, for example?
Vilain: The ¢gure of 1% is probably true if you take into account all the minor

disorders such as undescended testis or hypospadias. It is a ¢gure quoted in
literature reviews and is essentially in western populations.

ANOMALIES OF HUMAN SEXUAL DEVELOPMENT 55



Behringer: I question whetherWNT4 really is a sex-determining gene.My bias is
that it is not. At least with themouse, aWnt4-de¢cientmousewould be classi¢ed as
a female pseudohermaphrodite. Does a Leydig cell make a testis? Are they really
Leydig cells?
Short: How would you diagnose a Leydig cell in the absence of a seminiferous

tubule adjacent to it?
Vilain:Themain question in thisWnt4 knockout is why there aren’t any Sertoli

cells. If you consider that the Sertoli cells are the absolute requirement to determine
a testis, it is not a sex-determining gene. AndyMcMahon questions the possibility
of Leydig cells being at the same level as Sertoli cells in terms of precursors of the
testis. The question is, is it a dogma that the Sertoli cells are the ¢rst cells, or can
Leydig cells also be the ¢rst apparition of testicular cells. There is masculinization
in these mice; there is no question about this.
Behringer: But the loss of the Mˇllerian ducts is because of the lack of Wnt4

expression in these Mˇllerian ducts. Then the stabilization of the Wol¢an ducts is
because of the hormones being produced.
Vilain: There are male hormones.
Behringer: It seemsmore like a di¡erentiation than a primary sex determination. It

depends whether those are Leydig cells.
Capel: Along the lines of whether Wnt4 might be a good candidate for Tda1,

have you looked to see whether there is any di¡erence in Wnt4 between B6 and
DBA2 mice?
Vilain: We have looked at the presence of polymorphism in the coding

sequence. The answer is that there is no di¡erence. We are now looking at levels
of expression in the gonad at 11.5 and 12.5 days, to see whether there are variations
of levels and timing between B6 andDBA for Sry andWnt4 expression. There was
a recent paper by Nagamine et al (1999) showing that there are variations in
expression of Sry in the developing gonads between various B6 strains of mice.
One hypothesis is that Tda1 would counteract this di¡erence in dosage.
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Abstract. Despite 10 years of work since the discovery of SRY, little is known about its
biochemical function. The HMG domain, a DNA-binding and DNA-bending motif,
plays a central role, being the only region conserved between species and the site of
almost all clinical mutations causing XY gonadal dysgenesis. By contrast, SOX9
harbours a number of highly conserved regions, including two domains required for
maximal transactivation. The heat shock protein HSP70 recognizes a speci¢c region of
SOX9 hitherto of unknown function which may facilitate the assembly of multi-protein
complexes at promoter/enhancer regions. The SRY and SOX9HMG domains carry two
nuclear localization signals (NLSs), one at each endwhich function independently and by
distinct mechanisms. The N-terminal NLS is bound by calmodulin while the C-terminal
NLS is bound by importin b. Four XY gonadal dysgenesis patients with mutations in
SRY NLS regions showed reduced nuclear import accompanied in some cases by
reduced importin b recognition. A campomelic dysplasia patient with SOX9 mutation
outside the NLS regions also showed defective SOX9 nuclear import implying that
nuclear import defects could be a common explanation for SRY and SOX9 HMG
domain mutations.

2002 The genetics and biology of sex determination. Wiley, Chichester (Novartis Foundation
Symposium 244) p 57^67

Despite 10 years of work since the discovery of SRY, little is known about its
biochemical function. The HMG domain plays a central role because it is the
only protein domain conserved between species and almost all clinical mutations
causing XY gonadal dysgenesis reside in this domain. The HMGbox is capable of
binding and bending DNA in vitro and so SRY has been proposed to act as an
architectural transcription factor which elicits its e¡ect by remodelling
chromatin, but this remains speculative in the absence of a downstream target.
Similarly, while the clinical consequence of SOX9 mutations causing
campomelic dysplasia/autosomal sex reversal is clear, the biochemical action of
SOX9 during sex determination is less so. Here, I describe recent information on
the normal role of SRY and SOX9 in sex determination as gleaned from the
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identi¢cation of some of the protein partners of SRY and SOX9 and studies
investigating the biochemical consequences of human mutations.

Human SRY

SRY is expressed in the gonadal ridges of humans prior to overt di¡erentiation of
the gonad at about 7 weeks’ gestation (Hanley et al 2000). SRY protein appears to
be localized in the nucleus of pre-Sertoli cells consistent with a transcriptional
function. XX mice transgenic for the human SRY open reading frame cause sex
reversal (R. Lovell-Badge, personal communication) which suggests that the
HMG domain might be the only part of the protein required for sex-determining
activity since this is the only domain conserved between humans and mice. That
the N- and C-terminal £anking regions are required for sex reversal remains
unclear. In support of a role, missense SRY mutations in XY gonadal dysgenesis
have been observed in both regions. Yet with respect to DNA binding and
bending properties, the entire open reading frame of SRY appears to show the
same activity as its HMG domain alone. Furthermore, clinical mutations outside
the HMG domain (e.g. S18N) do not a¡ect DNA binding or DNA bending (C.
Mitchell&V.R.Harley, unpublished results). Invitro analysis of recombinant SRY
protein suggests that its HMG domain has the ability to recognize speci¢c
sequences in DNA (Harley et al 1994) with a⁄nity enhanced through
phosphorylation (Desclozeaux et al 1998). This appears to be a property of the
entire class of SOX (SRY-type HMG BOX) proteins, which bind the consensus
sequence AACAAT.
SRY/SOX proteins di¡er in their intrinsic DNA sequence speci¢city. For

example SRY shows a preference in vitro for A/T A/T AACAATAGwhile SOX9
prefers AGAACAATGG (Mertin et al 1999). This might re£ect a di¡erence in
DNA binding speci¢city in vivo, and while SRY and SOX9 are capable of binding
the same target sequences in vitro, their a⁄nities are di¡erent. In vivo support for this
observation came from work by Eicher and colleagues which showed that only
when overexpressed could SOX9 or SOX3 HMG domains substitute for that of
SRY to cause sex reversal inXX transgenicmice (Bergstrom et al 2000). Swapping
the HMG domain of SOX9 with that of SOX1 greatly a¡ects SOX9’s
transactivation potential (Kamichi et al 1999) con¢rming that the SOX9 HMG
domain appears to possess some DNA target speci¢city not present in other
SOX proteins.
Patients with XY gonadal dysgenesis carry point mutations in their SRY open

reading frame. A number of mutations have been characterized and in some cases
DNA-binding or DNA-bending activity are reduced (Harley et al 1992, Pontiggia
et al 1994). A selection of mutants is shown in Table 1. Surprisingly a number of
XY females carry SRYmutations which do not a¡ect their DNA binding or DNA
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bending activities in vitrowhich suggest that other essential activities of SRYmust
exist. Also, the results con¢rm our earlier suggestion that SRY functions at a
biochemical threshold and that familial mutations are close to this threshold level
and manifest in certain genetic backgrounds (Harley et al 1992).
Evidence that human SRY is a transcription factor is slow to arrive and reporter

gene studies in transfected cell cultures include reports ofmild activation (Cohen et
al 1994). The main limitations of these studies have been the lack of a relevant
DNA target and/or inappropriate cell lines. Some support for SRY being a
repressor of a repressor comes from the Odsex mouse (an XX male) where it has
been proposed that an SRY binding element is deleted in the Sox9 regulatory
region and therefore in the normal mouse XY gonads, SRY normally disrupts
the binding of the repressor (Bishop et al 2000). In contrast, studies on the mouse
SRY show that it has a strong ability to activate transcription in GAL4 fusions of
its C-terminal glutamine-rich region (Dubin & Ostrer 1994) which is completely
absent in SRY of other species. Thus SRY is likely to activate transcription in non-
mouse species but through a di¡erent mechanism. For example, in humans
transcriptional e¡ects might be somehow exerted through the N or C terminal
domains� indeed, one point mutation in XY females has been reported in each
domain and the C-terminal domain interacts with a Pdz protein in vitro pointing to
functional roles for these domains (Poulat et al 1997). However it is hard to
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TABLE 1 DNA binding and bending activities from selected XY gonadal
dysgenesis patients

SRY
variant Inheritance

%DNA
binding

%DNA
bending Reference

Wild-type 100%¼32 nM 100%¼55 Pontiggia et al 1994

S18N Familial *WT *WT Domenice et al 1998,
Mitchell & Harley 2001

F67V Mosaic father *WT nd Tho et al 1998

F109S Familial *WT 100% Jager et al 1992,
Schmitt-Ney et al 1995

R76P n/a *WT *WT Mitchell & Harley 2001

M64T n/a *WT nd Tho et al 1998

M78T n/a *WT *WT Mitchell & Harley 2001

R133W n/a 80% *WT Harley et al 2001

P125L n/a *WT nd Tho et al 1998

A113T de novo *WT *WT Zeng et al 1993

190M Familial 450% *WT Pontiggia et al 1994

nd, not determined; WT, wild-type.



envisage a di¡erent mechanism operating in every species through these regions,
given the poor conservation outside the HMG domain among mammals arising
from the increased rate of evolution of the Y chromosome. More likely the SRY
HMG domain itself carries the necessary information for transcription through
structure and sequence speci¢c DNA recognition together with co-activator
proteins to establish the correct architecture in chromatin, analogous to LEF1
(Grosschedl et al 1994).

Human SOX9 and its protein partners

In stark contrast to SRY protein sequence, the extraordinary conservation of
SOX9 protein sequence throughout vertebrates may have been maintained
through interactions of its functional domains with a suite of cellular proteins. In
addition to DNA sequence-speci¢city, interactions between SOX9 and other
proteins are likely to be involved in regulation by SOX9. That SOX9 cannot
mediate transcriptional activation on its own can be seen from the fact that type
II collagen is not transcribed in the testis and conversely, anti-Mu« llerian hormone
(AMH; also known as Mu« llerian inhibitory substance, MIS) is not transcribed by
chondrocytes. Few interactions have been described; SOX9 interacts with SF1
during MIS/AMH regulation (de Santa Barbara et al 1998) and phosphorylation
of SOX9 involves interaction with protein kinase A (Huang et al 2000). Recently
we have con¢rmed that the interaction between SRY and the Ca2+-binding protein
calmodulin (CaM) (Harley et al 1996) is conserved for SOX9 and that antiCaM
drugs block nuclear import (Argentaro et al 2001). We have also demonstrated
that the HMG boxes of SOX9 and SRY interact with importin b (Preiss et al
2001). Intriguingly all three of these protein^protein interactions occur via the
HMG domain of SOX9; however, much of this highly conserved protein still
has no function assigned to it.
The SOX9 C-terminal region, rich in proline, glutamines and serines (the so-

called PQS domain) is the major transcriptional activation domain (Sudbeck et al
1996). The adjacent region rich in prolines, glutamines and alanines (the PQA
domain) is also required for maximal activation (McDowall et al 1999). This
domain is only conserved in mammals and therefore may relate in some way to
organisms with an SRY sex-determining mechanism. The mechanism and factors
through which SOX9 activates the pre-initiation transcription complex via
recognition of PQS and/or PQA regions remain unknown.
Through in vitro and in vivo studies, we have identi¢ed the heat shock protein

HSP70 as an interacting partner for SOX9 in testicular and chondrocyte cell lines
(Marshall & Harley 2001). HSP70 forms a ternary complex with DNA-bound
SOX9. The interaction between HSP70 and SOX9 is ATP-independent, in
contrast to the ATP-dependent interaction of the substrate-binding domain of
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HSP70with denatured proteins. The interaction involves theC-terminal ofHSP70
with a 100 amino acid region of SOX9 between the HMG box and the PQA
domain, hitherto of unknown function but highly conserved among Group E
SOX proteins. The regulation of theAMH gene is controlled not only by SOX9
and SF1 (de Santa Barbera et al 1998, Arango et al 1999) but also by WT1
(Nachtigal et al 1998). While binding sites to both SOX9 and SF1 are conserved
within the AMH promoter, WT1 has no conserved binding site and it interacts
only very weakly with SF1. Considering that WT1 strongly interacts with HSP70
in vivo (Maheswaran et al 1998) it is possible to speculate that WT1 binding at the
AMH promoter is stabilized by the formation of a SOX9^HSP70^WT1 protein
complex. The fact that SOX9 and SF1 also interact suggests that the four proteins
may form a tightly associated complex at the promoter.

Nuclear import of SRY and SOX9

In the developing embryonic gonad in humans and mice, the subcellular location
of SOX9 protein in pre-Sertoli cells is initially cytoplasmic until at the sex
determining period, co-incident with SRY expression in males, SOX9 is
localized to the nucleus (de Santa Barbara et al 2000, Morais da Silva et al 1996).
Sexually dimorphic subcellular expression of SOX9 suggests mechanisms by
which SOX9 activity is regulated. The signals for nuclear import reside in the
HMG domain and are highly conserved among SRY/SOX family members. We
present evidence for two possible mechanisms of nuclear import of SRY/SOX9
(Fig. 1).
The SRY/SOXHMGdomain carries two highly conserved nuclear localization

signals (NLSs), one at each end of the HMG domain (Sudbeck & Scherer 1997).
We observed that each NLS of SRY, when fused to £uorescence-labelled b
galactosidase and incubated with mechanically perforated cells, is independently
capable of rapidly (i.e. a few minutes) localizing this large carrier protein into the
nucleus (Harley et al 2001). Conventional NLS-containing proteins are imported
following recognition by importins and RanGTP, then the complex is docked at
the nuclear pore complex (NPC) and translocated. Once in the nucleus, GTP is
converted, the complex dissociates and is recycled. We used an ELISA-based
assay to determine which importins recognize SRY NLSs. Using peptides we
found that the SRY C-terminal NLS bound importin b almost as well as the
intact SRY HMG domain, whereas the N-terminal NLS peptide bound neither
importin a nor importin b. We had shown previously that the N-terminal NLS
binds to CaM in vitro (Harley et al 1996) so we undertook some experiments with
SOX9 which also has this NLS and for which we have more sophisticated assays.
SOX9 could bind CaM in vitro on native gels and binding could be blocked with
CaM antagonists such as calmidazolium (CDZ). In our reporter gene assay, SOX9

MECHANISM OF ACTION OF SRY AND SOX9 61



failed to activate transcription in cultured cells in the presence of CDZ arising from
a reduction in nuclear accumulation (Argentaro et al 2001). This suggests CaM
plays a role in nuclear import and transcriptional activity of SRY and SOX9.
We studied four SRY clinical mutations with amino acid substitutions in their

NLS regions to test the possibility that SRY might not transport properly to the
nucleus prior toDNAbinding. SRYwas transfected into COS cells that were then
stained for SRY protein by immunohistochemistry. From confocal microscopy
images we measured the amount of SRY protein that accumulated in the nucleus
relative to the cytoplasm. We observed that all four SRYmutant proteins showed
reduced accumulation in the nucleus when compared to SRY from normal males
(Harley et al 2001). This suggested that both NLS signals are required during sex
determination for optimal transport and provide a cellular basis forXYsex reversal
in these cases.
Since SRY binds importin b via its C-terminal NLS, we tested binding of

importin b to SRY from an XY female with a C-terminal NLS mutation. As
expected this mutant showed signi¢cantly reduced binding as a direct
consequence of the mutation. Thus failed importin b recognition is the likely
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FIG. 1. The HMG domain of SRY and SOX9 carries two nuclear localization signals (NLSs).
The C-terminal NLS is recognized by importin b and translocated into the nucleus through
interactions of importin b with Ran-GTP and with components of the nuclear pore complex
(NPC). Once inside the nucleus DNA recognition may facilitate release of importin b in
addition to conversion of GTP to GDP. Some XY gonadal dysgenesis patients with nuclear
import defects show reduced binding to importin b. The N-terminal NLS is recognized by
CaM in the presence of Ca2+. By some unde¢ned mechanism not involving importins, the
complex is translocated into the nucleus� a process that can be blocked with CaM antagonists.



biochemical defect in this SRY mutant whose DNA binding and DNA bending
activity were near wild-type. We tested SRY from three XY females with
mutations in their N-terminal NLS regions and to our surprise, one of these
also showed reduced importin b binding. One explanation for this is that the
N-terminal NLS, although unable to bind importin b, is in close proximity to the
C-terminal NLS and the mutations sterically hinder the ability of the C-NLS to be
recognized by importin b.

Compound e¡ects in SOX9 protein

from campomelic dysplasia patients

We recently reported the identi¢cation of the novel amino acid substitution
mutations, F154L and A158T, in the SOX9 HMG domain of two patients with
campomelic dysplasia, the former an XX female and the latter a sex reversed XY
female (Preiss et al 2001). On the basis of our molecular model of the SOX9HMG
domain (McDowall et al 1999), we postulated that F154 and A158 form part of a
hydrophobic core region and would play a role in stabilizing the 3D alignment of
the three helices of the HMG domain. However, tryptophan £uorescence studies
did not demonstrate signi¢cant changes in tertiary structure of either mutant. The
mutations would appear not to perturb the environment or tertiary structure
(relative orientation of the helices), which could suggest functional redundancy
in the amino acids forming the hydrophobic core. In contrast, our circular
dichroism results indicated that both F154L and A158T mutations caused a loss
of secondary structure, mainly in helix 3. The NLS located at the end of helix 3 is
a conventional basic amphipathic helixwhich, in SRY,mediates nuclear import via
direct interaction with importin b (see above). In SOX9, the A158T mutant
showed decreased nuclear accumulation. This mutation is more proximal to the
helix 3 NLS than F154L (whose nuclear import was normal) and might disrupt
the function of this NLS. However A158T bound with wild-type a⁄nity to
importin b, suggesting that while this recognition step is normal, other compo-
nents of the importin b-mediated nuclear import pathway could be a¡ected.
Further studies are required to elucidate the component of nuclear import that
presumably fails to e⁄ciently recognize the A158T mutant. The demonstration
that a mutation outside the NLS regions a¡ects nuclear localization raises the
possibility that a large number of SRY, SOX9 and SOX10 clinical mutations
could a¡ect nuclear import in addition to, or distinct from, DNA binding and
bending.
This study also presented data for the ¢rst time on the e¡ect of pointmutations in

campomelic dysplasia on transactivation activity in cultured cells and allows us to
correlate this with DNA binding activity in vitro. In the A158T mutant, a sixfold
loss of DNA binding activity together with a twofold loss of nuclear import led
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to only a 30% loss of transcriptional activation. Similarly, in the F154L mutant, a
20-fold loss of DNA binding activity led to only a 66% loss of transcriptional
activation activity. Our binary in vitro system is simplistic given that SOX9 acts
in the context of a multiprotein complex in vivo. Our data is consistent with that
for yeast ROX1, the only other HMG domain protein for which in vitro/in vivo
correlations have been reported. In ROX1, substitutions causing a large
reduction in DNA binding activity in vitro produce a small e¡ect upon ANB1
repressor activity in vivo (Deckert et al 1999). For example, the analogous change
to SOX9 A158T in ROX1 a¡ects DNA binding 10-fold and repression in vivo
fourfold. In ROX1 F154 is W and a substitution to L a¡ects DNA binding 1000-
fold but repression only 50-fold. Thus a reduction in DNA binding in vitro
produces only a small e¡ect in vivo but this is presumably su⁄cient to account for
the phenotypic e¡ects. On this basis, small changes in DNA binding activity of
SOX9 mutants may show undetectable changes in transactivation and lead to
wild-type phenotype. However, small changes in SOX9 DNA-binding activity
in vitro do not seem to correlate with milder symptoms or with whether
campomelic dysplasia is accompanied by XY sex reversal; in these cases it could
be that alterations of non-DNA binding functions of the HMG domain underlie
the defect. Our data shows that A154T mutant has 60% of wild-type activation
function in cultured cells. Given that this observation re£ects the situation in vivo
in campomelic dysplasia/SRA1 where one allele is mutant for SOX9 and the other
is wild-type, our study raises the possibility that a high level of SOX9
transactivation activity is normally required for proper testis and bone forma-
tion. It is likely that interactions with transcriptional co-activators or components
of the basal transcriptional machinery may mediate the e¡ect of mutation.
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DISCUSSION

Behringer: Are there any post-translational modi¢cations of SRY?
Harley:We haven’t looked at this.
Schedl: Is tissue speci¢city important? I am asking because of this ¢nding that

SOX9 is initially cytoplasmic but then in the male it gets translocated to the
nucleus. I wonder whether there would be any male-speci¢c importins that could
do that job?
Harley: Yes, there are about six isoforms of importin b, and one of them is a

testicular isoform, so there are testis-speci¢c importins.
Lovell-Badge: It doesn’t have to be sex speci¢c; it could just be a timing

mechanism.
Harley:Or there could be a retention factor in the cytoplasm.
Koopman:Can CaM bindingmodulate other properties of the SRY protein, such

as DNA-binding a⁄nity?
Harley: It certainly competes for DNA binding. It induces an incredible

conformational change in SRY upon binding, and consequently it could recruit
other proteins to SRY.
Lovell-Badge: Are any of these interacting factors involved in degradation of

proteins? It looks like SRY protein is fairly short lived within a cell, suggesting
rapid turn over.
Harley: I don’t know.
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Scherer: I have a question about the HSP70 interaction that you mentioned.
Would you argue that this is functionally relevant? If so, would you expect some
amino acid substitutions to be found in that interacting region?
Harley: I don’t know of any�but you might have some!
Scherer: I know of only a single one in SOX9, which we have found but which

hasn’t yet been published. It is outside the HMGdomain, in the N-terminal region
that is possibly a dimerization domain. This is the only one I know of.
Harley:HSP70 is quite promiscuous, so it may have quite a bit of tolerance. We

need to do more work along these lines to see whether there is such a multiprotein
complex that exists on theAMH promoter.
Scherer:Have you tested SOX8 and SOX10?
Harley: We almost did this, but we haven’t quite completed it yet. Most of the

HSP70 binding region is conserved.
Short: To go back to Peter Koopman’s question in the general discussion about

the box and the dangly bit of SRY, how do you now see this panning out in terms
of important sites for action?
Harley: Apart from the PDZ in vitro binding domain, I don’t know what the

function of the C-terminus is. When we compare the DNA binding and bending
activities, they don’t seem to be altered by the presence of the C-terminal region. It
doesn’t seem to be any more or less stable as a pure protein. It could relate to RNA
stability.
Koopman:What about the part N-terminal to the HMG box. Is there a mutation

associated with XY gonadal dysgenesis?
Harley: Yes, this was S18N. However, we haven’t been able to detect any DNA

binding change.
Perhaps I could ask generally: have people done screens using this N-terminal

region?
Poulat: A long time agowe screenedwith theN-terminal region of SRY, but we

didn’t see anything.
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Abstract. It is well known that signals from growth factors regulate gene transcription
thus initiating certain steps of cellular and tissue di¡erentiation during development. In
gonad di¡erentiation several transcription factors have been identi¢ed as the genes
underlying human diseases displaying gonadal defects and as the genes necessary for
gonad di¡erentiation as demonstrated by gene disruption studies. In addition, one of
the growth factors, WNT4, is known to be involved in gonadal di¡erentiation.
However, it remains unclear which gene is directly downstream of the WNT4 signal.
We have recently demonstrated that Dax1 (NR0B1) gene transcription is signi¢cantly
up-regulated by the presence of SF1 (NR5A1). Functional analysis showed that DAX1
acts as a repressor against SF1 through direct interaction between the repeated sequences
at the N-terminus of DAX1 and a ligand-binding domain of SF1. Considering that the
expressions of these factors during gonad di¡erentiation show a sexually dimorphic
pattern, it is likely that the Dax1 gene transcription is up-regulated by WNT4 signal
and thereafter DAX1 suppresses the genes downstream of SF1 such as Amh and
steroidogenic genes in female gonads.

2002 The genetics and biology of sex determination. Wiley, Chichester (Novartis Foundation
Symposium 244) p 68^78

Several transcription factors are involved in the process of gonadal di¡erentiation.
Some of these factors, such as SRY (Gubbay et al 1990), WT1 (Call et al 1990,
Gessler et al 1990), DAX1 (NR0B1) (Nuclear receptor nomenclature committee
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1999, Zanaria et al 1994,Muscatelli et al 1994) and SOX9 (Wanger et al 1994, Foster
et al 1994) have been identi¢ed as the genes responsible for various human diseases
that display structural and functional defects in tissues including the gonads. The
essential functions of other transcription factors such as SF1 (also known asAd4BP
and NR5A1) (Luo et al 1994, Shinoda et al 1995, Sadovsky et al 1995), EMX2
(Miyamoto et al 1997), M33 (Katoh-Fukui et al 1998) and LHX9 (Birk et al
2000) were identi¢ed by the phenotypes of mice disrupted for these genes
(Morohashi 1997, Swain & Lovell-Badge 1999). In addition, the expression
pro¢les with respect to their distribution and sexual dimorphism strongly
suggest that they have functional signi¢cance at an early stage of gonadal
di¡erentiation. However, it remains to be clari¢ed how the above transcription
factors regulate their target genes and how the genes encoding the transcription
factors are regulated. When considering a gene regulatory cascade that supports
di¡erentiation of the gonadal tissues, approaches taking into account both of
these aspects are important (Morohashi & Omura 1996). Consequently, we
investigated the functions of SF1 and DAX1, and the regulation of the genes
encoding these factors.

Functional correlation between SF1 and DAX1

SF1 and DAX1 are both classi¢ed as members of the nuclear receptor superfamily
since they contain a ligand-binding domain (LBD) at the C-terminus (Fig. 1A).
However, interestingly, DAX1 has unusual repeated sequences at the N-
terminus instead of a zinc ¢nger DNA binding domain, which, in addition to the
LBD, is a structure common to all members of the nuclear receptor superfamily.
With respect to their functions, it has been reported that SF1 acts as an activator for
transcription of the steroidogenic genes and anti-Mˇllerian hormone (AMH; also
known as Mˇllerian inhibiting substance, MIS), whereas DAX1 acts as a
suppressor against SF1-mediated transcription (Crawford et al 1998). Although
their transcriptional activities have been identi¢ed by reporter gene assays, the
molecular mechanism by which DAX1 suppresses the transcription activity of
SF1 remains to be elucidated.
To address the issue, we initially examined the function of the unusual

repeated sequences at the N-terminus of DAX1. Expression constructs encoding
N-terminal or C-terminal halves were constructed to determine the part of DAX1
implicated in the suppressive function (Fig. 1C). As indicated in Fig. 1B,
transcription of the steroidogenic Cyp11A gene activated by the function of SF1
decreased following the addition of an expression vector for the wholemolecule of
DAX1. Interestingly, similar suppression was observed when the N-terminal
repeated region but not the C-terminal LBD was expressed, indicating that a
sequence responsible for the suppressive function resides in the repeated region.
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Since amino acids responsible for crucial roles are generally conserved among
animal species, the primary structures corresponding to the repeated region were
compared among humans, mice, rats and pigs. Comparison revealed that a few
stretches of amino acids are conserved in the repeated regions. Among them, we
noted that one of the conserved sequences contains an LxxLL motif, because this
motif was originally identi¢ed as a sequence in co-activators of the p160 protein
family responsible for interactionwith nuclear receptors (Torchia et al 1997, Heery
et al 1997,Voegel et al 1998,Xu et al 1999). To clarify the function of thismotif, we
examined whether DAX1 containing amino acid substitutions in this motif
continued to act as the transcriptional suppressor. As expected, the mutation
impaired the suppressor activity when it was introduced in the three motifs
simultaneously (Fig. 1C). Since DAX1 carrying a single motif mutation retained
a signi¢cant (but not full) suppressive activity, the three motifs seem to be
complementary to the function. Binding through the LxxLL motifs with SF1
was investigated with yeast and mammalian two-hybrid assays, and in vitro assay.
Taken together, the results clearly indicated that all three LxxLL motifs interact
with the C-terminal half of SF1, and thereby DAX1 acts as the suppressor.
We further characterized the binding speci¢city of the DAX1 LxxLL motifs by

comparing it with those of co-activators. Examination of their preference of
interaction revealed that the motif in DAX1 is quite distinct from those in co-
activators. Therefore, in the next step, we determined the part of the motif that is
responsible for such a distinct preference for interaction. Since mutually distinct
amino acids are located between the leucines and those surrounding the motif, we
interchanged these amino acids and analysed the interactions. Binding preference
was predominantly a¡ected by the substitution of amino acids between the
leucines, while alteration of the surrounding amino acids yielded modest e¡ects.
The present study revealed that direct interaction through the LxxLL motif of

DAX1 results in the suppression of SF1 mediated transcription. It was reported
recently that DAX1 interacts directly with the oestrogen receptor (ER) to inhibit
the ligand-dependent transcription (Zhang et al 2000). Similarly to the interaction
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FIG. 1. Identi¢cation of the suppressor domain ofDAX1. Structures ofmouseDAX1 (DAX1
wt) and its mutated forms are schematically presented (A). Arrows at the N-terminal indicate
repetitive sequences, and amino acids corresponding to the three LxxLL motifs are shown.
The suppressor functions of these forms of DAX1 were evaluated from reduction of SF1
(Ad4BP)-mediated transcription of the steroidogenic cytochrome P450 gene (B and C). As
indicated in B, the whole molecule (DAX1 wt) and N-terminal repeated region of DAX1
(DAX1 DLBD) act as the suppressor, whereas the activity was not detectable in the C-terminal
LBD region (DAX1 DN). The suppressive activity was slightly decreased with mutation of one
of the three LxxL motifs (DAX1 Mut1, DAX1 Mut2, and DAX1 Mut3), while DAX1 with
mutations at all the motifs (DAX1 Mut123) did not act as a suppressor (C).



with SF1, the LxxLL motif is responsible for the interaction with the AF2 C-
terminal of ER. This is consistent with the reported observations that AF2 and
LxxLL motif are involved in the interaction between nuclear receptors and co-
activators. Taken together, it is likely that the transcription activities driven by a
certain class of nuclear receptors are modulated by competitive interactions
between DAX1 and co-activators. However, as described above, it should be
noted that the amino acids located between the leucines determine in part the
preference of the interaction. In addition, the transcription by SF1 is regulated
under stimulation through PKA (Morohashi et al 1993), PKC (Leers-Sucheta
et al 1997), and MAPK (Hammer et al 1999) activation, probably without
reduction of the amount of DAX1. Therefore, the ¢ne transcriptional regulation
by SF1 could be explained as a concerted mechanism through multiple
components of transcriptional regulators.

Regulation ofDax1 gene transcription by SF1 andWNT

As reported previously, SF1 is an indispensable component for Dax1 gene
transcription (Yu et al 1998, Kawabe et al 1999). In fact, multiple binding sites
recognized by SF1 in the upstream region of the Dax1 gene are necessary for
transcriptional activation. The in vitro observation using reporter gene assays was
con¢rmed subsequently by an in vivo study using SF1 gene disrupted mice, which
lacked DAX1 expression in the developing genital ridge. Although these results
strongly indicated that SF1 gene is genetically located upstream from the Dax1
gene, their expression pro¢les in terms of distribution and sexual dimorphism do
not necessarily agree with our ¢ndings (Ikeda et al 2001). In this regard, a recent
gene disruption study implicatedWnt4 in gonadal sex di¡erentiation (Vainio et al
1999). Normally, the steroidogenic 3b-HSD and Amh genes are expressed in the
developing fetal gonads of males but not females. Interestingly, however, the
expression was detected in the fetal ovary of the gene-disrupted mice, suggesting
that the WNT4 represses 3b-HSD andAmh gene transcription in the fetal ovaries
of the wild-type mouse. Considering that some of the WNT signals activate
downstream gene transcription through stabilization of b catenin (Kˇhl et al
2000), it is unlikely that the signal represses the 3b-HSD and Amh gene
transcription.
To explain this, we hypothesized thatWNT4 expressed in the developing gonad

up-regulates a suppressormolecule and thereby down-regulates 3b-HSDandAmh
gene transcription. Since transcription of both genes is regulated in a positive
fashion by SF1 (Leers-Sucheta et al 1997, Santa Barbara et al 1998), it was
reasonable to assume that DAX1 plays a role as the suppressor. To con¢rm this
assumption, we examined whether b catenin activates Dax1 gene transcription.
As indicated in Fig. 2, Dax1 gene transcription was activated in the presence of
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b catenin in a dose-dependent manner. Interestingly, the action of b catenin is
further up-regulated in the presence of SF1, indicating that the two factors,
b catenin and SF1, synergistically activate the Dax1 gene transcription. We
searched the binding sequence of the HMG box containing the transcription
factor LEF/TCF, which heterodimerizes with b catenin, in the upstream region.
In fact, several candidate sequences were identi¢ed and found capable of binding
LEF/TCF.Therefore,we then investigatedwhether theLEF/TCFbinding sites on
theDax1 gene promoter are functional by disrupting the sequences. Interestingly,
the activation by b catenin did not disappear completely, implicating another factor
in the transcription activation by the WNT signal. In contrast, mutation at the
sequences recognized by SF1 completely abolished the synergistic e¡ects as well
as activation by SF1 alone. Taken together, these results strongly suggest that b
catenin interacts with SF1 as well as LEF/TCF, which in part leads to synergistic
activation ofDax1 gene transcription.
In parallel studies, we used yeast two-hybrid screening to isolate molecules that

interact with transcription factors expressed in the developing gonads. When a
hinge region between the zinc ¢nger DBD and LBD of SF1 was used as a bait
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FIG. 2. Regulation of Dax1 gene transcription by SF1 (Ad4BP) and b catenin. The Dax1
promoter activity was analysed by luciferase reporter gene expression in cultured cells.
Following the transfection of the expression vector for a stabilized form of b catenin (b-Cat)
with the Dax1 reporter gene construct, the cell extracts were prepared and subsequently
subjected to the analysis of luciferase activity. The Dax1 promoter was activated by the
addition of the b catenin expression vector in a dose-dependent manner (0 to 1 mg) (left panel).
Synergistic activation ofDax1gene transcription was observed when the expression vectors for
b catenin and SF1 (Ad4BP) were transfected simultaneously (right panel). Data aremean�SEM
of three experiments.



plasmid, clones encoding b catenin were isolated. Although ¢ne mapping of the
regions implicated into the interaction is under investigation, the interaction
between the two molecules strongly supported the observation described above.
Recent studies have so far reported that members of the nuclear receptor
superfamily, retinoic acid receptor (RAR) (Easwaran et al 1999) and androgen
receptor (AR) (Truica et al 2000), interact with b catenin directly and result in
down-regulation and up-regulation, respectively, of the transcription driven by
the b cateninLEF/TCF complex. Although endogenous downstream genes have
not yet been identi¢ed in both cases, the present study apparently indicated that
SF1 and WNT signals converge intoDax1 gene transcription.
The mechanisms of Dax1 gene regulation governing its sexually dimorphic

characteristics are summarized in Fig. 3. As described previously, it is di⁄cult to
explain the whole regulatory mechanism of the Dax1 gene transcription by SF1
alone. For instance, SF1 is expressed in the male developing gonads more
abundantly than in the female. Nevertheless, the amount of Dax1 in the female
developing gonad is higher than that in the male gonad. In the case of WNT4
expression in the developing gonads and mesonephros, in situ examination
revealed that the amount expressed in the female tissues is higher than in the
male. With respect to the distribution of DAX1, strong signals were detected in
the gonadal regions facing the mesonephros although such an expression domain
was not observed in the case of SF1. In such inconsistent distribution, it is
interesting to note that the expression of WNT4 in the gonads was more
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FIG. 3. Transcriptional regulation ofDax1 gene at early stages of gonadal di¡erentiation. In
the sexually di¡erentiating gonad andmesonephros,WNT4 is expressed in females more than in
the male, whereas the amount of SF1 (Ad4BP) in the male gonad is higher than the female. Since
Dax1 gene transcription is regulated synergistically by SF1 (Ad4BP) and b catenin, Dax1 is
more abundantly transcribed in the female gonad than in the male. Consequently, the
transcription of downstream 3b-HSD and Amh/Mis genes is largely activated in the male but
only slightly in the female gonad.



abundant at the region proximal rather than that distal to the mesonephros.
Therefore, to understand the mechanism underlying DAX1 expression, we
propose that SF1 plays basal and fundamental roles and that the WNT4 signal
modulates the transcription mediated by SF1. Although the regulation above is
likely to function in the sexually di¡erentiating gonads of both sexes, the
mechanisms of other transcription factors such as SOX9 and EMX2 are not fully
understood. In addition, it should be noted that other cell growth factors as well as
other forms of WNT molecules are expressed in the developing gonads and
mesonephros. Further studies of the functional relationship between growth
factors and transcription factors should identify the ¢nely tuned, sophisticated
mechanisms underlying the sex di¡erentiation of the gonads.
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DISCUSSION

Schedl: Have you found any in vivo interaction between b catenin and SF1? This
yeast two-hybrid system is nice, but you need to con¢rm it.
Morohashi:We haven’t tried doing that yet, but we would like to.
Zarkower:What cell types did you do your co-transfections in, and does the cell

type matter?
Morohashi:We used 293 cells. We haven’t tried any other cell lines.
Sinclair:The unusual repeat binding region at theN-terminus of DAX1 appears

to be absent in chickens and alligators. How do you explain how it might function
without this binding region?
Morohashi: Chicken DAX1 has a single repeat containing the LxxLL motif.
Vilain:Along the same lines, allmissensemutations in humanDAX1 that result

in adrenal hypoplasia congenita are in the putative ligand-binding domain. None
of them are in the N-terminal domain and the LxxLL motif. Some have been
studied in vitro, and they modify the inhibition of SF1 transactivation. If you
introduce those mutations in the ligand-binding domain, it will disrupt the
normal inhibition of SF1 by DAX1. Those mutations are in the C-terminal
domain. This is the same e¡ect that you observe in your experiments when you
put in the LxxLL domain. Do you think we are looking at the same thing, or
two separate molecular mechanisms?
Morohashi: We haven’t yet analysed the function of the C-terminal ligand-

binding domain, so I can’t really answer the question. But it was reported that
this domain is required for interaction with the corepressor NcoR and the binding
leads to suppression of Ad4BP/SF1-mediated transcription, while our results
indicate that N-terminal half acts as a suppressor by itself through its LxxLLmotif.
Then,wesupposethattherearetwopathwaysforthesuppression.Oneisthroughthe
ligand-bindingdomainandNcoR,and theother is through theN-terminal repeated
region, both of which require interaction through the LxxLL motif.
Goodfellow: Are you saying that DAX1 is ligand dependent?
Morohashi: There are no data to show that.
Vilain:Mypointwas that in humans, themutation that results in the abolition of

the inhibition of SF1 byDAX1 are all in the ligand-binding domain.None of them
are in the N-terminal domain. Ken Morohashi’s experiments showed that the
mutations resulting in the same e¡ect are in this LxxLL motif. How do we
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reconcile the fact that we observe the same in vitro e¡ect with mutations that are
very far away from each other?
Wilkins:Amutation in the C-terminal part could interact with the LxxLLmotif.
Vilain: It could, but there is no structural information to indicate that thismight

actually happen.
Lovell-Badge:You are less likely to ¢nd point mutations in a repeated motif. The

fact that they aren’t found in human patients doesn’t mean they don’t occur.
Poulat: You said that b catenin is able to activate DAX1. Have you tried to see

whether there is nuclear localization of b catenin in the genital region speci¢cally in
the female? Have you seen some free b catenin in the nucleus or in the cytoplasm?
Morohashi: This is a key issue, but we haven’t addressed it.
Capel:Wehave done this, andwe seemuchmore b catenin in themale than in the

female. It is highly expressed in the coelomic epithelium from the earliest stages,
and there is not much in the interior part of the gonad. The domain is extended
from the coelomic surface further into the gonad in themale than it is in the female.
Of course, it is the nuclear localization of b catenin that we need to worry about.
The problemwith antibodies is that this is hard to determine, especially if there is a
lot of cytoplasmic b catenin around,which there seems to be. I don’t knowwhether
the reason for the presence of this cytoplasmic b catenin is because those cells are
epithelializing and it has something to do with junctions. Alternatively it could
have something to do with the cytoskeleton and establishing connections
between the epithelial cells of the gonad, or possibly some signalling function. It
is where SF1 is, so it is easy to imagine that it has an interaction with SF1. It is
harder to imagine that it has a role interacting with WNT4, although I know that
this is the classic pathway. The domain of expression doesn’t seem to be the same.
Perhaps it is another WNT.
Poulat: Have you tried to correlate this b catenin expression with cell

proliferation?
Capel: It is in the cells that are proliferating in themale. However, it is also in the

coelomic epithelium in the female, but at lower levels. There’s a di¡erence in levels
of around sixfold.
Vilain: One thing that remains unknown is the identity of the pathway that

WNT4 operates through. We think it should go through the b catenin/TCF
pathway as it does in thymocytes, but this still has to be proven in the testicular
cells (Sertoli or Leydig).
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General discussion II

Koopman: We have had some discussion of SRY and how it might work, but we
haven’t really resolved this. Inmy opinion there are a couple of simple experiments
that need to be done that would save a lot of theorizing and arguing.
There seem to be con£icting views of how SRY functions. One view says that it

functions as anHMGbox and that the rest of the protein doesn’t matter thatmuch.
The other view is that SRY functions by virtue of having an HMGbox that does a
number of things, such as DNA binding, DNA bending, calmodulin binding,
nuclear localization and phosphorylation, but that a C-terminal domain of some
sort might be necessary for building up a transcriptional complex that allows
SRY to function. This assumes, or course, that SRY is a DNA-binding
transcription factor that is somehow triggering a transcriptional pathway. This
second, more complex view seems to suggest SRY is acting by doing more than
just getting in the way of something else.
Goodfellow: If you really want to start at the beginning, there are three key

questions about SRY. Does it work by binding to DNA? Does it work by
binding to RNA? Does it work by binding to other proteins? It could also be a
mixture of these three. These are the formal possibilities. I don’t know anyone
who has looked seriously at RNA, for example. There are many examples where
RNA and DNA binding may contribute to the activity of a molecule.
Koopman: There is certainly evidence that SRY may also bind to DNA in vitro.

There is good evidence that some SOX proteins can bind to DNA in vivo. This
hasn’t been shown for SRY, but SRY is a SOX protein.
Goodfellow:Proteinswhich are known to haveDNA-binding activity can bind to

RNA. There’s no evidence to date that SRY’s function is through DNA binding.
Koopman:Are you making things ‘unnecessarily’ complicated, or are you being

sensibly critical?
Goodfellow: I am being ‘unnecessarily’ complicated, because unfortunately

simplicity isn’t always the answer. We can go through the two hypotheses that
you put up and they can both be interpreted with respect to those three
components.
Harley: Can I just comment from the DAX1 example, where it recognizes RNA

structures. TheHMGbox also has those properties. Given the propensity of RNA
to form structures, I think Peter Goodfellow is being constructively critical.
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Koopman: Is it realistic to propose that SRY doesn’t bind to any nucleic acid at
all?
Capel: It can interact with other proteins as well as nucleic acids. They are not

mutually exclusive.
Goodfellow:The subhypothesis concerns whether theDNAbinding is speci¢c or

not. I agree, it is likely that SRY has nucleic acid binding activity, otherwise the
box-like structure wouldn’t have been maintained. But this doesn’t imply
sequence-speci¢c binding. It could bind to DNA and that binding could then
cause the complex that reduces the concentration of another protein which will
have bound somewhere else, giving you a speci¢c activity.
Koopman:Once again, I would say that SRY is just another SOX protein. SOX

proteins can bind in vitro to just about any variation of a consensus heptameric
sequence.
Goodfellow:The big problem you have is that you are essentially trapped into the

hypothesis that says that sequence speci¢city, if it exists for SRY, is the same for
SRY and SOX9.You can switch the boxes and it still works. If sequence speci¢city
exists, then other proteins are providing the sequence speci¢city. One experiment
is to break out of the SOX9/SRY loop, becausewe are all a bit suspicious that these
are related. We need to go for a SOX gene which we know is not likely to be
involved in sex determination.
Wilkins: I think those results would still be interpretable in di¡erent ways. The

problem here is that mammals are notDrosophila. If this wasDrosophila, you could
use a genetic approach, taking a weak allele and selecting for enhancers or
suppressors, and then identify those gene products. It seems to me that there are
some weak alleles in SRY that exist naturally. It is a pity Eva Eicher isn’t here to
discuss this, because perhaps something like that could be done to take this
forward.
Goodfellow: Eva has been trying to do this for the last 20 years.
Wilkins: I’m aware of that, but the problemwith the in vitro approach is that you

can never be certain that what you ¢nd is applicable in vivo, no matter how good it
looks. There is a real dilemma here.
Goodfellow: If you put the SOX27 box into SRY, and it still gave sex

determination, you would really start to struggle with the sequence-speci¢c
component.
Koopman: I would argue that you could put in any oldHMGbox, but some other

part of the SRYproteinmight be required for stability of the binding, for example.
Scherer: I would suggest the LEF1 HMG box.
Behringer: Isn’t the central criticism of this ¢eld that for the last 10 years there has

been no target identi¢ed for SRY? This would lead us forward.
Capel: This is because either there is no DNA target or we just haven’t found it.

Has anyone done an extensive screen for RNA targets or protein targets?
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Behringer: I bet there are about a dozen people in this room who have done two-
hybrid screens that haven’t worked.
Capel: But there are plenty of examples where they don’t work because you are

missing a third component, either a nucleic acid or another protein.
Green¢eld: Peter Koopman, I thought that one of the putative functions that

you attributed earlier to the C-terminal domain was to promote protein
stability.
Koopman:Not protein stability; stability of SRY binding to its target.
Green¢eld: So it is de¢nitely a proper function. It must be species-speci¢c then.
Koopman: I don’t think so. That is a sequence-oriented view; domains that di¡er

in primary sequence between species could conceivably carry out similar stabilizing
functions.
Scherer: Is it possible to do immunoprecipitation on genital ridges?
Lovell-Badge:We can try, yes.We are going to try doing immunoprecipitation of

chromatin. We need quite a lot of genital ridges for this, but it is possible.
Poulat: Did you measure the nuclear localization of SRY in your Myc/Sry

transgenic? Have you seen variation in the expression of the protein?
Lovell-Badge: It has always been nuclear.
Poulat:How long is the protein present for?
Lovell-Badge: In the developing genital ridge as a whole, it roughly correlates

with the RNA expression overall, so we are talking about 36 h maximum.
However, within an individual cell it is almost certainly much less than this. We
see very few cells that are double-positive for SRY and SOX9.My feeling is that it
is probably just a few hours per cell.
Behringer: Peter Koopman, in the transgenics that you and Jo Bowles made, you

were getting ectopic expression of SRY. But the mice were normal. Does that
suggest anything about the role of SRY? Are these other tissues expressing SRY
doing anything?
Koopman: It is di⁄cult to know.We started o¡making transgenicmice by taking

the 14 kb large genomic fragment that we used in Robin Lovell-Badge’s lab, and
cutting it down in a nested 5’ deletion series to try to look for regulatory elements.
The bottom line is that we didn’t ¢nd any. In all cases there was expression in the
genital ridge, but there was also expression in all other tissues we looked at. This
didn’t appear to have any detrimental e¡ects on embryonic development, but
the levels of expression in the non-gonadal tissues were about one ¢fth what they
were in the genital ridge. In the genital ridge, as you know, they are already pretty
low.
Swain:Forwhat it isworth, wemade transgenicswith Sry driven by a ubiquitous

promoter, and there was no e¡ect.
Goodfellow:Did you get protein expression?
Swain:We didn’t look at protein; we didn’t have the antibodies.
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Goodfellow: The problem with that experiment is that if it is really deleterious,
then it would select for animals not able to make protein. Perhaps a worthwhile
experiment is to overexpress Sry in a mouse.
Behringer:We aremaking amousewhichwill conditionally express Sry upon Cre

recombinase expression.
Scherer: I don’t see where you are heading with the mouse Sry. The human SRY

is expressed in many tissues anyway.
Capel:Does anyone know about translation in those tissues in humans?
Goodfellow: Basically the levels of expression are, ‘let’s push PCR until we start

seeing bands’.
Poulat: Also the protein is cytoplasmic in most cases, so it will be inactive.
Wilkins: I think there’s an interesting question aboutSry levels:why are they low

during the critical time? Iwould suggest that this probablymeans that higher levels
will be deleterious in some way. It would be interesting to know whether if we
raised Sry expression during the critical stage this would cause defects.
Burgoyne: Sry is grossly overexpressed in a number of transgenic lines and they

are ¢ne.
Goodfellow: Does it change the timing? You have a double whammy:

concentration versus time. If you double the concentration, you may have
changed the timing also.
Swain: I have only looked at RNA expression, and it is a lot higher than the

endogenous level. I haven’t looked at timing.
Goodfellow: I’d like to go back to the idea I had of trying to reverse-select Sry.

Essentially, we are still hung up on exactly the point that is being made over and
over again, that we can’t identify the target. This is an experiment that Eva Eicher
has been trying to do by using hypermorphic variants of Sry. Part of me feels that
there should be a genetic solution:we should be able to set up a screenwherewe can
get complementation in the recipient of Sry, whatever that is, to correct a defect in
Sry.
Lovell-Badge: It is possible to do suppressor^enhancer screens in mice.

We are doing one speci¢cally to look for other genes involved in sex
determination.
Wilkins:Doesn’t that take a huge number of animals?
Lovell-Badge: It is not so bad. It is not the same as Eva’s experiments with the

QTL analysis. We reckon we’ll need 600 cages of mice, maximum.
Goodfellow: In those screens you get problems with the fact that you need

sex in order to reproduce the mice. I know there was some discussion in
zebra¢sh. Has anyone gone back to some of those large screens and thought
about sex?
Behringer: I think they were only looked at much earlier than the sex

di¡erentiation stage.
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Goodfellow:Now some of those screens are being looked at much later. Last time
we looked at this no one knew anything about sex determination in the zebra¢sh,
so the experiment died.
Behringer: They have a Sox9 gene.
Koopman: It is still a bit of a mess: no one knows what’s going on in zebra¢sh sex

determination.
Green¢eld: The large-scale ENU mouse screen in Munich has systematically

searched for XY sex reversal. The last time I spoke to them they had screened
thousands of DNA samples and found nothing.
Harley:Robin, is your human SRY that is sex-reversing inmice a robust starting

point from which to test weak alleles of human mutations in enhancer^suppressor
screens?
Lovell-Badge:We have several lines. We have one which always sex reverses and

one which only sex reverses occasionally. One could use this latter line.
Behringer: PeterGoodfellow, in the context of your screen I think odsexmight be

picked up, because it rescues Sry de¢ciency. There may be background in the
system, like all screens.
Goodfellow: But the problem with the screen is that what you really want to

do is make it conditional on the presence of Sry. This is because your screen may
pick up things that are active downstream, which are independent of Sry. It
requires quite a lot of thought to make sure that it is conditional on the presence
of Sry.
McLaren: What is the di¡erence between an Sry that works and an Sry from a

di¡erent species (or subspecies) that doesn’t?
Goodfellow: That’s why I said that Eva Eicher’s screen is similar to what we

have been talking about: e¡ectively that experiment is treating Sry like a QTL. It
still comes down to taking an Sry that doesn’t work quite as well as you would
hope.
McLaren: What is known about the sequence of the SRY that doesn’t work,

both within the box and outside the box?
Lovell-Badge: In the case ofMus domesticus poschiavinus it is probably just a lower

level of expression. It is a weak allele in terms of its expression.
McLaren: But why is it expressed weakly? Is there a regulatory di¡erence?
Lovell-Badge: I assume that there is, but it hasn’t been characterized.
Zarkower: It is known that there is no apparent correlation between coding

sequences in sensitive and non-sensitive alleles of SRY, and thus the di¡erence is
thought to be regulatory (Albrecht & Eicher 1997).
Lovell-Badge: Yes, it is not within the coding region. We had some evidence a

long time ago that there was something di¡erent 3’ to the gene in the poschiavinusY
compared to the 129Y chromosome, but thiswaswithin the inverted repeat region
and di⁄cult to analyse.
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Harley: I’d like to make a general point about QTLs. The large number of XY
females that have intact SRY could just have very subtle polymorphisms in any
number of the testis genes that we have been considering.
Goodfellow:Clearly, within the next two or three years, every ORF is going

to be PCRable, and there are several institutions who are trying to set up
those primer pairs for exactly this experiment� looking for the mutations
associated with disease. This would be a clear case where that would be worth-
while.
Vilain: Except you may ¢nd many hundreds of small variations in many genes.

It is going to be di⁄cult to interpret.
Goodfellow: You are looking for de novo mutations, so you know there

is certain background number of known mutations that are going to change the
coding sequence. In this experiment you would be looking for one of
these.
Short: Are we now in fact discussing the molecular basis for Haldane’s law? He

said that in interspeci¢c hybrids, it is the heterogametic sex that is absent, rare or
sterile. Are we now thinking that we can explain that on the basis of interspeci¢c
variations in SRY?
Wilkins: Surely Haldane’s law applies to much broader groups than these that

just use SRY?
Short: Yes, Haldane’s law also applies to avian hybrids, but I’m just taking this

narrow case: AnneMcLaren raised the question of what happens when the SRY of
one species is expressed in another. I was taking o¡ from there. It is amazing that
one can skew the primary sex ratio so much in interspeci¢c hybrids. There should
be an explanation for this.
Charlesworth:There’s a great deal of work in the evolutionary genetics literature,

mostly inDrosophila, which largely explains it in terms of recessivity of deleterious
e¡ects of the genes in hybrids. If you have a gene coming in on theX chromosome,
it is fully expressed in the heterogametic. It can interact with heterozygous genes
on the autosome and this gives a sterile hybrid male. There are some cases where
Y-linked factors are implicated, but overall it is much broader than simply the
e¡ects of Y-linked genes.
Short:Myunderstandingwas that people thought it was anX-linked gene e¡ect.
Goodfellow: Why not take Sry and overexpress it in Drosophila, zebra¢sh and

chickens, to see whether anything happens?
Poulat:We have tried this. InDrosophila it doesn’t do anything. It is interesting

to compare this with the e¡ect of overexpressing Sox9. Someone in the lab
expressed Sox9 in the eyes and this eliminated the eyes. He has tried the same
with Sry and it has no e¡ect of it, wherever it is expressed.
Wilkins: This could be because its potential partners were not expressed, so we

can’t conclude much from this.
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Goodfellow: But if you subscribe to the view that Sry captured something from
somewhere, then youmight argue the case that is also capable of capturing it if you
put it in the eye.
Poulat: We have also expressed a truncated form of Sox9, and in this case the

phenotype was the same. It is likely to be an e¡ect of the HMG domain.
Zarkower: We have also tried using Dmrt1 in C. elegans. There was no obvious

phenotype.
Goodfellow: The widely held hypothesis is that Sry captured sex determination.

Sowhy don’t we go out and capture sex determination again? Is there any chance of
putting it into duck-billed platypus?
Graves: That would be the obvious experiment!
McLaren: Just going back to Haldane’s law, as far as mammals are concerned, I

wonder in how many of the cases of the males being absent, anyone has looked to
see whether it is actually sex reversal rather than sex-speci¢c mortality?
Short: Professor ‘Twink’ Allen and I have looked at mules, where there is a

marked de¢ciency of males. We blood sampled about 100 female mules and
screened them for SRY expression, hoping that we would ¢nd some XY females.
We didn’t ¢nd any, but this wasn’t a big enough sample for a signi¢cant test.
Graves:Did you karyotype them? If they are not expressing SRY you couldmiss

it.
Short:No. It would be quite an easy experiment to do.
Perhaps this is a silly question, but does anyone foresee any therapeutic use of

SRY?
Behringer: Possibly in ovarian cancer. These are mostly derived from the

epithelial layer of the ovary. SRY has little toxicity, and if it could push the
di¡erentiation one way or the other the tumour cells might get confused and
then undergo apoptosis. It’s just a wild idea.
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Evolution of the testis-determining

gene� the rise and fall of SRY

Jennifer A. Marshall Graves
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Abstract. The mammalian Y chromosome has been known for a long time to harbour a
gene that triggers testis determination, and this testis-determining factor was identi¢ed as
SRY in 1990. It has been supposed that SRY was the original mammalian sex-
determining gene that initiated the di¡erentiation of the Y from the X early in
mammalian evolution, and this belief has been reinforced by an analysis of divergence
times. However, I will argue here that SRY evolved quite recently in therian mammals
and was not the original mammalian sex-determining gene that de¢ned the X and Y. It
arose as a degraded version of the X-borne SOX gene that is better quali¢ed to be a brain-
determining gene. It has no central role in sex determination, and can be replaced as a
trigger and lost, as have many other Y-borne genes in recent evolutionary history. The
mole vole has evidently accomplished this.

2002 The genetics and biology of sex determination. Wiley, Chichester (Novartis Foundation
Symposium 244) p 86^101

SRY, the mammalian sex-determining gene

The testis-determining factor (TDF), known from deletion mapping to reside on
the short arm of the humanY, was positionally cloned in 1990 (Sinclair et al 1990).
The human SRY gene was shown unequivocally to control sex determination by
mutation analysis, and its mouse homologue Sry was also shown to be testis
determining by transgenesis (reviewed in Koopman 1995). Other species of
eutherian mammals were found to have an equivalent gene on the Y chromosome.
SRY is a small, single exon gene encoding an 80 amino acidDNA-bindingmotif

(HMG domain) similar to the HMG (high mobility group) proteins that are
architectural factors. It de¢ned the burgeoning SOX (for SRY-like HMG box
containing) gene family that includes transcriptional activators and repressors.
SRY is thought to act by the binding of the HMG box to a 6 bp DNA sequence,
which bends DNA through a speci¢c angle (Harley et al 1992). This may promote
association of regulatory elements bound to far-£ung regions of DNA, forming a
complex that controls the activity of other genes.
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Sry is expressed during a narrowwindow in the developingmouse gonadal ridge
at 11.5 dpc (days post coitum), the time at which the ¢rst histological signs of testis
di¡erentiation are noted (reviewed in Koopman 1995). However, human SRY is
transcribed in many embryonic tissues, albeit at a low level and is limited to the
testis in adults. The signi¢cance of SRY transcripts in developing tissues other
than testis is unclear. Does SRY have a function other than testis determination
in humans?
Just which other genes are controlled by SRY is not yet clear, as the target of

SRY has not been identi¢ed. However, it is likely that SOX9, an autosomal gene
with a conserved function in testis determination (Foster et al 1996, Wagner et al
1995), is somehow controlled by SRY. Whether this control acts via activation or
repression of other genes in the sex-determining pathway is not yet clear. The
products of related SOX genes include both transcriptional activators and
repressors (Uchikawa et al 1999). Suggestions include the direct or indirect
activation of SOX9 (Dubin & Ostrer 1994), or a double repression (McElreavey
et al 1993), perhaps via repression of SOX3 that in turn relieves the repression on
SOX9 (Graves 1998).

The rise of SRY

SRY has not always been the master switch that controls sex determination. Non-
mammal vertebrates have no sex-speci¢c SRY (Gri⁄ths 1991). Birds and snakes
have a ZZmale: ZW female chromosomal sex determination systemwhich is quite
unrelated to the mammal XX:XY system (Nanda et al 1999). Birds appear to rely
on another gene,DMRT1 (Raymond et al 1998, Smith et al 1999). This gene lies on
human chromosome 9 (Raymond et al 1999) and acts downstream in the human
sex-determining pathway (as shown by sex-reversed phenotype of mutants). This
means that SRYmust have evolved speci¢cally in the lineage that led to eutherian
mammals.

Origin of the mammalian SRY gene

We can discover where SRY came from and guess at how it acquired its sex-
determining function by comparing its position, sequence and expression with
those of related SOX genes.
SRY belongs to the intronless sub-family of SOXB genes. One of these, SOX3,

was identi¢ed on the X chromosome inmarsupials, and subsequently in all therian
mammals, so must have been on the X in a common mammal ancestor. SOX3
shows the highest sequence similarity to SRY within the HMG box (Bowles et al
2000), suggesting that SRY evolved from SOX3 (Foster & Graves 1994). The
SRY sequence outside the HMG box is poorly conserved between di¡erent
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species. This suggests that all the conserved sex-determining activity of SRY is in
the HMG box, a conclusion reinforced by the ¢nding that almost all of the known
amino acid substitutions found in mutant SRY proteins from XY females lie
within this region (Hawkins 1993). Thus SRY seems to be essentially a truncated
SOX3.
In contrast, SOX3 is highly conserved between species, both outside andwithin

the HMG box. This suggests that it serves a critical function in mammalian
development. In humans it is expressed in the developing brain, spinal cord,
thymus and heart, as well as several adult tissues including testis. Two boys with
SOX3 deletions were severely mentally retarded, but showed testicular
development, excluding SOX3 from a necessary role in male sex determination
(Stevanovic et al 1993). Mouse Sox3 is expressed in the developing CNS, but
there is some weak expression (comparable to that of Sry) in the indi¡erent
genital ridge (Collignon et al 1996). A chicken homologue cSOX3 is expressed
only in the CNS, but an amphibian homologue, xSOX3, is expressed in the
Xenopus ovary (Koyano et al 1997, Penzel et al 1997).
Thus the progenitor of SRY was more likely to have been involved in brain

development than testis determination, although it appears to have a minor
conserved role in di¡erentiation of gonads as well as central nervous system.
How could a brain-determining gene become a testis-determining gene?

SOX3 as a victim of Y chromosome degradation

The evolution of SRY from SOX3 is readily understood in the context of Y
chromosome mayhem. The mammalian Y is essentially a broken down X, and
many or most genes on the Y are relics of genes on the X. This includes several
genes whose X-borne copies are widely expressed but whose Y-borne equivalents
are limited to testis and have putative roles in spermatogenesis. SRY proves to be
no exception.
All the evidence supports the postulate (Ohno 1967) that sex chromosomes

originated from a pair of autosomes when a gene took on a controlling function
in sex determination. As genes with a sex-speci¢c function accumulated, there was
selection for repression of recombination to preserve a male-speci¢c package
(Charlesworth 1991). In turn, absence of recombination allowed mutations and
deletions to persevere and led to rapid degradation of this region on the Y and
loss of homology with the X. Progressive attrition was also o¡set by at least one
major addition to the eutherian sex chromosomes (Graves 1995). Ohno’s theory
explains why many or most of the active genes and several pseudogenes on the Y
have homologues on the X.
This inexorable degradation explains why there are so few genes left on the Y.

Only about 30 have survived on the di¡erentiated part of the Y out of the original
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1400 represented on the X. These genes survived because they acquired a vital
function in male determination or di¡erentiation.

Acquisition of a sex-determining function by SOX3

Most genes on the human Y are somehow involved in sex determination and
di¡erentiation, largely spermatogenesis. This ‘functional coherence’ is quite
unlike the multiplicity of functions of genes on any other chromosome, or even
region (Lahn & Page 1997). However, this specialization is readily explained by
selection acting on Y-borne genes.
To escape the inexorable degradation of genes on the Y there must be a strong

selective forcemaintaining gene activity. Since only half the population possesses a
Y chromosome, these genes cannot be vital for life. However, they can be
selectively maintained if they are necessary for male (but not female)
reproduction. In fact, they might even be disadvantageous for females. One
example is ZFY (the original candidate for the testis determining factor), which
is a ubiquitously expressed transcription factor in humans, but is testis-speci¢c in
mouse and likely to function in spermatogenesis. Other candidate spermatogenesis
genesRBMY,DFFRY andDBY also appear to have diverged from ubiquitously
expressed homologues on the X chromosome (Delbridge et al 1999, Lahn& Page
1999) and found a role in spermatogenesis.
So SRY is just like the other genes on the Y chromosome. It has been

truncated�chopped o¡ at the socks� to the point that there is nothing left
except the HMG box. But has been retained because it found a male-speci¢c
function.

How did a brain-determining

gene become a testis-determining gene?

SRY and SOX3 expression pro¢les overlap at least to some degree. The minor
expression of SOX3 in the testis in mouse, and its expression in Xenopus ovary
suggests that SOX3 may have had at least a side-interest in sex for a long time.
The minor expression of Sry in the mouse brain (Mayer et al 1998) suggests that
SRY may retain some of its original brain-determining function. In fact its wide
expression pattern in humans and marsupials makes us wonder if it has subsidiary
functions in many tissues, although the absence of SRY has no phenotypic e¡ect
other than on sex determination. I suggest that the dual function of SOX3 has been
partitioned between brain (retained by SOX3) and testis (taken over by SRY).
Partitioning of function between the X- and Y-borne copies of a gene has

occurred at least at one other locus. Mutations of theATRX gene on the human
X a¡ects many systems, causing male-to-female sex reversal as well as mental
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retardation and alpha thallasaemia. This gene is expressed ubiquitously, in the
gonad as well as many other tissues and organs. However, in marsupials, there
are two copies of the gene, one on the X and one on the Y (Pask et al 2000).
ATRX is expressed widely but not in the gonad, whereas ATRY is expressed
only in testis.
A pathway by which the Y-borne allele of SOX3 abandoned its brain-

determining function and became essential instead in sex determination, is
suggested by the hypothesis that SOX3 acts as a negative regulator of SOX9 in
determining testis (Graves 1998). In females, in the absence of SRY, SOX3
inhibits SOX9 and no testis forms. In males, SRY inhibits SOX3, permitting
SOX9 to enact its testis-determining role. An intermediate in the process could
have been a dosage-determined system based on SOX3 in which homozygotes
for wild-type SOX3 were female, whereas heterozygotes for a null allele were
male; the 2:1 dosage di¡erence determined sex via a di¡erential e¡ect on SOX9
activity. This system could readily evolve into a male-dominant system by the
truncation of the null allele so that instead of merely being inactive, it actively
inhibits SOX3 and allows SOX9 to function to produce a testis. In support of
this idea is the observation that truncation of SOX9 turns it from an activator
into a repressor (Sˇdbeck 1996).
Thus SRY has followed a common path travelled by several genes on the Y

chromosome. From a widely expressed gene with functions in both sexes, it has
become specialized for testis determination. It seems likely that its action may
have changed with its truncation. Its expression has become limited in mouse,
but is still wide in humans, although it appears to do the same job in both
species, as a male-speci¢c gene with a speci¢c function in testis di¡erentiation.

When did SRY evolve?

We can discover when this change occurred by comparing SRY in di¡erent
mammals, with reference to the framework of relationships provided by fossil
evidence and, increasingly, molecular phylogenies. There are three major groups
of extant mammals. Two Infraclasses, Eutheria (placental mammals) and
Metatheria (marsupials) diverged about 130 mya (million years ago). The
Subclass Theria that contains them is generally thought to have diverged from
Subclass Prototheria (the egg-laying monotremes) about 170 mya. Mammals
evolved from a branch of reptiles (synapsids) that left no other descendants, and
are equally distantly related to the other major branches of reptiles and birds,
having diverged about 350 mya. Reptiles in turn diverged from amphibians,
which evolved from a branch of the ¢sh about 450 mya.
Since no non-mammalian reptile has an Sry gene, we must conclude that SRY

evolved after the divergence of synapsid reptiles about 350 mya. And since

90 GRAVES



humans and rodents, and all other orders of eutherian mammals tested have an
SRY gene, we conclude that SRY evolved before the eutherian radiation about
80 mya. This leaves a very wide gap that can be ¢lled by searching for SRY in
marsupials and monotremes.
In marsupials, the Y chromosome is testis-determining, although it does not

control all aspects of sexual di¡erentiation (Sharman et al 1990) as it does,
directly or indirectly, in eutherian mammals. It was signi¢cant, therefore, that a
male-speci¢c SRY sequence was discovered on the Y chromosome in marsupials
(Foster et al 1992), particularly since the lack of a male-speci¢c copy in marsupials
had earlier sounded the death knell of the previous candidate ZFY (Sinclair et al
1988). This made a Y-borne SRY gene at least 130 million years old, and showed
that it was part of the conserved ancient region of the mammalian Y (Waters et al
2001).
The presence of a Y-borne SRY gene in marsupials does not, however, prove

that it has a male-determining function. The near-ubiquitous expression patterns
of marsupial SRY do not necessarily point to a role for this gene in sex
determination. In the tammar wallaby, SRY is transcribed in the embryo at every
stage sampled, as well as in a wide range of adult tissues (Harry et al 1995). In the
absence ofmutation analysis and transgenesis, there is still no direct demonstration
that SRY is male-determining in marsupials. Moreover, there is a competing
candidate sex determining gene in marsupials in the testis-speci¢c ATRY gene
on the Y chromosome (Pask et al 2000) homologous to the X-speci¢c sex-
reversing ATRX gene on the human X. Is it possible that ATRY acts as the
testis-determining switch in marsupials?
The presence of SRY on the Y chromosome inmarsupials, even if it is not male-

determining, datesSRY atmore than 130million years old, and suggests that itwas
a property of the Y chromosome of an ancestral therian mammal.
Can we trace SRY back any further? Lahn & Page (1999), on the basis of

sequence di¡erences between human SRY and SOX3 compared to those between
other XY shared genes, date the time of separation of the two alleles at 240^
320 mya, long before the three groups of extant mammals diverged. By their
calculations, SRY is a member of the most ancient stratum of the X
chromosome, suggesting that the acquisition of a sex determining function by
SRY was the de¢ning event in the initiation of sex chromosome di¡erentiation.
If SRY was the original sex-determining gene that de¢ned the mammalian Y

chromosome, it should also be present on the Y chromosome in the third group
of mammals, the monotremes. Demonstration of a monotreme SRY would push
back the date of SRY evolution to beyond 170 million years, the date at which
monotremes diverged from the therian mammals (marsupials and eutherians).
Monotremes (the platypus and two echidna species) have an X chromosome

present in two copies in females and a single copy in males (Murtagh 1977,
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Wrigley & Graves 1988). Since monotreme sex chromosomes are involved in a
translocation chain at meiosis with other unpaired chromosomes whose identities
and relationships are unknown (Watson et al 1992), it is not certain which
chromosome is the Y. The sex-determining mechanism in monotremes is quite
unknown� in the absence of sex chromosome aneuploids, we cannot say
whether the Y (whichever it is) or the dosage of the X is male-determining.
We have made many attempts to demonstrate and isolate an SRY gene in the

platypus and echidna. Southern blotting of DNA from males and females of both
species using human, mouse or marsupial SRY as probe detects several bands
shared between males and females which are equivalent to the related SOX genes,
but no male-speci¢c band has been demonstrated. PCR with primers designed
from several SRY and SOX sequences ampli¢es only fragments shared between
male and female. Screening platypus genomic or cDNA libraries has isolated
other SOXB genes that map to autosomes, but no SRY (P. Kirby, J. A. M.
Graves, unpublished data). Screening Noah’s Ark blots with these platypus
SOXB genes also detects only bands shared between males and females. The
simplest interpretation is that there is no SRY gene in the platypus, and sex is
determined by another gene on either the X or the Y chromosome. Possible
candidates are ATRY and DMRT1, which are presently being cloned and
localized in the platypus.

Evolution of SRY function?

SRY shows major changes in structure and sequence between mouse and human.
Do these re£ect a change in SRY function that occurred in rodent or primate
evolution?
Most eutherianSRY genes that have been analysed share one ormoreC-terminal

protein-binding (PDZ) domains outside theHMGbox. These domains bind PDZ
proteins, and by analogy to other genes may act as an adaptor between SRY and
other proteins in a transcription complex (Poulat et al 1997).
The mouse Sry gene is exceptional in its possession of a long (223 bp) 3’ domain

containing a CAG repeat. Its product therefore contains a C terminal domain
composed of 20 blocks of glutamine runs interspersed with spacers of polar
amino acids (Bowles et al 1999). It is thought to have arisen by insertion of a core
domain downstream of Sry, followed by ampli¢cation and mutation. The length
and make-up of this domain varies among Mus species and strains leading to the
suspicion that the CAG domain is non-functional�yet another nasty accident
that occurred to the poor Sry gene. However, truncation mutations lacking this
region were found to be unable to reverse sex of XX embryos. The glutamine-
rich domain is therefore essential for sex determination in the mouse. Bowles et al
(1999) suggest that the glutamine-rich domain of the mouse Sry forms a ‘polar
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zipper’ structure that mediates protein interactions, in lieu of the protein^protein
interactions undergone by the PDZ domain of human SRY.
This suggests that the mouse Sry has acquired a new function since the

divergence of rodents from primates.

The fall of SRY

The Y chromosome is evidently a dangerous place to be. Genes are subject to a
barrage of mutation, and the lack of recombination means that the Y cannot be
reconstituted. Most of the original 1500-odd genes have been irretrievably lost.
Some genes have disappeared from the Y in one lineage but not another. For

instance, the UBE1 gene coding for a ubiquitin activating enzyme has a Y-borne
as well as an X-borne copy in mouse and marsupial, but not human. Evidently the
copy disappeared from the human Y very recently, since its X-borne partner still
escapes X chromosome inactivation. Similarly, the RPS4 gene coding for a
ribosomal subunit has copies on the X and Y chromosome in humans, but has
lost its Y homologue in mouse.
Genes on the Y illustrate di¡erent stages of degradation and loss (reviewed in

Graves 1995). Genes within the pseudoautosomal regions have homologues on
both X and Y that pair and recombine at meiosis. Some genes like SMCY still
maintain an active homologue on the Y: the double dosage in males is balanced
by the escape of the X homologue from X inactivation in females. Other Y-
borne genes, like RPS4, are active, but less so than their X homologues. Some
originally ubiquitous genes, like mouse Zfy, have become testis-speci¢c, and
their X homologues recruited into the X inactivation system. Many genes, like
STS, are represented only by pseudogenes on the Y. The overwhelming majority
of genes have been completely deleted from the Y and their X homologues subject
toX inactivation in females.Di¡erent stages of degradation and lossmay be shown
by the same gene in di¡erent species. For instance,UBE1Y is pseudoautosomal in
monotremes, active but male-speci¢c in mouse and marsupial, present only as
pseudogene fragments in several primates, and has been completely lost from the
human Y (Mitchell et al 1998).
The 26-odd genes that survive on the di¡erentiated region of the human Y also

show signs of attrition.Many are functionless pseudogenes, having su¡ered partial
deletions (e.g. STS). Others, such as the candidate spermatogenesis genes DAZ
and RBMY, have undergone mutation and exon ampli¢cation and these as well
as others are ampli¢ed into gene families, only a few members of which are active.
SRY is no exception. Indeed, this gene appears to be a butchered copy of SOX3,

evolving in the ¢rst place by truncation of sequences outside the HMG box. It
shows a very high mutation rate, sparking initial speculation that variation at this
locus drives speciation. However, careful analysis shows that the rate is typical of
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other genes on the Y, and mutation-causing base changes are no more frequent
than expected (Pamilo & O’Neill 1997). Transgenesis with Sry from other mouse
species fails to e¡ect sex determination, and as we have seen, the CAG repeat has
been internally ampli¢ed to di¡erent extents in di¡erent mouse strains and species.
In some species of OldWorld mice, Sry has been ampli¢ed many times (Nagamine
1994). In one marsupial species, an intron has been created de novo in SRY (O’Neill
et al 1998).
It would be hardly surprising to ¢nd that SRY has completely disappeared in

some lineages. This seems to be exactly what has happened in the mole voles of
Eastern Europe. Ellobius lutescens and E. tancrei undergo apparently normal sex
determination. However, both species lack a Y chromosome, and animals of
both sexes have an XX or XO sex chromosome constitution respectively. A
third Ellobius species E. fuscocapillus has an intact Y that looks much like a mouse
Y, and a perfectly normal Sry gene. However, no SRY gene homologue can be
detected in either species lacking a Y (Just et al 1995), even using a probe
ampli¢ed from the closely related E. fuscocapillus. Evidently some other gene has
taken over the primary sex-determining function in triggering the male
developmental pathway in these species. There are no outward signs of
di¡erentiation of another chromosome, and a search for sex-associated variants of
SOX9 andAMH (MIS) have proved negative (Baumstark et al 2001).

The future of mammalian sex determination

What sort of human sex-determining systemwould we ¢nd if we returned to earth
in 100million years or so? The continued degradation of the Y chromosome seems
to be assured. At the rate it is going, the pseudoautosomal region is likely to be
di¡erentiated in a few million years, and the entire Y may not last much longer.
Complete di¡erentiation of the X and Y evidently happened in marsupials, in

which there is no detectable pseudoautosomal region. No cross-hybridization
between the X and tiny Y can be seen with X or Y probes (Toder et al 2000), and
no homologous pairing, synaptonemal complexes or chiasmata can be detected at
male meiosis (Sharp 1982). However, loss of the pseudoautosomal region (PAR)
may be opposed by strong selection for a pairing function, given thatmen andmice
lacking a pseudoautosomal region of the Y are sterile. We may see, then, that the
PAR takes on a life of its own, as appears to have happened in mouse, where the
PAR is grimly hanging on. It has become GC-rich, probably to the detriment of
Sts, the only gene it still harbours (Salido et al 1996).
The alternative is that the Y chromosome could be rescued once more by

translocation of an autosomal region to the pseudoautosomal region. This will
enlarge the pseudoautosomal region, provide new genes to be moulded into a
sex-speci¢c role, and delay the inevitable decay of the Y. Conceivably, many
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serial translocations could occur until the entire genome became part of the X
chromosome. Ultimately, degradation would render humans, like bees and
wasps, diploid in females and haploid in males.
Whichever scenario is followed, there is no guarantee that SRY will survive as

the sex-determining gene for much longer. After all, SRY is not a very old gene,
being absent in birds and reptiles and apparently in monotremes. It is not itself
required for testis determination, as is shown by human XX males that lack
SRY. It is simply a trigger, and could conceivably be replaced by any gene in the
pathway. Evolution of a variant that short circuits SRY is not at all di⁄cult to
imagine, especially if it is true that SRY acts in a very roundabout way.
Mole voles demonstrate that loss of the entire Y is possible. Indeed, it is an

almost inevitable outcome of continued Y degradation. Not only has Sry been
lost but all the spermatogenesis genes on the mouse Y have disappeared with it.
It is hard to imagine that these could all be lost simultaneously. Were the
spermatogenesis genes picked o¡ one by one as their functions were taken over
by autosomal or X-linked genes? Was the mole vole Y in its death throes devoid
of everything except Sry? Genetic archaeology of exotic species will be very
rewarding, for it is likely that the mole vole will help us foretell the future of the
human Y chromosome and the SRY gene.
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DISCUSSION

Scherer: Did you say thatATRY is expressed in the gonads in platypus?
Graves: No, we haven’t found ATRX or Y in platypus yet; this work is in

marsupials whereATRY is expressed in gonads, and ATRX is not expressed in
gonads but it is expressed everywhere else.
Mittwoch: When you say that SOX3 may inhibit SOX9, by what sort of

mechanism do you think this is happening? Do you think that SOX9 may be
accelerating cell proliferation, and that SOX3may retard it?
Graves: I would expect it to be much more direct than that. HMG box proteins

seem to form quite large complexes together, and some SOX genes are inhibitors
and others are activators. It may be that they are part of a much larger complex.
Burgoyne: I have evidence for anX-linked gene that potentiates Sry action, which

is the opposite of what Jenny Graves was suggesting that Sox3 might do. This
came out of a project in which I created XOs with a paternal X and maternal X,
and I hadXXs in the same cross. I put in an incompletely penetrant Sry transgene. I
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expected them all to give the same proportions of males, females and
hermaphrodites, but the results are absolutely clear cut. If you are an XO with an
incompletely penetrant Sry transgene, you are much more often female than if you
are an XX. XXs were getting about 50% males, whereas the XOs were female or
hermaphrodite and almost never male. This tells us that there is something on the
X chromosome, which apparently is not dosage compensated, which potentiates
the action of this incompletely penetrant SRY transgene. In trying to ¢nd out what
this gene would be, I though that if it is non-dosage compensated it might map to
the pseudoautosomal region (PAR), because genes in the PAR are not dosage
compensated. I therefore added a PAR to the XOs, but this made no di¡erence
whatsoever. As for the other X-linked genes that aren’t dosage compensated,
most of them have homologues on the Y chromosome. So I put back a Y
chromosome lacking Sry, to see if this would make them go back to being male.
The data so far suggest these XY Sry-negative mice carrying the incompletely
penetrant Sry transgene are also developing as females. Of course, the only Y-
linked gene that I haven’t put back by adding this Y is Sry, of which the
homologue is Sox3. This leads to the intriguing possibility that Sox3 is
potentiating Sry action in the XX Sry transgenics. Although Sox3 is thought to
be dosage compensated, Adam Hacker in Robin Lovell-Badge’s lab showed that
in early genital ridges, there are higher levels of Sox3 in XX than in XY.
Graves:That would be evenmore interesting:maybe it used towork in the other

way. Sharat Chandra proposed years ago that X inactivation was evolved as a sex-
determining device, and in females itwould kill o¡ one copy of a gene such as Sox3,
so you would have one active copy of Sox3 in females and two in males (Chandra
1985). This really would be exciting.
Short: JennyGraves, you said there is no PAR inmarsupials, but is there anX^Y

bivalent in meiosis?
Graves: Yes, there is. They don’t pair and recombine; they sort of touch at the

ends. It is called ‘telomere attraction’, whatever that means in molecular terms.
Zarkower: In your model, snakes and turtles are grouped together. Have you

looked at whereDmrt1 is located in snakes, and do you know anything about the
molecular nature of the snake X and Y chromosomes?
Graves:There is a tiger snake in a bag on the television set that is making the kids

and the dog very nervous in our collaborator’s house, so we are about to do those
experiments. We haven’t been able to paint into snakes, so far, but we are trying.
We were amazed that we were able to paint the chicken Z across into turtles,
because they were supposed to be so distantly related. I no longer believe this: I
think turtles aremuchmore closely related to birds than has been appreciated in the
past. I suspect the whole anapsid/diapsid dichotomy is junk.
Koopman: What is known about Sox3 expression in the gonads in di¡erent

species?
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Graves: The unhappy fact is that it is not expressed in the gonads in marsupials
(Pask et al 2000). This kills o¡ the idea that it is an inhibitor in marsupials. How-
ever, we have no direct indication that Sry is sex-determining inmarsupials. I don’t
know anything that has been done on Sox3 expression in chickens.
Lovell-Badge:We have looked. Sox3 is clearly expressed in germ cells, but not

obviously in the somatic cells.
Graves: I think inXenopus it is expressed in the ovary as well as the brain.
Lovell-Badge: I can’t remember. Xenopus is di⁄cult anyway, being a pseudo-

tetraploid. There are extra copies of the genes.
Graves: From the data that we have looked at it is really not very clear to me that

it is Sox3. If you don’t have Sox1 and Sox2, I don’t think you can claim that you
have got the right gene.
Lovell-Badge:There are de¢nitely Sox1, Sox2 and Sox3 genes in birds.
Koopman:What is the situation with Sox3 in mice? Is it expressed in fetal gonads

or not?
Lovell-Badge: It is expressed in the gonad at a low level, but it isn’t speci¢c to

the gonad. We did RNase protection assays to detect it. The in situs didn’t look
great.
Burgoyne: The expression wasn’t germ cell dependent. Interestingly, as I said

earlier, there was more in the female genital ridge than the male. It may escape X
inactivation, at least in the genital ridge.
Wilkins: For model systems where there are genetic tests, we often isolate and

identify particular genes, and assign them certain roles.We then tend to think, ‘Ah,
this gene must perform this function in a large number of organisms’. However,
many genes are parts of gene families, andmany di¡erent gene products�whether
they are parts of the same family or are unrelated but can do the same thing� form
groups of genes that are functionally related.What evolution seems to do is to play
around with the members that have similar functional capacities to do certain
things. In certain lineages, one member of that functional group will do one
thing, and in other lineages, others will. We are terribly surprised when we get
results such as Jenny Graves’ demonstration that Sry is not the be-all and
end-all of sex determination, when in fact this is probably a common theme
in evolution. Often there is selection for maintenance of the function, but the
players change.
Lovell-Badge:That has become clearwith Sox2 and Sox3. In birds, although both

seem to be involved in neural induction, Sox3 is expressed in the epiblast earlier
than Sox2. In mammals, however, Sox2 is expressed in the inner cell mass of
blastocysts, much earlier than Sox3 which only comes on later in the epiblast.
With respect to germ cells, in the chick Sox3 shows strong expression, whereas in
the mouse it is Sox2.
Burgoyne:Why hasn’t the emuW become wimpi¢ed?
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Graves: That’s an interesting question. The same thing happens in snakes. In
di¡erent families there are di¡erent extents of di¡erentiation of the W
chromosome. It looks like it happens independently in di¡erent families.
Burgoyne: In the di¡erent groups of birds we are presumably talking about the

same W.
Graves: Yes, but it has obviously been evolving quite independently for 80

million years since emus (ratites) diverged from chickens (carinates). I don’t
think we have the slightest idea about why it would go faster in some lineages
than others. Can someone please explain why there are no sex chromosomes in
frogs!
Charlesworth: The general idea for why crossing over is suppressed across the

whole of the Y chromosome, rather than just around a sex-determining region,
depends on the notion that there are genes which are advantageous in one sex
and disadvantageous in another. You want to keep the ones that are good in
males linked to the male allele at the sex-determining locus. It could simply be a
matter of happenstance in di¡erent lineages as to whether these genes pop up as
mutations and get recruited. I don’t think in principle that it is terribly surprising
that di¡erent lineages behave di¡erently.Of course, there is no evidence oneway or
another as to exactly why it happens one way in one group and di¡erently in
another. Emus belong to a distinct branch, the ratites, which are a primitive type
of birds that have been separated from the others for a long time. Things could
have happened quite di¡erently there.
Wilkins: A phylogenetic question. Your scheme assumes that monotremes are

the most basal mammals. There was a report a while back showing molecular
evidence that suggested that monotremes are a branch of the marsupials (Janke et
al 1996).
Graves: This was based on whole mitochondrial sequencing. Clearly, the nodes

are very close, and mitochondrial DNA brings out monotremes and marsupials as
being sister taxa, both equally related to the eutherian mammals. Almost
everything else says the opposite.
Renfree: The fossil record shows unequivocally that monotremes branched o¡

the mammal-like reptile lineage very early on. Then, in the fossil record there are
distinct therian mammals, a variety of small carnivorous-like mammals, that you
cannot tell whether they aremarsupial or eutherian. Themost recent data show that
only from 100million years ago can you identifymarsupials and eutherian animals.
They appear simultaneously as distinct groups in the fossil record with therian
mammals as their precursors. The monotremes were distinct from this lineage
about 150 million years ago.
Graves: I’m looking for a unique genetic event that will distinguish those

hypotheses. I think the location of genes such as Sox3, that are found on the X in
human and marsupial but not monotremes, will provide this.
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Capel:What is the information on ATR X in humans?
Vilain: It causes a classic X-linked mental retardation, associated with a

thalassemia and dysmorphic features. In terms of sexual phenotype it is variable,
from XY males who have cryptorchidism and hypospadias to severe ambiguity. I
don’t know whether pure gonadal dysgenesis has been reported.
Camerino: I think there was one case of this reported. The clinical data are

incomplete. However, there was at least one case in which testicular dysgenesis
was reported.
Vilain: I don’t know whether complete sex reversal has been reported.
Josso: We have a patient with incomplete sex reversal, but who was raised as a

girl. It seems to depend on the mutation.
Short: Jenny Graves, are you leaving it open as to whether temperature-

dependent sex determination is the ancestral or a derived form?
Graves: I think switches in both directions probably occur. Obviously, you can

get shifts from temperature dependence to genetic dependence, but I see no reason
why you can’t do it the otherway round.After all, we know that there are species of
¢sh and lizards that have closely related species with the opposite form of sex
determination. There is an Australian lizard which in one population undergoes
temperature-dependent sex determination (TSD) and another does genetic sex
determination.
Zarkower: Jonathan Hodgkin (1983) has shown nicely that you can completely

change the sex-determining system in Caenorhabditis elegans by single base
mutations.
Short: Are there any examples of TSD in a snake?
Graves: I don’t think so. There’s always the suspicion that TSDmay be lurking,

even in birds, under the current sex-determining systems. I’ve heard that if the
temperature of incubation is raised you get more males, although most of them
are dead.
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Abstract. Sex determination in vertebrates is controlled by a variety of mechanisms. We
compared the expression of SF1, DAX1, DMRT1, SOX9 and AMH during
gonadogenesis in the mouse, chicken and alligator embryo. In contrast to the
expression pro¢le of Sf1 in mouse embryos, chicken and alligator embryos show higher
levels of Sf1 expression in the developing ovaries compared to testes. This may re£ect the
higher level of sex hormone synthesis in the ovary compared to the testis in chickens and
alligators. TheDAX1 gene has a similar expression pro¢le in all three vertebrate species
but appears to have di¡erent gene structure. As in mouse,DMRT1was expressed at very
high levels in the chicken and alligator male gonad. The male-speci¢c up-regulation of
SOX9 expression appears to be a common feature in all three vertebrates. In the chicken
and alligator AMH is expressed prior to SOX9, suggesting that in these species SOX9
cannot initiateAMH expression as it does in mammals. SOX9 acts at multiple points in
the vertebrate testis pathway but it appears that only some of these functions have been
conserved through evolution.

2002 The genetics and biology of sex determination. Wiley, Chichester (Novartis Foundation
Symposium 244) p 102^114

Vertebrate sex-determining genes

In vertebrates, sex-determining genes must operate within the embryonic gonads,
regulating ovarian versus testicular development. It has been postulated that the
genetic pathway controlling gonadal sex di¡erentiation is similar in all
vertebrates, with only the initial sex-determining switch varying between groups
(SRY inmammals, temperature inmanyreptiles, andanunknowngenetic trigger in
birds). Many of the genes now implicated in mammalian sex determination have
orthologues that are also expressed in the embryonic gonads of birds (chickens)
and reptiles (alligators). SOX9, for example, has a male-speci¢c role in both
mammals, birds (Kent et al 1996) and reptiles (Western et al 1999a). However, it is
becomingapparent that the structure and/or expressionpatternsof thesegeneshave
not necessarily been conserved between the two groups. Our research has focused
on the expression of SF1, DAX1, DMRT1, SOX9 and AMH (MIS) in chicken
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and alligator embryos. These genes show some interesting similarities and
di¡erences to their mammalian counterparts that broaden our understanding of
vertebrate sex determination.
Sex determination in birds is chromosomally based. The male carries two Z sex

chromosomes, while the female carries one Z and oneW sex chromosome. The sex
chromosomes of birds and mammals are not homologous, having evolved from
di¡erent autosomal pairs (Graves 1995). No SRY gene has been identi¢ed in birds
and the basic mechanism of sex determination in these vertebrates remains
unknown. Recent evidence suggests that Z-linked genes show dosage
compensation, indicative of Z inactivation (McQueen et al 2001). Sex may be
controlled by Z chromosome dosage (escape of Z inactivation) or it may depend
upon a dominant ovarian determinant carried on the W chromosome. We have
used the chicken embryo as a model to examine the expression of known
(mammalian) genes with a role in sex determination.
In many reptiles the primary sex-determining trigger is regulated by egg

incubation temperature. Temperature-dependent sex determination (TSD)
occurs in all crocodilians and marine turtles examined to date and is common in
terrestrial turtles and viviparous lizards (Wibbels et al 1998). We have focused on
known (mammalian) genes with a role in sex determination and analysed their
expression in the American alligator embryo. This species has a
female:male:female pattern of TSD. Eggs incubated at 30 8C or 34.5 8C result in
100% or 95% female hatchlings, respectively, while incubation at 33 8C results in
100%male hatchlings (Lang&Andrews 1994). Temperature acts to determine the
sex of the embryo during themiddle third of development (stages 21^24 at 33 8Cor
stages 20^23 at 30 8C). This temperature-sensitive period (TSP) of gonadogenesis
is the time during which the indi¡erent gonad is irreversibly committed to either
testis or ovarian development (Lang & Andrews 1994).

SF1

Steroidogenic factor 1 (SF1) belongs to the large family of orphan nuclear
hormone receptors, for which ligands have not been identi¢ed. In mammals, SF1
is initially expressed in the undi¡erentiated gonads of both sexes, and null
mutations in mice show that the gene is essential for the formation of the gonadal
and adrenal primordia (Luo et al 1994). In mouse embryos, Sf1 expression is
maintained during testicular di¡erentiation, but is down-regulated during
ovarian di¡erentiation. Furthermore, several lines of evidence indicate that SF1
(together with SOX9 and WT1) regulates AMH expression in the developing
male gonad (Nachtigal et al 1998). These data have led to the proposal that SF1
has a dual role during gonadogenesis in the formation of the undi¡erentiated
gonad and later male-speci¢c di¡erentiation. SF1 has an important role in
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endocrine function. In addition to controlling AMH expression, SF1 also
regulates genes encoding steroidogenic enzymes, including aromatase.
One important di¡erence between the di¡erentiation of the gonads in the

mammals and other vertebrates is the e¡ect of the oestrogenic enzyme,
aromatase. In the non-mammalian vertebrates, aromatase activity and oestrogen
synthesis are required for normal ovarian di¡erentiation whereas in mammals
ovary di¡erentiation appears to be largely independent of oestrogen activity. The
steroidogenic level of the developing ovary in the non-mammalian vertebrates is
relatively high when compared to the testis. Since aromatase is critical to gonadal
development in birds and reptiles, we have examined the expression pro¢le of
chicken and alligator SF1 during embryogenesis (Smith et al 1999c, Western et al
2000).
As in mammals, SF1 transcripts are detectable in embryonic chicken and

alligator urogenital tissue from an early-undi¡erentiated stage. As development
proceeds, expression becomes localized to the developing gonads and adrenal
glands. In contrast to the pattern seen in mouse embryos (Ikeda et al 1994), SF1
is more highly expressed in developing ovaries compared to testes in both the
chicken alligator embryo. Greater expression in female chick embryos is seen
from stage 30 (day 6.5 of embryogenesis) and is maintained up until at least stage
35 (day 8.5), at which time there is strong expression in both female gonads, but
weaker expression in the developing male gonads.
In the alligator, SF1 was expressed in the developing gonad/mesonephros/

adrenal complex during stages 20^23 and in the gonad during stages 24^27
throughout male and female sex determination. SF1 expression appeared to be at
least as high or a higher level in the developing ovary than the testis from early on
(stage 22) in the TSP (Western et al 2000). This result needs to be interpreted with
caution since SF1 is also expressed in themale and female adrenal gland, whichwas
included in the stage 20^23 samples. However, stage 24^27 samples included only
gonadal tissue. In the alligator the level of aromatase expression and activity in the
developing gonad increases after the TSP (Smith et al 1995) corresponding with
the presence of ovarian SF1 expression (Western et al 2000). Paradoxically, SF1 is
strongly expressed in the testis but down-regulated in the developing ovary of
Trachemys scripta, a turtle with TSD (Fleming et al 1999). Aromatase expression
and oestrogen synthesis have been strongly implicated in ovarian di¡erentiation
in this species (Wibbels et al 1998). The signi¢cance of the di¡erent gonadal
expression patterns of SF1 in non-mammalian vertebrates is yet to be determined.
It is possible that the higher SF1 expression in the ovary during chick/alligator

gonadogenesis re£ects a role of SF1 in steroidogenesis, particularly aromatase
regulation. Strong ovarian expression of SF1may be required to ensure su⁄cient
oestrogen production for normal ovarian di¡erentiation. In males, the lower level
of SF1 expression may nevertheless play a role in regulating AMH expression in
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chick (Oreal et al 1998) and alligator (Western et al 2000).AMH is also expressed in
embryonic ovaries of both species (Smith et al 1999a,Western et al 1999a). SF1may
regulateAMH in both sexes.

DAX1

In humans, DAX1 is located on a portion of the X chromosome which, when
abnormally duplicated, results in male-to-female sex reversal (Bardoni et al 1994).
Loss-of-function mutations in DAX1 cause hypoplastic adrenal development
(Zanaria et al 1994). Hence the acronym, DAX1: Dosage sensitive sex reversal,
Adrenal hypoplasia congenita, on the X chromosome, number 1. Consistent
with a role in gonadal development, Dax1 is expressed in embryonic mouse
gonads at the time of sexual di¡erentiation. In mouse, expression declines in
males at the time of Sry activation, while expression increases in females at
around the same time (Swain et al 1996). Strains of transgenic mice carrying weak
alleles of Sry together with extra copies of Dax1 can show male-to-female sex
reversal (Swain et al 1998). The human sex reversal and mouse transgenic data
indicate that DAX1 can act as an ‘anti-testis’ factor, antagonizing SRY function.
Interestingly, gonads develop normally in Dax1 null mutant mice, with the
exception of impaired spermatogenesis in males and compromised endocrine cell
development in both sexes (Yu et al 1998). DAX1 may be associated with
gametogenesis and endocrine development of the gonads, under normal
conditions. The mammalian DAX1 gene encodes a novel orphan nuclear
receptor. The C-terminus of the protein includes a conserved region homologous
to the ligand-binding domain of the ligand-activated receptors. However, instead
of a typical zinc ¢nger motif, an unusual tandem repeat region is present at the N-
terminus. This repeat region is thought to represent a novel DNA-binding
domain.
We cloned a chicken DAX1 homologue from an embryonic urogenital ridge

cDNA library and compared the deduced protein with that found in mammals.
The chicken DAX1 protein shows 63% amino acid identity with the human
protein over the region of the conserved ligand-binding domain. However, the
chicken protein lacks the unusual tandem repeat motif seen at the N-terminus in
mammals, although it has weak homology to one of the repeats (Smith et al 2000).
This suggests that the chicken and mammalian proteins may bind DNA via
di¡erent motifs. An alternative possibility is that chicken DAX1 does not
actually bind DNA. In the mammals, some studies have demonstrated direct
DNA-binding by DAX1 (Zazopoulos et al 1997), while others have not
(Nachtigal et al 1998). Fluorescence in situ hybridization analysis shows that
chicken DAX1 is autosomal, located on the long arm of chromosome 1 (Smith
et al 2000). Using RNase protection assays, we have shown that DAX1 is
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expressed in embryonic chicken gonads. Expression is up-regulated during sexual
di¡erentiation, with somewhat higher expression in female gonads than in the
male.
In the alligator, DAX1 was expressed in the developing gonad/mesonephros/

adrenal complex during stages 20^23 and in the gonad during stages 24^27
throughout male and female sex determination. There appeared to be little
di¡erence between the male and female expression patterns ofDAX1 (Western et
al 2000). These expression patterns forDAX1 are broadly similar to those seen in
mouse embryos. However, DAX1 expression is not down-regulated at the onset
of testis di¡erentiation in the chicken and alligator, as occurs in themouse (Swain et
al 1996). Thus, in the chicken and alligator,DAX1may have a role in both sexes,
probably involved with gametogenesis and steroidogenesis, as the mammalian
studies suggest.

DMRT1

DMRT1 (DM-Related Transcription factor, number 1) is a putative sex-
determining gene in mammals, identi¢ed through its homology with two genes
involved in male sexual development inDrosophila melanogaster and Caenorhabditis
elegans (Raymond et al 1999). These genes encode known or putative transcription
factors, characterized by a DNA binding motif called the DMdomain. In humans,
DMRT1 is located within the minimal region of chromosome 9p shown to be
deleted in several patients with XY male-to-female sex reversal. In human
embryos, DMRT1 is expressed in male but not female gonads at the time of
sexual di¡erentiation (Moniot et al 2000). Similarly, DMRT1 is expressed
speci¢cally in the gonads of mouse embryos, showing stronger expression in
males than in females after the onset of sexual di¡erentiation (Raymond et al
1999). These lines of evidence suggest that DMRT1 plays a role in male sexual
di¡erentiation. To date no mutations have been identi¢ed in theDMRT1 gene of
human XY sex-reversed patients, although gene knockout studies in mice have
shown that Dmrt1 is required to maintain normal testis development. More
recently, several di¡erent DM genes have been identi¢ed but their role, if any, in
sexual development has yet to be de¢ned.
The chicken DMRT1 homologue is located on the Z sex chromosome (Nanda

et al 1999). We have studied DMRT1 expression in the chicken embryo during
gonadogenesis, using whole mount in situ hybridization (Smith et al 1999b). As
in the mouse, DMRT1 is expressed speci¢cally in the urogenital system of
developing embryos. In the chicken,DMRT1 expression is signi¢cantly stronger
in male gonads compared to female gonads prior to and during the period of
gonadal sex di¡erentiation. This sexual dimorphism is apparent from at least
developmental stages 25^28 (day 4.5^5.5). In male embryos, expression is
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localized in the medullary cords of the developing gonads, consistent with an
organizational role for the gene in testis formation. The male Mˇllerian ducts
also show stronger DMRT1 expression than the female ducts. In tissue sections,
expression is con¢ned to the mesenchyme surrounding the Mˇllerian duct. Even
though birds do appear to exhibit Z chromosome inactivation (McQueen et al
2001), the higher expression of DMRT1 in male gonads may re£ect that it
escapes Z-inactivation. In the alligator embryo, DMRT1 showed a very similar
expression pro¢le to that observed in birds, being expressed early in both the
developing ovary and testis but becoming higher in the developing testis than
the ovary. The spatial expression pattern of DMRT1 suggests that its male-
determining role in mammals has been conserved in birds and reptiles. However,
the expression of chicken DMRT1well before the onset of sexual di¡erentiation
suggests that other factors are also necessary to initiate testis formation.

SOX9

The SRY-related gene, SOX9, appears to have a male-speci¢c role in mammals,
birds and reptiles. In chicken embryos, SOX9 begins to be expressed only in
male gonads from stage 30 (day 6.5). Expression is not seen in female embryonic
gonads (Kent et al 1996, Smith et al 1999a). The exact role of SOX9 in avian
gonadal development is unclear, although mammalian studies indicate that it is
involved in Sertoli cell development. In mouse embryos, one of the functions of
Sox9 appears to be the activation of anti-Mˇllerian hormone (Amh, also known as
Mˇllerian inhibitory substance, Mis) gene expression (Arrango et al 1999). In
chicken embryos, however, the onset of AMH expression precedes the onset of
SOX9 expression (Oreal et al 1998, Smith et al 1999a). In the developing alligator
testis SOX9 expression was ¢rst observed very close to the end of the TSP (at stage
23.5) and its expression appeared to be con¢ned to theAMH-expressingmedullary
cells. These cells were organizing into testis tubules, a behaviour consistent with
Sertoli cell development. Therefore it appears that within the developing alligator
testis, medullary cells begin to proliferate and an increasing number of these cells
expressAMH (Western et al 1999a,b). This is followed by the onset of a low-level
expression of SOX9 in all theAMH-expressing cells by the end of the TSP. After
the TSP both SOX9 andAMH are strongly expressed in the cells aligned within
the testis tubules. At no stage was SOX9 or AMH expression observed by in situ
hybridization studies in the developing gonads of alligators raised at either female
determining temperature (30 8C or 34.5 8C) (Western et al 1999a,b).

AMH and SOX9

However, in the alligator and chick SOX9 expression appears to be initiated and
up-regulated after the testis-speci¢c expression ofAMH (Oreal et al 1998,Western
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et al 1999a,b). This implies that at least the initiation of SOX9 expression is not
required for AMH production in the alligator and chick. The temporal and
spatial expression of AMH in the medullary cells of the developing alligator
testis and the timing of the TSP relative to SOX9 expression also imply that pre-
Sertoli cell di¡erentiation and sex determination precede SOX9 expression in the
alligator gonad (Western et al 1999a,b).
Considering the high level of SOX9 sequence conservation and the sex-speci¢c

expression of this gene it is tempting to assume that it functions at the same points
in the testis pathway of mammals and non-mammals. Paradoxically the expression
patterns observed in the alligator and chick suggest otherwise. Can these
di¡erences be explained by suggesting that changes in SOX9 function have
occurred during evolution? Considering the evident plasticity of sex determining
mechanisms in various vertebrates this may be a reasonable explanation of the
current data. It has been shown that SOX9 is likely to perform multiple
functions during mammalian sex determination and testis di¡erentiation. For
example: mutations in SOX9 cause campomelic dysplasia and XY female sex
reversal; strong evidence supports a role for SOX9 in AMH control and SOX9
expression continues in the developing testis during the ¢nal stages of fetal
development and testis di¡erentiation. Multiple functions for SOX9 may help
explain the di¡erence in testicular SOX9 expression observed between the
alligator/chick and that of the mouse. It is possible that SOX9 is required at
di¡erent stages of testis development in the di¡erent vertebrates and that only
some of these functions have been conserved through evolution.
To date, all attempts to clone an orthologue of SRY from non-mammalian

vertebrates (and also from the monotremes) have failed. It has been suggested
that the initiation of testis development by SRY is a recently-evolved
mammalian speci¢c process. This evolutionary change may have occurred in
conjunction with the SOX9 gene, thus replacing an evolutionary precursor with
the SRY/SOX9-initiated testis pathway present in today’s mammals. In mouse it
seems probable that Sox9 functions in both early and late during testis
development. Similarly, the initiation of testis-speci¢cAMH expression prior to
SOX9 expression during alligator and chick testicular development suggests that
SOX9 is not required to initiate AMH expression (at least) and probably not for
the initiation of Sertoli cell di¡erentiation in these species. However, the strong
testis-speci¢c up-regulation of alligator/chick SOX9 in the later stages of testis
di¡erentiation strongly suggests that SOX9 has important testis-speci¢c
functions in these stages. We suggest that the latter function(s) of SOX9 in
alligator and chick (and probably other non-mammalian vertebrates) testis
development have been conserved throughout evolution and are likely to be
important in all higher vertebrates. In mammals, we suggest that SOX9 functions
at multiple levels during testis determination, including a recently evolved
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function during the very early stages of Sertoli cell commitment and other
function(s) during the later stages of testis di¡erentiation.

Conclusions

Sex determination in the chicken and alligator embryo shows some conserved and
some divergent features when compared to the mammalian system. The sex
chromosomes are di¡erent to those of mammals, and no SRY gene has been
found in the chicken or alligator (or any other non-mammal). However, other
genes implicated in mammalian gonadal development are also expressed in
embryonic chicken and alligator gonads. DMRT1 is more highly expressed in
males from the earliest stages examined. In birds, DMRT1 may represent the
postulated dose-dependent Z-linked factor underlying avian sex determination.
In chickens and alligators SF1 is expressed in both sexes prior to gonadal
di¡erentiation, as in the mouse, but expression becomes higher in females than in
males after the onset of di¡erentiation (dissimilar to themouse).DAX1expression
is up-regulated in both (chicken and alligator) sexes, but is higher in females than in
males. HigherDAX1 and SF1 expression in the chicken and alligator femalesmay
be correlated with the high levels of hormone production in the embryonic ovary.
In the chicken and alligator embryo, some sexually dimorphic gene expression
occurs prior to histological di¡erentiation of the gonads. DMRT1, for example,
is more strongly expressed in males than in females from early stages, when the
gonads are morphologically undi¡erentiated. Similarly,AMH gene expression at
early stages precedes histological di¡erentiation (Oreal et al 1998, Western et al
2000). These observations suggest that sexual di¡erentiation at the molecular
level is initiated prior to overt morphological di¡erentiation of the gonads. The
chicken and alligator embryos therefore serve as useful models for the analysis of
vertebrate sex determination in general.
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DISCUSSION

Short: It always used to be said that if the unilateral ovary was removed, then the
contralateral gonadal rudiment would hypertrophy as a testis. Is this true?
Sinclair: It doesn’t form a complete testis. It looks a little bit like a testis, but it

isn’t functional. Some people claim that they have seen germ cells in these testes.
Mittwoch: I thought that if the ovary is removed at an early stage, the germ cells

will still be in the right gonad, and the amount of testicular di¡erentiationwill vary.
You may get a few sperm cells. If the ovary is removed later than one month after
hatching, the germ cells in the right gonad will have disappeared and there will be
no spermatogenesis, but testosterone production may occur (Domm 1939, King
1975). Do you have any explanation at all about the di¡erence between left and
right?
Sinclair: Unfortunately not. We would like to do subtractions between the left

and right ovaries to see which genes are being turned on and o¡. This is one of the
fascinating things about the chick.One of the other nice features is that you can also
reverse sex using aromatase blockers. You can take a ZW individual, and by using
an aromatase blocker you can induce a bilateral testis to form if you intervene at the
right time. Timing is crucial.
Short: Isn’t it true that in some species of birds, such as budgerigars, the side on

which the ovary occurs is reversed?
Sinclair: I don’t recall this.
Graves: In rattites I think both sides develop into an ovary.
Renfree:Many birds have both sides. What is interesting is that in monotremes,

in the platypus there is only one functional ovary, and it is the right one. But in the
echidna, there are two functional ovaries. This is not unique to chickens.
Sinclair: Professor John Hudson is a paediatric surgeon (Royal Children’s

Hospital, Melbourne), who has operated on lots of children with intersex
disorders. He says that in cases of hermaphrodites, he often sees development of
the left gonad into an ovary, and the right gonad is usually a testicle.
Vilain: If I remember correctly it is the same asymmetry in mouse. True

hermaphrodite mice more commonly have the right gonad as an ovary. One
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possible reason for this is anatomical, because of the anatomic level and the
embryonic development of the renal vein that di¡ers on both sides.
McLaren: In female mice, where the right ovary sheds more eggs than the left

(McLaren 1963), the ovarian artery comes o¡ the dorsal aorta more cranially on the
right side than on the left. Perhaps blood pressure is slightly higher.
Renfree: In males, John Hudson notices that in failure of testicular descent it is

uniformly the right side that is retained.
Wilkins: There’s a lot known about the molecular biology of left^right

di¡erences. I remember Gail Martin saying that birds and mammals di¡er in the
placement of some components. Many of these di¡erences can be traced back to
early embryogenesis.
Koopman: Andrew Sinclair, do you have any feel for whether in chickens it is

AMH that is expressed early or SOX9 that is expressed late, compared with
mouse, or both? This is important, because if SOX9 is expressed late, it
challenges the idea that SOX9 is the common sex-determining gene in
vertebrates.
Sinclair: It is hard to make this comparison between chick and mouse. My best

guess would be that SOX9 is coming on a bit late.
Capel: Do you see testis cord structures before you see SOX9? This is what

appears to be the case in yourAMH in situs.
Sinclair: Yes, it does seem that this is happening. Pre-Sertoli cells are appearing

before strong up-regulation of SOX9.
Koopman:We ¢nd that Sox8 is male-speci¢c during gonad development in mice.

Do you have any evidence that SOX8 is male-speci¢c in chickens?
Sinclair: The in situs on the chick gonad do not show any di¡erence.
Capel:Have you tried to do migration experiments in the chick yet?
Sinclair:No, but we intend to start doing this.
Capel: We have tried them in turtle, without any success so far. We are having

temperature problems, trying to culture a genetically labelled mouse mesonephros
with a turtle gonad at a temperature that produces males in turtle gonads (26 8C).
Culture temperatureswould bemore compatible in chick. Since turtles are seasonal
breeders we only have one shot at it a year.
Short:One says glibly that inmammals, sex is determined at fertilization; in birds

it is determined at ovulation. We know that we can now separate mammalian X-
from Y-bearing sperm, but can we distinguish between avian Z-bearing and W-
bearing eggs?
Charlesworth: There’s a good deal of convincing evidence coming out that birds

can regulate their sex ratio in response to environmental factors. This has been
shown in parrots and Seychelles warblers among others.
Wilkins: Are you sure that this is interference with the sex-determining

mechanism and not di¡erential survival?
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Charlesworth: My guess is that it is some kind of directed disjunction of the
chromosome, but the mechanism is not known.
Renfree: In the Seychelles warbler it is di¡erential survival.
Short:Youwould think that with such a vast gamete, with a basic sex di¡erence,

there ought to be some distinguishing feature.
Graves: It’s hard enough to separate X- and Y-bearing sperm.
Harley:Does anyone know whether SOX9 is involved in regulating aromatase,

perhaps via SF1 in some way?
Sinclair:No.
Wilkins: I’m confused about SF1.Yesterday it was being discussed as something

that is important for testis determination in mammals, but you are saying that in
birds its main function is to boost aromatase.
Sinclair: It could act at many di¡erent points in the pathway. The ovary is more

active in birds compared with mammals, and it requires SF1 to up-regulate
aromatase to produce more oestrogen, which is necessary for normal ovarian
development.
Mittwoch: In mammals that develop in female-hormonal environment, the testis

must develop early, but in birds this may not be so necessary.
Capel: When do germ cells in bird ovaries enter meiosis? This might give the

male pathway longer to work.
Sinclair: I don’t know.
Short: I know we are supposed to be discussing sex determination and not

di¡erentiation, but I can’t help adding one thing that always amazes me, that in
birds if you ovariectomize the female, it develops the male plumage. If you take
the ovaries out of a peahen it turns into a peacock (Owens & Short 1995). It looks
as if in birds the male plumage is the neutral state on which the female plumage is
superimposed as a cryptic defence strategy by the action of ovarian oestrogen. Is
this true of anything other than plumage?
Lovell-Badge: This is occasionally seen in gynandromorphs. These are amazing

birds in which one side is male and the other side is female.
Scherer: Andrew Sinclair, you mentioned that DMRT1 is a candidate sex-

determining gene. Do you know anyone who has tried to work out whether
DMRT1 is dosage compensated?
Sinclair: We haven’t. Mike Clinton at the Roslin Institue, Edinburgh, has just

published a paper showing that there is dosage compensation of Z-linked genes in
birds, butDMRT1 was not examined (McQueen et al 2001).
Zarkower: In my paper (Zarkower 2002, this volume) I mention some possible

mechanisms by which Dmrt1 expression is adjusted to allow it to avoid dosage
compensation.
Short: I have always been fascinated by the old work of F. A. E. Crew (1927),

who reported a complete functional female^male sex reversal in a chicken. This
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bird started life as a hen laying eggs and then became a cockerel. This is common
enough, but in this case the cockerel was fertile.
Vilain:This is reminiscent of 5a-reductase de¢ciency in humans. Although they

are not fertile, they start their lives as girls and become boys at puberty.
Short: The amazing thing about this avian case of sex reversal is that both sexes

were fertile. I can’t think of another example of a functional hermaphrodite. It
suggests an interesting lability of the avian germline, switching from female
gamete production to male gamete production depending on the environment of
the soma of the gonad.
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Invertebrates may not be so di¡erent

after all

David Zarkower

Department of Genetics, Cell Biology, and Development, University of Minnesota, Minneapolis,
MN 55455, USA

Abstract. Sex determination is widespread, but uses highly variedmolecular mechanisms.
A possible case of conservation between phyla is that of doublesex (dsx) from Drosophila
and mab-3 (male abnormal 3) from Caenorhabditis elegans, genes related in sequence and
some elements of function. mab-3 controls multiple aspects of male development,
including sense organ formation in the tail and yolk transcription in the intestine, both
similar to functions of dsx. Indeed, the male isoform of DSX can replace MAB-3 in
C. elegans. Do related genes control sexual development in vertebrates, despite great
di¡erences in the biology of sex determination? We have identi¢ed several dsx-related
genes in mouse and human. One, Dmrt1, appears to play a conserved role in vertebrate
male gonad development. In humans,DMRT1maps to a short interval required for testis
di¡erentiation. In all vertebrates examined, including mammals, birds, ¢sh, and reptiles,
Dmrt1 is expressed early in the genital ridge, inmost caseswith higher expression in future
male gonads. A null mutation in murine Dmrt1 causes severe defects in testis
di¡erentiation, resembling those associated with human deletions removing the gene.
Mutant females are una¡ected. Other DM domain genes are expressed in embryonic
gonad and are currently under study.

2002 The genetics and biology of sex determination. Wiley, Chichester (Novartis Foundation
Symposium 244) p 115^135

Genetic approaches have identi¢ed many genes that control the establishment of
sexual dimorphism, particularly in the model organisms Caenorhabditis elegans and
Drosophila melanogaster. Surprisingly, however, the cloning of these genes has
revealed almost no molecular similarity in the regulatory pathways that
determine sex in these two species, or indeed between sex determining genes in
species of any two phyla. This contrasts with other major developmental
processes, such as patterning of the primary body axes, where homologous genes
play highly conserved roles in many highly distantly related phyla.
Why is sex determination not obviously conserved? Conceivably the answer

could be that sex determining mechanisms have, in fact, arisen independently
multiple times. This seems unlikely, and a more plausible explanation is that sex
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determination mechanisms evolve quickly, with little conservation recognizable
over the time span that separates current phyla. Our work suggests that some
similarities do remain, at least among invertebrates.
Invertebrate sex determination is a useful paradigm for regulation by genetic

switches with major developmental consequences (reviewed by Cline & Meyer
1996). In C. elegans, for example, more than 30% of cells are sexually specialized
(Fig. 1), and sexual development requires the di¡erential control of cell lineages,
cell migrations, programmed cell death, morphogenesis, and other processes of
fundamental biological importance (Hodgkin 1988, Hodgkin et al 1989).
Determining how the sex determination pathway causes these events to occur
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FIG. 1. Sexual dimorphism in C. elegans. (A) The sexes of the nematode wormC. elegans. Top:
XX hermaphrodite, in which the TRA-1 protein is active. The C. elegans hermaphrodite is
somatically female, but brie£y undergoes male di¡erentiation of the germline before switching
to oogenesis, generating a mixed sex germ line. Bottom: XOmale, in which TRA-1 is inactive.
There are many di¡erences between the two sexes. In addition to those indicated, there is
extensive sexual dimorphism in the nervous system and musculature. (B) Alternative models
of tra-1 action. Left: TRA-1 could directly repress all genes that are expressed dimorphically.
Right: TRA-1 could directly control a smaller number of downstream genes that in turn
regulate the rest of the dimorphically expressed genes.



sex-speci¢cally will not only explain sexual dimorphism, but also will help
illuminate how these processes are controlled and executed in other contexts.
Nematode sexual development is controlled by a regulatory cascade that reads

the number of X chromosomes (in the form of the ratio of X chromosomes to sets
of autosomes, or X:A) and sets the activity of the transformer-1 (tra-1) gene.
Accordingly, in XX animals tra-1 is active and promotes female somatic
development, whereas in XO animals tra-1 is inactive, permitting male somatic
development to occur (Hodgkin 1987, Schedl et al 1989). tra-1 is genetically
epistatic to all of the other globally-acting sex determination genes in the soma,
and therefore these genes can be viewed as serving primarily to ensure that tra-1
activity is appropriately controlled in the two sexes (Hodgkin 1987, Schedl et al
1989). Genetic analysis demonstrates that TRA-1 can regulate, directly or
indirectly, all genes required for somatic sexual di¡erentiation (Hodgkin 1987).
tra-1 encodes a zinc ¢nger transcription factor, TRA-1 (Zarkower & Hodgkin
1992), and the identi¢cation of the genes whose transcription TRA-1 regulates
will be crucial to an understanding of how sexual dimorphism is established.
One can envision at least two general models for the control of sexual

dimorphism by TRA-1 (Fig. 1). In principle TRA-1 might directly regulate the
transcription of all genes that must be di¡erentially expressed in the two sexes.
Alternatively, TRA-1 might ‘delegate’ its regulatory authority to a suite of
downstream sexual regulators. Each of these downstream genes, directly
controlled by TRA-1, would then regulate a subset of sexually dimorphic genes
responsible for sexual di¡erentiation. The latter model appears to be more
accurate, based in part on the study of one direct TRA-1 target gene called mab-3.

Similarity between worm and £y sexual regulators

mab-3 (male abnormal 3) was identi¢ed by Jonathan Hodgkin in a genetic screen
formales incapable ofmating (Shen&Hodgkin 1988).Mutant hermaphrodites are
una¡ected, but males have at least two very di¡erent defects (Fig. 2). In the tail,
mab-3 males lack sense organs of the peripheral nervous system called V rays,
because the ray neuroblasts fail to di¡erentiate properly. In the intestine mab-3
mutant males fail to repress transcription of vitellogenin (yolk protein) genes.
Thus the tail is defective and the intestine is sex-reversed.
Cloning of mab-3 revealed that it is related to the doublesex (dsx) gene of

D. melanogaster (Raymond et al 1998). In particular, both genes encode proteins
containing a novel zinc ¢nger DNA binding domain that we named the DM
domain (after dsx and mab-3). This motif was functionally identi¢ed by Burtis
and colleagues in dsx on the basis of its ability to bind DNA in vitro (Erdman &
Burtis 1993). Subsequent database searches and degenerate PCR approaches have
identi¢ed a number of additional DM domain-containing genes in a variety of
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species (Ottolenghi et al 2000, Raymond et al 1999b). The DM domain has an
unusual intertwined structure and, uniquely among zinc ¢nger motifs, binds
DNA by interaction with the minor groove (Zhu et al 2000).
Of what signi¢cance is the molecular similarity betweenmab-3 and dsx? The less

interesting possibility is that this is a case of either convergence or coincidence.
Indeed, C. elegans has at least twelve DM domain genes and Drosophila has four.
Moreover, DSX and MAB-3 resemble one another at the protein sequence level
no more closely than other pairs of DM domain proteins in the two organisms.
However, functional similarities between the two genes suggest a more
interesting alternative: that dsx and mab-3 are, in fact, descended from a common
ancient ancestral sexual regulator (Fig. 2). There are four lines of evidence. First,
the two genes both function downstream in their respective pathways, acting in
parallel with other downstream regulators, and controlled by upstream global
regulators. Second, the two genes control related sex-speci¢c processes,
including sense organ di¡erentiation and yolk transcription. Third, the two
genes encode proteins that bind related DNA sequences (Yi & Zarkower 1999).
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FIG. 2. Functions of mab-3 in male development. (A) Cartoon of mab-3 male phenotype
showing loss of V rays in the tail and ectopic expression of yolk (vitellogenin) in the intestine.
(B) Transcriptional regulation of vitellogenins by mab-3. A vit-2 promoter fragment fused to
green £uorescent protein (GFP) accurately recapitulates vitellogenin expression and regulation
bymab-3. Thusmab-3 regulates vit-2expression at the level of transcription.Mutation of aMAB-
3 binding site (not shown) eliminates sex-speci¢c regulation, indicating that the regulation is
direct (adapted from Yi & Zarkower 1999, with permission). (C) DsxM can replace MAB-3
in vivo. mab-3 (null) mutant male tail (far left) lacks V rays but retains T rays. Expressing MAB-3
by heatshock (second from left) restores V ray development. Expressing DsxF has no e¡ect
(third from left), but expressing DsxM (far right) can restore ray development nearly as well as
MAB-3 (adapted from Raymond et al 1998, with permission).



Fourth, the male isoform of DSX (but not the female isoform) can replace MAB-3
in C. elegans sensory ray di¡erentiation (Raymond et al 1998). These multiple
similarities have led us to suggest that dsx and mab-3may well be an example of
evolutionary conservation (Raymond et al 1998, Yi et al 2000, Yi & Zarkower
1999).
How doesmab-3¢t into theC. elegans sex determination pathway? Reporter gene

analysis has shown that themab-3promoter contains neuron-speci¢c and intestine-
speci¢c regulatory elements (Yi et al 2000). Transgenic experiments reveal that, in
the intestine, TRA-1 directly represses mab-3 in XX animals and MAB-3 directly
represses vitellogenins in XO animals. In this tissue, therefore, the pathway
appears to be completely connected, from the X chromosome to products of
terminal di¡erentiation. In the nervous system TRA-1 appears to regulate mab-3
indirectly. mab-3 serves to potentiate the function of the neurogenic bHLH
transcription factor lin-32 to promote sensory ray neuroblast formation (Yi et al
2000). mab-3 also is required for normal interaction of males with hermaphrodites
and for expression of at least two genes in male sensory neurons that may mediate
this interaction (Yi et al 2000). It is not known whether dsx performs similar
functions in the Drosophila nervous system. We have identi¢ed several genetic
suppressors that can restore sensory ray di¡erentiation to mab-3 null mutants
(J. Ross & D. Zarkower, unpublished results). It will be of interest to see
whether genes related to these suppressors interact with dsx in the £y.

A human DM domain gene linked to testis dysgenesis

The similarities betweenmab-3 and dsxhave raised the possibility that DMdomain
genes might be conserved in vertebrate sexual development. Before considering
the evidence, it is important to note two factors that complicate the issue. First,
all species we have examined have multiple DM domain genes, and there is
evidence that not all are involved in sexual development. Thus the DM domain
on its own provides no clue as to biological function. Second, vertebrate sexual
development is very di¡erent from that of invertebrates. In the former, the key
events of sex determination occur in the early embryonic gonad, while in the
latter, sex determination occurs throughout the body, in most or possibly all
cells. As a consequence, there is no expectation that a vertebrate dsx or mab-3
counterpart should perform analogous functions, such as regulating yolk
expression or sex-speci¢c sense organ di¡erentiation. We have sought instead
DM domain genes expressed in the genital ridge (the gonad primordium) of
vertebrates with diverse sex-determining systems.
Our searches for vertebrate DM domain genes, both in silico and by degenerate

PCR, have so far identi¢ed six genes. One of these,Dmrt1, is involved exclusively
in sexual development; another, Dmrt2, is required for patterning of the somatic
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mesoderm (K. Seo, J. R. Kettlewell, H. Kokubo, D. Zarkower & R. Johnson,
unpublished results); and the rest are currently under investigation. We ¢rst
found the humanDMRT1 gene in a database search that identi¢ed a testis cDNA
clone containing a DM domain. Hybridization of this cDNA to a multi-tissue dot
blotwithmRNA from50 tissues only detected expression in the testis (Raymond et
al 1998). Mapping ofDMRT1by £uorescence in situhybridization placed the gene
on the distal short arm of chromosome 9 (9p24.3) (Raymond et al 1998). This
region when hemizygous is associated with defective testis di¡erentiation, severe
enough in some cases to cause feminization of non-gonadal tissues (Bennett et al
1993, Crocker et al 1988, Hoo et al 1989).
Sequencing of the DMRT1 coding exons from a large number of sex-reversed

individuals, both XY females and XX males, failed to identify an unambiguous
point mutation (Raymond et al 1999b). One possibility is that DMRT1 is not
involved in the 9p deletion syndrome. However its embryonic expression
(Moniot et al 2000), combined with expression and functional data from the
mouse, as described below, suggests an important role in human testis
development. An alternative explanation is that the 9p deletions a¡ect another
gene in addition to DMRT1, and the compound hemizygosity of these two
genes results in the observed phenotype. Intriguingly, the DM domain gene
DMRT3 is the nearest neighbour of DMRT1 in both mouse (C. S. Raymond &
D. Zarkower, unpublished results) and human (Ottolenghi et al 2000), and
is expressed in the embryonic testis in the mouse (C. S. Raymond, S. Kim &
D. Zarkower, unpublished results).

ConservedDmrt1 expression in diverse vertebrates

Studies of DMRT1 homologues in other vertebrates suggest a widely conserved
role in male gonad development. In birds the sex chromosomes are denoted Z and
W, with females (ZW) the heterogametic sex. The Z chromosome has extensive
conserved synteny with human chromosome 9, including the presence of Dmrt1
(Nanda et al 1999). Avian Dmrt1 is expressed in the genital ridge at higher levels
in ZZ than ZW embryos, starting prior to sexual di¡erentiation (Fig. 3; Raymond
et al 1999a, Smith et al 1999). Non-coding RNAs transcribed female-speci¢cally
from a tightly linked region (MHM) accumulate on the Z chromosome adjacent
to the Dmrt1 locus, possibly helping explain the reduced expression of Dmrt1 in
ZW embryos (Teranishi et al 2001). The sex linkage of Dmrt1 in birds is quite
ancient, as the gene is located on the Z chromosome of the emu (S. Shetty &
J. A. M. Graves, personal communication).
In many reptiles sex is determined by the ambient temperature during a critical

period of embryonic development. In the Red-Eared Slider turtle, we found that
Dmrt1 is expressed in the genital ridge at higher levels in embryos incubated at the
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male promoting temperature (Kettlewell et al 2000). As in chickens, di¡erential
expression is evident prior to the onset of sexual di¡erentiation. Similar results
have been observed in the American Alligator (Smith et al 1999). Lastly, others
have found that Dmrt1 is expressed male-speci¢cally in the early genital ridge in
¢sh (Marchand et al 2000).
The fact that dimorphic Dmrt1 expression precedes sexual di¡erentiation in so

many vertebrate taxa is particularly striking, and suggests that the gene has been
functionally maintained during the evolution of di¡erent vertebrate primary sex
determining mechanisms for at least 300 million years. This is apparently not the
case with other vertebrate sexual regulators that have been examined. Sry, for
example, does not exist outside the mammals. The related gene Sox9 is widely
conserved and male-enriched among vertebrates, but in birds and reptiles its
expression does not become male-enriched until after the onset of testis
di¡erentiation. Thus it is possible that Dmrt1 acts at an earlier step and in a
greater variety of vertebrates than other sexual regulators that have been
identi¢ed. Functional studies are needed to test this possibility.

Dmrt1 is required for testis di¡erentiation in the mouse

As outlined above, thewidespread conservation ofDmrt1 sequence and expression
among vertebrates is highly suggestive of a conserved role for Dmrt1 in testis
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FIG. 3. Conserved expression of Dmrt1 in the embryonic gonad. (A) In situ hybridization of
Dmrt1 probe to dissected E10.5 mouse embryo shows expression in genital ridges. (B) In situ
hybridization of Dmrt1 probe to sectioned E13.5 XY embryo shows expression only in testis
(enlargement at right shows expression in pre-Sertoli cells and germ cells but not in interstitial
cells of the testis). Testis-speci¢c expression has been con¢rmed by RNase protection and
RT-PCR experiments (not shown). (C) In situ hybridization to embryonic stage 31 chicken
mesonephros/genital ridge complexes showing higher Dmrt1mRNA expression in ZZ (male)
than ZW (female) genital ridges. (Adapted from Raymond et al 1999a, with permission.)



development. To test the function ofDmrt1we disrupted the gene in themouse by
homologous recombination (Raymond et al 2000). In the targeted allele, the basal
promoter and ¢rst exon (encoding the DM domain) of Dmrt1 are £anked by
recognition sites for Cre recombinase. Excision of these sequences is predicted to
renderDmrt1non-functional, and as expected no protein is made from the deleted
allele.
Dmrt1 null mutant XX animals are una¡ected by the mutation, with normal

ovary development and fertility, but homozygous mutant XY animals have
severely dysmorphic testes. Surprisingly, despite the early genital ridge
expression of Dmrt1 (Fig. 3), embryonic testis development is normal and extra-
gonadal development is male. Postnatally, however, there are multiple defects in
testis di¡erentiation. The ¢rst morphological defect is apparent at about 7 days
postnatally, when germ cells should move from the centre to the margin of the
seminiferous tubules and di¡erentiate into spermatogonia. This does not happen
in the Dmrt1 mutant testis. Instead, between 7 and 10 days postnatally, when
meiosis normally begins, germ cells in the mutant testis die, leaving seminiferous
tubules containing only immature Sertoli cells. The Sertoli cells also fail to
complete di¡erentiation, as judged by morphology and gene expression, and
later the testis becomes highly disorganized, with few remaining seminiferous
tubules, extensive cell death, and invasion by macrophages (Fig. 4).
Does theDmrt1mutant phenotype account for the testis defects seen in humans

with 9p deletions? Certainly there are di¡erences. Most notably, 9p deletions can
cause embryonic testis defects leading to feminization outside the gonad, while the
mouse mutants show only postnatal testis defects. Also, 9p deletions are
haploinsu⁄cient, while murine Dmrt1 is recessive. There are, however, striking
similarities between the mouse and human phenotypes, suggesting that loss of
DMRT1 is at least one important component of the 9p deletion phenotype. 9p

122 ZARKOWER

FIG. 4. Dmrt1 null phenotype. (A) Adult testes from heterozygous (+/�) and homozygous
(�/�) Dmrt1 mutant mice. (B) Section of testis from heterozygous mutant showing normal
morphology. (C) Section from homozygous mutant showing severely dysmorphic phenotype.
A few cord remnants are present; germ cells aremissing; Sertoli cells have immaturemorphology
and are dying, and there is in¢ltration by macrophage-like cells. (Adapted from Raymond et al
2000, with permission.)



deletions, like the Dmrt1mutation, a¡ect testis but not ovary development, and
despite little published histology from 9p-deleted humans, young Dmrt1mutant
mice and 9p-deleted humans do appear similar in testis morphology (Fig. 5). In
both cases seminiferous tubules, if present, are de¢cient in germ cells and contain
evenly distributed immature Sertoli cells. This contrasts with the e¡ect of simple
germ cell loss, such as in a c-kit mutant. In that case, Sertoli cells complete
di¡erentiation and are found at the margins of the seminiferous tubules, with
only Sertoli cell cytoplasm present in the centre.
Comparison of expression and mutant phenotype in the mouse raises as yet

unanswered questions concerning what, if any, is the role of Dmrt1 in the
embryonic testis. The reasons to suspect an early function for Dmrt1 are
primarily its conserved early expression in diverse vertebrates and the XY
feminization that can occur in humans with 9p24.3 deletions. In the mouse any
such role must be genetically redundant, at least in the strain background in
which the mutant was made.
There are several possible explanations for the di¡erences between 9p deletions

in human andDmrt1mutations in mouse. First,Dmrt1may simply function later
in mouse than in human. Second,Dmrt1may act redundantly in the early gonad in
mouse but non-redundantly in human.Third, as discussed above, 9p deletionsmay
remove additional genes involved in testis development, leading to a more severe
phenotype than amutation inDmrt1alone. Fourth, genetic background is likely to
be important, since only a minority of 9p-deleted humans show signs of sex
reversal. We are currently testing the latter two possibilities.

What is the relationship of dsx,mab-3 andDmrt1?

Returning to the original question, do dsx, mab-3 and perhapsDmrt1 derive from
the evolutionary conservation of an ancestral sex-determining gene? Alternatively,
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FIG. 5. Human 9p deletions andmurineDmrt1mutation have similar phenotypes. Left panel:
Section of testis from6weekoldDmrt1mutantmouse. Seminiferous tubules are still present, but
lack germ cells and contain uniformly distributed undi¡erentiated Sertoli cells. Middle panel:
Section of immature dysgenic testis from a 12 year old 46,XY patient with deletion of 9p24.3.
Seminiferous tubules are present but, as in themouse, lack germ cells and a central lumenal space,
and contain undi¡erentiated Sertoli cells. (Left and right panels from Raymond et al 2000, and
middle panel from Ion et al 1998, with permission.)



is this a case of convergent evolution or coincidence, with £ies, worms and
vertebrates choosing independently to regulate aspects of male development
with DM domain-containing transcription factors? The case for conservation is
strongest between insects and nematodes, where dsx and mab-3 perform some
analogous biological functions and are at least partially interchangeable.
Likewise, among the vertebrates the apparently universal early gonad expression
of Dmrt1 suggests a longstanding role in testis development. Between the
invertebrates and the vertebrates, however, agnosticism currently seems safest, as
the fundamentally di¡erent biology of vertebrate sex determination confounds
simple comparisons. The study of intermediate taxa should clarify how widely
DM domain genes are involved in sexual development and in what capacities,
and will help determine the evolutionary relationships of these genes.
Assuming for the moment that the similarity of mab-3 and dsx does re£ect

evolutionary conservation, why are these genes conserved while the genes that
regulate them are not? Two factors particularly deserve mention (for further
discussion, see Marin & Baker 1998, Zarkower 2001). First, Wilkins has
proposed that sex determining regulatory pathways evolve by accretion of
regulators in a ‘bottom-up’ fashion (Wilkins 1995). In this model, new
regulators, which can be of any sort, are recruited to the top of the pathway as
needed to correct imbalances of sex ratio by regulating downstream genes in one
sex or the other. As a result, the ancient genes are found downstream, whereas the
upstream genes are more recent additions. In addition, it has been suggested that
downstream genes in any regulatory pathway are subject to greater constraint due
to pleiotropy. This is because they regulate multiple target genes and the upstream
genes mainly do not (Waxman& Peck 1998). How generally this principle applies
to sex determination is unclear, as, for example, tra-1 is both highly pleiotropic and
exceedingly rapid in its evolution (de Bono & Hodgkin 1996). Again assuming
that mab-3 and dsx, and perhaps Dmrt1, are the result of evolutionary
conservation, is this a unique example or are there other cases of conservation of
sexual regulators between these phyla? Aided by genome sequencing and new
molecular genetic tools, e¡orts are under way to identify large numbers of genes
involved in sexual regulation in worms, £ies and mice. These screens will
eventually help settle this intriguing question.
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DISCUSSION

Graves: Are there any tra-1 homologues in mammals?
Zarkower: Yes, the GLI genes. Also, tra-2 of C. elegans looks a bit like Patched.

We think that the worm pathway may have been at least partially formed by
recruitment from an unrelated signalling pathway. As far as I know, there’s no
evidence that the GLI genes in vertebrates are involved in any meaningful way in
sex determination. It would appear thatmab-3may have been amore general sexual
regulator early on in evolution, and tra-1may have been one of the genes that was
then recruited upstream. It is intriguing that the family of genes that includesmab-3
is a relatively large one. It turns out that one of the other DM domain genes is also
involved in male di¡erentiation.
Behringer:Could you expand on the preliminary results you have on sex reversal?
Zarkower: These are very preliminary. The initial experiment was quite simple

and poorly controlled. We took advantage of the Y chromosome from the Mus
domesticus poschiavinus strain, which will quite nicely sex reverse on a B6
background but not on most other backgrounds (the DBA is the one that has
been most widely looked at). Eva Eicher’s lab has used this e¡ect to map loci
responsible for the di¡erent e¡ect of this Y chromosome on B6 compared with
DBA, and thereby identi¢ed at least three autosomal loci. We have put our
mutant on a mixed background that should not sex reverse, although we need to
demonstrate this more clearly, in the presence of the poschiavinus Y chromosome.
We see sex reversal that segregates perfectly with the Dmrt1 mutant allele. There
are a couple of controls missing. We need to track the B6 chromosomes:
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statistically we can argue at this point that it is highly unlikely that the sex reversal
we see is due to B6 autosomal alleles, because there is too much of it and it is too
perfectly correlated with the Dmrt1 mutant allele, but we need to prove this. We
also need to show that we haven’t done something unrelated to Dmrt1 elsewhere
on chromosome 19. It could be that it is not actually caused by theDmrt1mutation
but something horrible that happened to the embryonic stem cell line we used.We
need to use the targeted but not deleted allele of the gene to show this doesn’t cause
sex reversal.
Behringer:What do you mean by sex reversal?
Zarkower: At the moment, we mean that externally the animals appear to be

female. We need to open them up to see what is inside.
Wilkins:Did you say that there are two otherDmrt genes in the mouse?
Zarkower: There are either six or seven, includingDmrt1.
Wilkins: In humans there are three that are closely linked.
Zarkower:We found the same group of half a dozen in both human and mouse.

We don’t know much about the linkage in the mouse, except that Dmrt1, 2 and
3�the ones you are referring to�are linked in mouse as they are in human.
Renfree: You said that Dmrt1 in mouse was up-regulated or strongest from

about 15.5 days, which is when testosterone production begins and there is
di¡erentiation as distinct from determination. What role is Dmrt1 playing in sex
determination/di¡erentiation? Is it really a di¡erentiating gene and not a
determining gene?
Zarkower: The evidence suggests this at the moment. Depending on what we

¢nd when we open up the sex-reversed mice, we may feel di¡erently. One of
several possible roles forDmrt1 in the mouse is to act as the genital-ridge-speci¢c
activator of Sry, since there needs to be one. DMRT1 is the only transcription
factor that has been identi¢ed that is expressed in genital ridge and not elsewhere
at the time that Sry switches on. Unfortunately there’s no evidence for this. I’m
hoping that if we can get the sensitized background working well, we will be
able to generate Dmrt1 mutant embryos that are feminized, and test what other
genes are a¡ected. The conserved male-speci¢c expression in embryos of other
vertebrates would suggest that Dmrt1 is doing something early in a lot of
vertebrates, but not necessarily in the mouse. There is also a report that early
expression is sex speci¢c in human, and so what one would like to think is that
while the RNA expression isn’t sex speci¢c in the early mouse gonad, the
function may well be. Interaction of some sort with a gene such as Sry could
explain this.
Koopman: Wouldn’t it appear that Dmrt1 represents a more ancient gene, and

would therefore be further down the pathway than Sry?
Zarkower: Dmrt1may bemore ancestral, as it occursmorewidely than Sry. Thus

onemight expect it to be downstream. Butwhen you say ‘downstream’, a gene that
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is downstream in a regulatory pathway can nevertheless act at quite an upstream
biological step. Let me give you an example. Is tra-1 an upstream gene or
downstream gene? There are 10 genes upstream of it in the genetic pathway, so
by that criterion it is a downstream gene. On the other hand, you can ablate all of
those genes and arti¢cially turn tra-1 on and o¡, and get fertile male/female strains
that will mate with each other, proving that tra-1 can control the whole process.
On this basis one could argue that tra-1 is an upstream gene, and yet the genetics
and molecular biology suggest that it is downstream.
Wilkins:With genetic manipulation you can convert a downstream gene into an

upstream gene. It is always context dependent.
If the Dmrt genes really are early downstream and conserved genes, this poses

the interesting question of how the Drosophila pathway relates to this whole
business. In particular, in Drosophila there is di¡erential splicing that looks very
di¡erent, but I think it is interesting that the DMRT genes in human also have
di¡erential splicing. The product that is highly expressed in testis is very similar
in its exon structure to theDSXmale copy.
Zarkower: We have no evidence that Drmt1 is alternatively spliced in any

meaningful way. Drmt2 is alternatively spliced, but it doesn’t appear to be
expressed in embryonic gonad. We have collaborated with Randy Johnson’s lab
to knock it out, and it doesn’t have a sex-determining phenotype.
Wilkins: I was referring to a paper by Ottolenghi et al (2000), in which they

showed di¡erential splicing of what I think was Drmt2, but there was one form
that was heavily expressed in the testis relative to everything else.
Zarkower: If I remember correctly, their expression analysis was all done in adult

tissue. We have also looked at late expression, and those isoforms are very highly
expressed in many tissues. In the embryonic gonad in the mouse, we can’t detect
convincing expression. We would very much like to think that something
analogous to Dsx is taking place in vertebrates, and maybe in C. elegans also. But
we haven’t seen evidence for this. I think what may be more likely is that the sex-
speci¢c splicing in Drosophila is a late evolutionary adaptation. The default splice
mode forDsx ismale-speci¢c, and if splicing regulatorswere recruited to adjust the
sex ratio, your model could explain the very di¡erent pathways that exist in these
species today.
Harley: IsDmrt1 expressed at all germ cell stages? What stage is it arrested at in

your knockouts? Have you looked at male motility syndromes?
Zarkower: Dmrt1 is expressed in germ cells from as early as we have looked,

which is 10.5 days. We could and should look earlier. In some in situ
hybridizations we have seen Dmrt1 expressed in cells that are just outside of the
genital ridge that look like they might be germ cells migrating in at 10.5 days. It
may turn on in germ cells before they enter the genital ridge. In terms of the germ
cell phenotype in the knockout, the ¢rst defect we see in the germ cells is at about
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7 d postnatally. In sibling animals that are heterozygotes, those germ cells have
migrated peripherally and inserted themselves among the Sertoli cells. The
normal cells have begun to di¡erentiate into spermatogonia, whereas in the
mutant most of the cells haven’t. I’m not sure that we have actually looked the
next day, but if we look a couple of days later they are mostly gone. We have
been trying to ¢gure out what happened to them. We don’t see any convincing
di¡erence in apoptosis between the mutant and wild-type. The problem is that
this is also the stage when proliferation is picking up again. It could be that there
is a steady rate of apoptosis that is una¡ected by the mutation, and that due to
reduced proliferation the cell population disappears. This is something we intend
to test.
Green¢eld: Are you able speci¢cally to ablate the pre-Sertoli cells independently

of the germ cells, and vice versa?
Zarkower: We have made the mutation as a conditional knockout, and we are

currently doing the germ-cell-speci¢c targeting. As you know, Sertoli-cell-
speci¢c targeting is a bit more di⁄cult and we haven’t done that yet. I should
stress that we think that there are probably autonomous defects in both cell
types. We know that there has to be a problem with Sertoli cells, because they
don’t di¡erentiate and they die. The germ cell phenotype could be due to
problems with Sertoli cells. We are suspicious, however, that there may be an
autonomous requirement for Dmrt1 in germ cells, which is what we are testing
by the germ-cell-speci¢c targeting. The reason for this is that the protein
expression ofDmrt1 in the germ cells goes from relatively low levels to very high
levels at about the same stage as the mutant defect becomes apparent. If we look in
adults, we see a cycling of expression ofDmrt1 in early spermatogonia in the adult
testis.
Swain:Do you thinkDmrt1 works as a repressor?
Zarkower:We don’t know, but Vivian Bardwell’s lab has some preliminary

data suggesting that it may act as one. If you fuse it to a heterologous DNA-
binding domain and do a standard transfection assay, it represses. This is in a
heterologous cell system, so it is suggestive but not convincing. Her lab has
also done a yeast two-hybrid screen and pulled out a couple of interacting
proteins that also interact strongly in a mammalian two-hybrid assay. One of
these is related to a protein that has been found in co-repressor complexes.
Swain: If mab-3 works inDrosophila, do you think that these genes are just DM

domains with a repressor domain attached?
Zarkower: Not in the same sense that Sox genes appear to be relatively non-

speci¢c. MAB-3 and DSX are quite highly sequence-speci¢c DNA binding
proteins, and we have in vivo targets for them. They appear to act as enhancer-
blocking proteins involved in short range transcriptional repression, as does
tra-1. There are reasons to think that this is a particularly good way to evolve a
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regulator of many genes. In terms ofDmrt1 we don’t know because it has proved
di⁄cult to de¢ne the binding site. The human DMRT1 protein is extremely
oxidation sensitive and very hard to work with.
Capel: Is the expression in the early mouse gonad speci¢c to germ cells, or is it in

the somatic cells of both sexes?
Zarkower: In the early gonad we see identical expression in both sexes in germ

cells and somatic cells.
Lovell-Badge:We have also looked at this, and the expression is in somatic cells

and germ cells at those early stages in both sexes.
Harley: Are your male mice ‘aloof’?
Zarkower:They don’t plug.We need to do a lot more with them.We only know

that they are infertile, and since they have no germ cells it is quite obvious why.
Also, their steroid hormone levels are presumably not quite what they could be,
since the gonad is severely dysgenic.
Green¢eld: Is it inconceivable that Mab3 or Dsx could rescue your mouse

mutant?
Zarkower: It is not inconceivable. We have tried the reciprocal experiment,

puttingDmrt1 into a worm, and this didn’t work.
Behringer:Do mab-3mutant worms have gonad defects?
Zarkower: They don’t have gonad defects that we know of, but the gonad

doesn’t have the same sort of hallowed position in C. elegans sex determination
that it does in mammals.
Behringer: In the worm, is mab-3 a sex-determining gene or a sex-di¡erentiation

gene?
Zarkower: In the worm this becomes a semantic problem. mab-3 sex reverses the

intestine but the neuroblasts that require mab-3 in the tail have their presence
controlled by tra-1 and their di¡erentiation bymab-3. One can viewmab-3 as a sex-
determination gene in one tissue and a sex-di¡erentiation gene in another. This
suggests that mab-3 is at the border between determination and di¡erentiation.
Behringer: It is the same forDsx in the £y?
Zarkower: Yes.
Behringer: If you go on conservation, would Dmrt1 in vertebrates be

determining or di¡erentiating?
Zarkower: It could be either. One can become the other during evolution.
Koopman: SinceDmrt1 seems to be acting as a repressor, could we ¢t it into some

double repressor model of testis determination?
Zarkower:We could. I’d like to know that it de¢nitely is a repressor, ¢rst.
Wilkins: This may seem a little egocentric, but I have been very grati¢ed by the

discovery of theDmrt genes.We still don’t fully understand their signi¢cance, but
two colleagues and I have been developing a model for how one can build up the
Drosophila sex determination pathway through a sequence of mutational steps.We
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have a workable scheme that involves building up the pathway from the
downstream element, dsx, not by simple recruitment of repressors but through a
sequence ofmutations. Each of thesemutations reverses the actions of the previous
upstream controlling step. Frommy perspective the pattern of evolution is at least
somewhat similar to what I proposed in 1995, where one can begin to describe
many of these pathways, starting with an ancestral downstream element and
building up the pathways in complex and di¡erent patterns in the di¡erent
animal lineages.
Zarkower: Yes. As I mention in my paper, our results, while limited so far, are

quite consistent with the model you proposed.
Capel: Dmrt1 appears to be working as a di¡erentiation factor, at least in the

mouse. On the other hand, I think that your evidence in turtles and chickens is
fairly strong that it is a very early gene in the decision making process in sex
determination. Combined with the data that Amh and Sox9 can reverse their
order of expression in di¡erent species, I ¢nd this whole idea that genes can
occupy di¡erent positions in the pathway very strange.
Zarkower: If it is reversal of order of action, it is strange. If it is multiple roles for

Sox9 in some species, then it is less strange: you could just lose an early role in some
evolutionary lineages.
Capel: So we have many genes with overlapping functions that can shift their

order?
Schedl: That certainly holds true for the Paxgene family. In mouse mesonephric

development Pax2 is expressed before Pax8. In contrast, in Xenopus the onset of
Pax2 and Pax8 expression is swapped. Something like this could happen in the
chick, with Sox8 or Sox10 being expressed earlier than Sox9.
Harley: I’d like to return to your hypothesis aboutDmrt1 being a genital ridge-

speci¢c activator for Sry. Can you measure Sry levels in your knockout model?
Zarkower:We could, but we haven’t bothered to do those experiments because

there is no phenotype in the background that we made the initial knockout on. If
we have a background that will show us the gonad defect, this should be possible. I
should stress that this is just one option, and that itmight not apply in allmammals.
Capel: IfDmrt1 is an activator of Sry, why didn’t this a¡ect the initial function of

Sry?
Zarkower: Presumably this was because of genetic redundancy, which would

also be why there is no early phenotype in a normal genetic background.
Green¢eld: I think it will be important to get all these mutants onto microarrays

sowe can look at the transcriptional consequences ofmutating every relevant gene.
Zarkower:We are trying to do this.
Poulat: In human we have seen DMRT1 expressed only in male. This goes

against the idea that DMRT1 could be upstream of SRY. It is expressed at
approximately the same time as SRY and not in germ cells.

INVERTEBRATE SEX DETERMINATION 131



Zarkower:That observation of yours is themain argument against the possibility
in humans. Mice may be di¡erent, orDmrt1may not activate Sry.
Graves: BecauseDmrt1 is an old gene and Sry is a very new gene, would you like

to speculate whetherDmrt1might have taken control of Sry or vice versa?
Zarkower:We assume that the ground state in early vertebrates is Dmrt1 doing

something important. This role will depend on what the sex-determining system
is. In reptiles it may be a temperature-sensitive allele ofDmrt1 that gives di¡erential
expression at di¡erent temperatures; in birds it may be linkage to the Z
chromosome, together with a W-dependent methylation di¡erence as a later
embellishment. The simplest way of introducing Sry in mammals would be for
Sry to arise as a dominant mutation that controls Dmrt1. This would argue
against the possibility that the relationship is the other way round.
Lovell-Badge: IfDsx andMab3 are really conserved in this way and at this level,

what about the other genes that are at the same level, such as fruitless ( fru) and
dissatisfaction (dsf) inDrosophila? Are they also conserved in C. elegans?
Zarkower: No, there are genes related toDrosophila fru and dsf in C. elegans, but

we haven’t been able to ¢nd evidence that these are involved in anything
interesting that is sex speci¢c. One thing to stress in the £y is that dsx really
controls most of sexual di¡erentiation. The other genes known to act at that level
in the pathway are doing relatively minor things in a small number of cells. These
are probably functions that the worm doesn’t have.
Short: Does anyone have any insight into the sex-determination process in

plants?
Charlesworth: The ancestral state in £owering plants is to be hermaphrodite.

Usually there is very little di¡erence between males and females in dioecious
species, except that the males lack female function and vice versa. The identity of
the genes responsible for this is unknown, but it is probably just a matter of
incorporation of male sterility and female sterility mutations.
Graves: There are, of course, plants that have sex chromosomes. Silene evolved

anX andY chromosome system that has no homology to the animal equivalents. It
is unclear what the genes are on those chromosomes.
Charlesworth: In Silene latifolia, there are now three X and Y genes known, and

they have nothing to do with sex determination.
McLaren: Is it not also true that within a single individual plant, some of the

£owers will be male and some will be female? This introduces interesting
developmental problems.
Mittwoch: There is also an interesting developmental problem in birds. In chick

embryos, at day 5.5 (stage 28), there is a de¢nite di¡erence between left and right
gonad. The left gonad is bigger than the right (Mittwoch et al 1971) and on day 6
hasmoreDNAand protein (Gasc 1978). It ismorphologically distinct in having an
incipient ovarian cortex. The left gonad in both sexes has some ovarian potential,
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whereas the right gonad, in most cases, has only testicular potential in both sexes
(Domm1939,King 1975). This raises twoquestions. Could this di¡erence between
left and right at this stage be due to a di¡erence in vascularization on the two sides?
Second, if this were to be due to vascularization, what would it tell us about sex
determination and di¡erentiation?
Short: You obviously have an idea in mind!
Mittwoch: I know nothing about vascularization, but a connection between

the degree of vascularization and the level of cell proliferation seems
likely.
Short: Anne McLaren, you were defending vascularization earlier as one of the

things that might account for the asymmetry of ovarian function in the mouse.
McLaren: It could be related to small di¡erences in timing during development,

if one side became vascularized slightly earlier than the other.
Capel:Vascularization is one of the most obvious things that Sry controls, and it

is one of the earliest steps in testis formation.
Short: I guess we are back to the gynandromorphs again. How dowe explain the

gynandromorph, with a complete bilateral asymmetry?
Wilkins: In Drosophila it is easy�a chromosomal di¡erence in segregation�

but in the vertebrates it is completely mysterious.
I believe David Zarkower generalized and said that sex is determined cell

autonomously in invertebrates. This is not true in crustacea, from which the
insects derived. I have read that in crustacea it is hormonal.
Charlesworth:Males have something called the androgenic gland.
Zarkower: I didn’t mean to make that a sweeping generalization. There are

signalling molecules in even the C. elegans pathway, so if you look at that level
you see non-autonomy. I only meant to suggest that, at least in some invertebrate
specieswhere it has been possible to test it, individual cells throughout the body do
read the X chromosome ratio.
Wilkins:We have a small number of model systems in which this is true, but we

have to be careful not to over-generalize.
Charlesworth: The interesting thing in crustacea is that infectious agents can

override the sex determination mechanism by knocking out the androgenic
glands, and feminize males.
Short: I couldn’t help thinking that we were reworking R. A. Fisher’s ‘Genetical

theory of natural selection’ (1930). In his chapter on sexual di¡erentiation he argues
how insect sex could be cell autonomous. And then in birds and mammals, when
you want a greater degree of sexual diversity, you con¢ne your genetic sexual
dimorphism to the gonads, which then produce sexually dimorphic hormones
that can open up the entire autosomal complement of genes for dimorphic
expression. He argues that this is a great advance over the cell autonomous, very
constricting mechanism of sex determination.
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Zarkower: I am not sure that it is so constricting. What have evolved are a
number of interesting genetic interactions between genes involved in other
processes and sex-determining genes allowing these other pathways to be
deployed sex-speci¢cally in certain tissues. Data are appearing in £ies and
C. elegans that there is an interaction between the Hox system and dsx/mab-3 to
allow sex-speci¢c posterior patterning to occur. Also, in £ies there are some nice
recent papers showing that themale and female isoforms of dsxwill sex-speci¢cally
modulate the response to more than one signalling pathway, to cause those
pathways to act sex speci¢cally in the genital disc.
Short:One thing no one has touched on is the constraint that viviparity imposes

on sexual di¡erentiation, once sex hormones are also used for controlling some
aspects of gestation. One thinks in particular of oestrogen. Do you then have to
start protecting the fetus from the sex hormones made by the placenta?
Renfree: There are so many viviparous animals, ranging from invertebrates

through to vertebrates, and they all manage to have their sex allocated
appropriately. One presumes that it is either not a problem, or there are many
di¡erent mechanisms to solve it. I guess it depends where in the pathway the
hormones become critical.
McLaren: As far as eutherian mammals go, the prenatal protection of the fetus

fromextraneous hormones is only partial. There is good evidence that in themouse
a male fetus with female fetuses either side will be feminized and vice versa. Of
course, this is sex di¡erentiation and not sex determination. I have often
wondered how those hormones get across from one fetus to the next.
Wilkins:Does this mean that there is more vascular connection between sibling

fetuses than between the individual fetuses and the maternal blood circulation?
McLaren: I doubt that it is a vascular connection. It could be just seepage. This is

what has puzzled me.
Short: A female mouse sandwiched between two male fetuses is still fertile,

presumably.
McLaren: Yes, but there are behavioural and anatomical di¡erences. The

anogenital distance is modi¢ed, for example.
Josso: If there were vascular exchanges it would cause real problems.
Capel:What do yolk proteins do in worms and £ies?
Zarkower: It isn’t known. There’s a model in £ies that yolk proteins have an

a⁄nity for ecdysone and act as a timer for its release. I’m not sure there is any
evidence for this. In worms we don’t know; there are no mutants. These proteins
are made in the intestine and secreted in the body cavity. There is a speci¢c import
system in the gonad that brings them in and puts them in oocytes. They are the
most abundant things that the adult hermaphrodite makes. One presumes that
they are there for nutritional value and possibly other things.
Capel: This doesn’t happen early in development, presumably.
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Zarkower: It only happens in the adult intestine, because this is the only time that
oocytes are present.
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Abstract. The formation of the testis or ovary is a critical step in development. The
pioneering studies of Professor Alfred Jost showed that the hormones produced by the
embryonic rabbit testis are essential for development of the male phenotype. Sexually
dimorphic hormones play a key role in the transition from an undi¡erentiated gonad
into the mature testis and ovary. Marsupials, with their altricial young, provide an
accessible model for the study of sexual di¡erentiation because most of these events
occur postnatally, while the young are attached to teats within their mothers’ pouches.
The relatively long time-course for the marsupial sexual di¡erentiation has provided an
excellent opportunity to correlate morphological changes with the genes and hormones
that control them. Using this model species we have demonstrated that not all sexual
dimorphisms are controlled by hormones. Virilization of the prostate and phallus is
androgen dependent but appears to rely on circulating 5a-androstane-3a,17b-diol which
is converted to dihydrotestosterone in these target tissues. Collectively these studies have
led to the development of new paradigms to explain the hormonalmechanismsmediating
sexual di¡erentiation.

2002 The genetics and biology of sex determination. Wiley, Chichester (Novartis Foundation
Symposium 244) p 136^156

The formation of the testis or ovary is a critical step in development and for the
continuation of species. The cloning and characterization of the testis-determining
gene SRY and several genes ‘downstream’ from it has reawakened interest in the
pathways regulating gonadal di¡erentiation but there has been relatively little
attention paid to other aspects of phenotypic sexual di¡erentiation. Gonadal
hormones play a critical role in the translation of gene expression into
phenotypic di¡erentiation, but the ¢elds of molecular development and
endocrinology have only recently begun to come together to investigate the
control of sexual di¡erentiation. In all mammals, hormones have profound
e¡ects on sexual di¡erentiation, none more dramatic than those that occur at
puberty. However, the hormonal control of early sexual di¡erentiation has been
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di⁄cult to examine because it occurs in utero in eutherians and many assumptions
have been based on the endocrine responses of neonatal, pubertal and adult
mammals. Marsupials, on the other hand, with their altricial young, provide a
new model for the study of sexual di¡erentiation. The advantages of using
marsupials to study sexual di¡erentiation are many. To begin with, the entire
process occurs after birth when the young are accessible in their mother’s pouch
(Fig. 1). Hormones and inhibitors can be administered directly to the pouch young
overcoming the issue as to whether they cross the maternal^fetal placental barrier.
The fact that pouch young can be removed and replaced onto the teat makes it
possible to perform surgery on the neonates. Perhaps the greatest advantage is
that the process of phenotypic development is slower than in eutherian
mammals, occurring in distinct phases so that it is possible to study each process.
Marsupial and eutherianmammals diverged from a common ancestor about 100

million years ago, but retained many common mechanisms directing sex
determination and di¡erentiation. In marsupials the Y chromosome is testis-
determining and contains a homologue of the eutherian SRY gene (reviewed in
Renfree et al 1995). As in eutherians, the fetal testis produces anti-Mˇllerian
hormone (AMH, also known as Mˇllerian inhibitory substance, MIS) (Hutson
et al 1988) and androgens (Renfree et al 1992, Wilson et al 1999, Shaw et al 2000)
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FIG. 1. The developing tammar wallaby. At birth (A) the tammar is altricial (average crown-
rump length 16mm). Some features, such as forelimbs and mouth are relatively well developed,
whilst others are poorly developed, such as the hind limbs and gonads. The newborn young,
with its umbilicus (U) trailing behind it, climbs unaided from the opening of the urogenital
sinus (UGS), which is not sexually dimorphic, to the pouch where (b) it attaches to one of the
four available teats (arrows). The young is therefore readily accessible for experimental study
while most of sexual di¡erentiation occurs. By day 25 post partum (c) male young have a
di¡erentiated Wol⁄an duct system, regressed Mˇllerian duct and prostatic buds are forming,
but the phallus (arrowhead) does not become sexually dimorphic until about day 100.



that direct subsequent development of the male urogenital sinus and phallus.
However, unlike eutherians, the development of the scrotum and mammary
primordia does not depend on gonadal hormones but instead is determined by a
gene or genes on the X chromosome (O et al 1988, Renfree & Short 1988).
The overriding importance of testicular hormones was established by the

pioneering studies of Professor Alfred Jost begun almost 50 years ago. His work
on the embryonic rabbit established the paradigm that the testis was essential for
development of themale phenotype (reviewed in Jost 1970) (Fig. 2,Table 1). In the
rabbit, gonadal sex is recognizable on the ¢fteenth day of pregnancy, but the
remainder of the genital tract remains identical in males and females until day 20
(Jost 1961). Females remain undi¡erentiated until day 23, but in males Mˇllerian
duct regression occurs and prostatic anlagen appear between days 20 and 22. Jost’s
remarkable experiments on rabbits castrated before day 20 of pregnancy in utero
resulted in the development of a female phenotype in male fetuses. Jost
suggested that there is a window of time during which male development can be
prevented but after which has irreversible consequences (Jost 1961).

Testicular and ovarian di¡erentiation

The altricial state of themarsupial neonatemeans thatmost of sexual di¡erentiation
in marsupials takes place postnatally (Fig. 1). The marsupial urogenital system
develops from an indi¡erent stage at birth, when both Wol⁄an and Mˇllerian
ducts are present, to the phenotypically distinct male or female condition during
early pouch life. The marsupial is born with a fully functional mesonephros, and
the Wol⁄an (mesonephric) duct is patent to the urogenital sinus, whereas the
metanephric kidney does not become functional until about two weeks after
birth (Renfree et al 1996).
Gonadal di¡erentiation follows a typical pattern except for its timing in

relationship to birth. In the tammar wallaby, testicular di¡erentiation commences
around the time of birth, with clearly de¢ned seminiferous cords, by day 2 pp (post
partum), but ovarian development is not evident before days 6^8 pp (Renfree et al
1996). No di¡erence is seen in gonadal mass during the ¢rst eight weeks of pouch
life, but testicular weights begin to diverge from ovarian weights around day 60
pp, and are signi¢cantly heavier by day 80 pp.
As the Sertoli cells di¡erentiate they interact with and modulate Leydig cell

di¡erentiation, germ cell proliferation and seminiferous tubule formation.
Leydig cells produce the steroid hormone testosterone that stimulates the
development of the Wol⁄an ducts into the vasa deferentia and epididymides,
and virilization of the urogenital sinus and phallus. The Sertoli cells produce the
protein hormone AMH and also secrete androgen binding protein (ABP). The
primary role of AMH is to induce regression of the Mˇllerian ducts that would
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otherwise form the oviducts, uterus and upper vagina. GATA4, a transcription
factor which has a sexually dimorphic expression pattern (Viger et al 1998) may
enhance AMH gene transcription through a direct interaction with the nuclear
receptor SF1 (Tremblay & Viger 1999). GATA4 and AMH have similar
expression patterns. In males, germ cells apparently play no role in the early
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FIG. 2. Control of sexual di¡erentiation in eutherian (a, c) and marsupial (b, d) mammals.
Unlike in eutherians, in wallabies development of some dimorphisms, notably the scrotum,
pouch and mammary glands, is controlled independent of testicular hormones by an X-linked
gene or genes. MIS, Mˇllerian inhibitory substance (AMH); T, testosterone; Adiol, 5a-
androstane-3a,17b-diol; Prost, prostate; P, penis; Cl, clitoris; UGO, urogenital opening.



di¡erentiation of the testis, since seminiferous cords, Sertoli cells and Leydig cells
can develop in the absence of germ cells. However, loss of germ cells from ovaries
leads to the formation of Sertoli cells that organize into seminiferous-like tubules in
marsupials (Whitworth et al 1996) and in eutherians (reviewed in McLaren 1991,
Whitworth 1998). This suggests that in females, an interaction between the germ
cells and the supporting cell lineage inhibits Sertoli cell formation. Sertoli and
granulosa cells are thought to be derived from a common progenitor supporting
cell line, and both express AMH in the adult. Gonadal sex reversal can be induced
in both female tomale andmale to female directions by gonadal transplantation, by
administration of AMH in culture, or by exogenous oestradiol (Burns 1961,
Whitworth et al 1996, Coveney et al 2001, Renfree et al 2001).

Wol⁄an andMˇllerian ducts

Di¡erentiation of theWol⁄an andMˇllerian ducts takes place under the in£uence
of gonadal hormones in both groups ofmammals (Fig. 2). In the rat, the fetal testis
¢rst becomes distinguishable at 13 days 15 h (Jost 1970), with well-organized
seminiferous cords in the anterior part of the gonad by 14 days 14 h, and
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TABLE 1 Sexual di¡erentiation of rabbit fetuses and e¡ects of castration

Normal di¡erentiation

Castration e¡ects on male
Day Females Males genital tract

19 Indi¡erent Indi¡erent Feminine organogenesis

20 Indi¡erent Involution of
Mˇllerian
ducts begins

� complete feminine
organogenesis

21 Indi¡erent Analgen anterior
Prostate

Anterior prostate present

22 Indi¡erent De¢nite masculine
trends

Uterine sections present;
hypospadias

23 Fusion of
posterior part
of Mˇllerian
ducts

Anlagen posterior
and lateral
prostate

Deferent duct absent;
otherwise masculine

24 Involution of
Wol⁄an
ducts begins

Di¡erences in
genital tubercle

Masculine organogenesis

25 to 26 De¢nite feminine
features

De¢nite masculine
features

From Jost (1961).



commences testosterone secretion around day 15.0^15.5 (Jost 1970). The ¢rst
e¡ects of gonadal androgen on the morphology of the rat Wol⁄an duct do not
appear before day 15.5, at about the time of morphological di¡erentiation of the
fetal Leydig cells (Eusterschulte et al 1992). On the day of birth in the tammar
wallaby Macropus eugenii and the grey opossum Monodelphis domestica, the testes
contain very little testosterone (Renfree et al 1992, Fadem & Harder 1992, Xie
et al 1998). However, by days 5^10 pp in the tammar in males testicular
testosterone content rises to around 1 ng/mg and the Wol⁄an ducts begin to
di¡erentiate, but in femalesovarian testosterone isundetectable (Renfree et al 1992).

Mammary gland and scrotum

Most mammals of both sexes possess mammary glands, even if only transiently
during development. The majority of marsupials are exceptions to this rule. In
tammars and other Australian marsupials, males never have mammary
development, even the ¢rst rudiments (O et al 1988, Renfree & Short 1988,
Renfree et al 1996). In opossums and other American marsupials, males have
fewer mammary primordia than females (Renfree et al 1990, Robinson et al 1991).
The scrotum in eutherianmammals is caudal to the penis: inmarsupials it is cranial.
In the tammar, scrotal bulges are¢rst seen in themale fetus andmammaryprimordia
in the female fetus on day 22, 4 or 5 days before birth and before the gonads
di¡erentiate, and 6 or 7 days before gonadal steroids are detectable (O et al 1988,
Renfree& Short 1988, Renfree et al 1992, 1996). A similar pattern of development
occurs in the brushtail possum,Trichosurus vulpecula (Ullmann 1993). Treatment of
neonateswith exogenous steroids has no in£uence onmammary, pouch or scrotum
development (Shaw et al 1988) (Table 2). Burns, in his pioneering studies on sexual
di¡erentiation in the North American opossum,Didelphis virginiana, also found no
e¡ects of androgenoroestrogen treatment on the presenceof thepouchor scrotum,
although the internal genitalia were a¡ected just as Jost had shown for the rabbit.
However, the Jost experimentswere sopersuasive thatBurns (1961) concluded that
the Jost model applied in its entirety to marsupial as well as eutherian mammals,
despite Burns’ own results to the contrary (reviewed inWilson et al 1995).
The pouch is just visible in female tammar neonates on days 5 or 6 pp, and clearly

evident by days 7 or 8 pp. However, primordia of the folds can be identi¢ed
histologically in females at day 24 or gestation, many days before gonadal
di¡erentiation. Since XXY marsupial males with testes have a pouch and
mammary glands, whereas XO marsupials do not, the conclusion from the
collective observations is that both these structures are under the control of X-
linked genes (reviewed in Renfree et al 1995) (Fig. 2).
Earlyworkers believed that the labio-scrotal folds of eutherians are homologous

to the scrotal/pouch folds of marsupials. However, the external opening of the
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urogenital system is not sexually dimorphic in marsupials, and there are no labia
(Renfree 1992, 1994) (see Fig. 1). Since the penis is caudal to the scrotum this places
the pouch and scrotal primordia in close proximity. E. J. McCrady reported that
the scrotum and pouch arose from common anlagen in the American opossum,
beginning as paired folds just cranial to the phallus (see Renfree et al 1992).
However, we have shown in the tammar that the scrotal primordia arise as paired
bulges in the groin region at about day 21 of gestation, while the pouch primordia
are slightly more cranial and develop at around day 24 of gestation. We conclude
that pouch and scrotum arise from di¡erent anlage in the same, or closely adjacent,
morphogenetic ¢elds (Robinson et al 1991, Renfree 1994), and in Australian
marsupials at least, are developmentally mutually exclusive.
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TABLE 2 E¡ect of hormone treatment on sexual dimorphisms in tammars

(A) Hormone-dependent dimorphisms

Treatment Control Oestradiol Androgen

Sex Male Female Male Female

Gonad Testis Ovary Abnormal testis Ovary

Gonad position Scrotal Abdominal Abdominal Abdominal

Gubernaculum
& processus
vaginalis

Extends to
scrotum

Small and
disappears

Terminates
outside
scrotum

Small and
disappears

Wol⁄an duct Normal Regressed Regressed Hypertrophic

Mˇllerian duct Regressed Normal Stimulated Developed

Urogenital sinus Normal Normal Hypertrophic Hypertrophic

Prostate Normal Normal � Normal

(B) Hormone-independent dimorphisms

Treatment Control Oestradiol Androgen

Sex Male Female Male Female

Mammary
gland

Absent Present Absent Present

Pouch Absent Present Absent Present

Scrotum Normal Absent Normal Absent

Data from O et al (1988), Shaw et al (1988), Coveney et al (2001).



The pouch, a secondary sexual structure characteristic of female marsupials, is
one of the largest sexually dimorphic structures in mammals (Wilson et al 1995).
Early experimental treatment with massive doses of oestrogen apparently induced
the formation of a pouch froma scrotum in castratedmale brushtailed possums (see
Nurse & Renfree 1994). These early ¢ndings have never been con¢rmed, and
neither androgen nor oestrogen have any e¡ect on pouch or scrotal development
of opossums or tammars, even in massive does (see Burns 1961, Fadem &
Tesoriero 1986, Moore & Thurstan 1990, Shaw et al 1988). However, the pouch
is responsive to steroids during sexual maturation at puberty, and oestrogen
mediates pouch growth and the eversion of the teats at puberty (Nurse &
Renfree 1994) (Fig. 3). Progesterone has no e¡ect on teat eversion or pouch
growth, but ovariectomy disrupts pouch maturation.
The genes that might control pouch and scrotal development have not been

identi¢ed. SOX3 is an X-linked gene and was a possible candidate gene to
control di¡erentiation of the scrotum and mammary glands. However, no
transcripts can be detected in the scrotum, mammary primordia or pouch folds
throughout development (Pask et al 2000). In contrast, autosomal SOX9 (located
on tammar chromosome 2) is expressed in the scrotum and mammary glands
before birth, but is down-regulated by the day of birth in both tissues (J. L.
Harry, A. J. Pask, G. Shaw & M. B. Renfree unpublished results). We are
currently investigating the other candidate X-linked genes in pouch and
scrotum.
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FIG. 3. Pouch growth in female tammar wallabies through puberty. There is a spurt of pouch
growth around puberty, in intact females (circles) which is inhibited in ovariectomized females
(triangles) unless these are treated with oestradiol. Progesterone has no e¡ect on pouch growth
(Redrawn from Nurse & Renfree 1994).



Androgens and virilization

It is well established that androgens play a critical developmental role in the
maturation of the Wol⁄an duct system and the virilization of the urogenital
sinus and external genitalia. Circulating androgens virilize the urogenital sinus
and the external genitalia, but the Wol⁄an ducts appear to be virilized
ipsilaterally, either by lymphatic transport, di¡usion, or secretion of androgen
through the lumen of the Wol⁄an ducts (Jost 1970). However, the androgen(s)
that actually perform these functions in eutherians have never been identi¢ed,
because male phenotypic di¡erentiation takes place so early in embryogenesis
that it has not been possible to obtain blood for hormone measurements until
after phenotypic sexual development is complete. On the basis of studies of
mutations in humans and animals it was widely assumed that androgens virilize
the embryo in a fashion similar to the process in adults, namely that the testicular
hormone testosterone is secreted into the circulation and acts via the androgen
receptor in target tissues either as testosterone itself or as its 5a-reduced
metabolite 5a-dihydrotestosterone (DHT) (Wilson &George 1994).
In the marsupial it is possible to examine the mechanism of male phenotypic

development in a way that cannot be done in any eutherian mammal (see Fig.1).
Virilization of the tammar pouch young takes place in three phases. Formation of
the epididymis starts before day 20 and the prostate between days 25 and 35 (Shaw
et al 1988, Renfree et al 1996). Sexually dimorphic development of themale phallus
does not occur until after day 100 (Butler et al 1999). This time di¡erence makes it
possible to study prostatic and penile virilization to be studied independently.
As in eutherian mammals, the developing marsupial testes, but not the ovaries,

produceAMHand testosterone (Hutson et al 1988, George et al 1985, Renfree et al
1992,Wilson et al 1999). Since testosterone is the principal androgen in the testis at
the time of marsupial sexual di¡erentiation it was tacitly assumed that testosterone
is the key hormone in virilization. However, virilization of the marsupial male
urogenital tract begins after the onset of androgen synthesis (George et al 1985,
Renfree et al 1992). Gonadal testosterone concentrations are low in male and
female tammar gonads at birth, but in males they rise around day 2, coinciding
with the formation of the seminiferous tubules (Renfree et al 1992). However, at
this stage plasma androgens are not sexually dimorphic (Wilson et al 1999).
Androgen transport in the plasma of the tammar wallaby (and some other
marsupial species) di¡ers from that in most mammals in that there is no high-
a⁄nity transport protein in plasma analogous to sex hormone binding globulin
(SHBG). Consequently, testosterone and DHT in plasma are transported bound
to low a⁄nity, non-saturable carriers, principally serum albumin. Virilization of
the urogenital sinus is androgen dependent (Shaw et al 1988, Tyndale-Biscoe &
Hinds 1989, Lucas et al 1997, Ryhorchuk et al 1997, Butler et al 1998), but the
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¢rst signs of prostatic development, the appearance of prostatic buds in the
urogenital sinus, does not commence until 3 weeks after the onset of testosterone
production. Similarly, the phallus does not become sexually dimorphic until about
day 100 pp (Butler et al 1999), after the fall in testicular testosterone concentration
about day 45^50 after birth. The androgen receptor (AR), is expressed in the
urogenital sinus of the fetus of both sexes from as early as day 19 (early head-
fold), 7 days before birth and the ¢rst rise in testicular testosterone, therefore AR
is not rate-limiting for virilization (Butler et al 1998). Despite the overwhelming
evidence from our laboratory and by others (Tyndale-Biscoe & Hinds 1989) that
testicular androgens are required for male phallic development in the wallaby, we
have been unable to demonstrate sexual dimorphism after day 50 in the plasma
levels of androgens, notably during the phase of pouch life when di¡erential
phallic growth occurs (days 75^200). This presents an enigma in that the tissues
are clearly androgen sensitive, but di¡erentiate well after the initiation of
testosterone synthesis.
The delay in virilization of the urogenital sinus and phallus cannot be due to the

lack of themore potent androgenDHT, since the urogenital sinus and phallus both
contain the enzyme necessary for its synthesis, 5a-reductase, in high concentrations
by at least day 10^11 pp (Renfree et al 1992). The precise mechanism by which
virilization is initiated in the developing male marsupial is not entirely
understood, but we have identi¢ed another androgen, 5a-androstane-3a,17b-diol
(5a-adiol), that appears to have a key role in this process (Shaw et al 2000) (Fig. 4).
5a-adiol is synthesized in testes and secreted into the plasma of pouch young (Shaw
et al 2000), and is present in higher concentrations in male than female young,
unlike testosterone which circulates in similar concentrations in the two sexes
(Wilson et al 1999). Oral administration of 5a-adiol to female tammar pouch
young from days 20^30 induces development of a prostate (Shaw et al 2000) and
administration of 5a-adiol to female pouch young from days 70^150 induces
prostate and phallic growth similar to that in males (Leihy et al 2001). Similarly,
administration of small doses of 5a-adiol enanthate from day 20^45 causes
virilization of the female urogenital sinus (Leihy et al 2001). Exogenous
testosterone and DHT can also induce prostatic development (Shaw et al 1988,
Ryorchuk et al 1997, Leihy et al 2001). Both testosterone (Renfree et al 1992) and
5a-adiol (Shaw et al 2000) are produced in high amounts in the testes, but not the
ovaries of tammar pouch young, however any DHT that is formed in the pouch
young testes is quickly converted into 5a-adiol (Shaw et al 2000). Because 5a-adiol
is the predominant androgen in the tammar testis during the period of virilization
and is the only known androgen that is higher in the male plasma than the female
plasma at the time of prostate formation (Shaw et al 2000). We therefore conclude
that this hormone plays a unique role as a circulating hormone to control the
formation of the male phenotype. In the urogenital sinus and phallus 5a-adiol is
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converted back to DHT (Shaw et al 2000), which is thought to be the active intra-
cellular androgen in target tissues. Since steroid 5a-reduction is irreversible, and
neither testosterone nor DHT are sexually dimorphic in the circulation, we
conclude that 5a-adiol is the androgen that is secreted by the tammar testis into
plasma to initiate virilization of the urogenital sinus and phallus.
Since 5a-adiol is responsible for prostate formation in the tammar and is a major

androgen in the immature rat and rabbit testes, it is the leading candidate for a
universal role for this function in these mammals. In the rabbit, testosterone
synthesis begins in the fetal testis between days 17 and 17.5 of gestation, and
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FIG. 4. Model for androgenic control of prostatic and phallic development in tammars.
Prostate development is dependent in 5a-reduced androgens because treatment with an
androgen receptor blocker, £utamide or a 5a-reductase inhibitor, ¢nasteride, inhibits prostate
development. 5a-androstane-3a,17b-diol (5a-adiol) is a major androgen produced by the testis
that is sexually dimorphic in plasma and treatmentwith lowdoes of 5a-adiol induces prostate and
phallus development. T, testosterone; DHT, dihydrotestosterone; AR, androgen receptor; 5a-
R, 5a-reductase; UGS, urogenital sinus.



virilization of the urogenital sinus requires exposure to androgens for only four
days, namely days 19 to 23 (Jost 1961). It is possible that the role of androgen in
phallic development occurs during a critical window of time and that some other
factor or factors then take over to cause di¡erential growth. Precedent exists for
such a phenomenon in both the rabbit prostate (androgen is required only for
4 days [19^23], and growth of the tissue is androgen independent thereafter) and
in the wallaby (growth of the phallus and prostate continued in the female after
apparent atrophy of transplanted testes in the experiment of Tyndale-Biscoe &
Hinds 1989). There is also a critical window of time in male tammars sometime
between day 25 and 13 months pp, when exposure to androgens imprints the
response of the hypothalamopituitary axis to oestradiol challenge (see below). In
contrast to the urogenital sinus and external genitalia which are virilized by
circulating androgens, the Wol⁄an ducts virilize by an ipsilateral process in
which androgen is delivered directly to the tissue, presumably via the lumen of
the Wol⁄an ducts. Because of low levels of 5a-reductase in the Wol⁄an ducts, it
has been widely assumed that the hormone that mediates this process is
testosterone itself, but our demonstration that the major testicular androgens in
the early tammar pouch young are 5a-adiol and DHT (Shaw et al 2000) and that
the metabolic sequence in the epididymis favours the formation of 5a-adiol from
testosterone suggest that steroid 5-reductionmay be critical for this process aswell.
The epididymis is well developed before the time of commencement of
masculinization of the urogenital sinus around day 25. In mature eutherian
mammals androgen is transported from the lumen of the Wol⁄an duct into the
epithelial cell bound to androgen-binding protein (ABP or prostatein) which is
synthesised in Sertoli cells and secreted into the lumen of the Wol⁄an ducts
(Joseph 1994). This molecule is a leading candidate for mediating the virilization
of this tissue. Further characterization of the formation and endocrine e¡ects of 5a-
adiol are underway.

Brain sex and hormonal control of puberty

Androgens masculinize the brain either by their conversion to oestradiol in that
tissue or directly via the androgen receptor. Some of the e¡ects of the androgens
permanentlymasculinize the brain during a critical period in early development. In
eutherianmammals, sex di¡erences inmale-type sexual behaviour can be attributed
to both organizational and activational e¡ects of testicular hormones acting on the
central nervous system. In contrast, in all primates and in male and female tammar
wallabies, the expression of male-type sexual behaviour appears to be completely
dependent on the adult steroid hormone environment (Rudd et al 1996). Male
behaviour can be induced in female tammars with testosterone implants, and is
lost in castrated males.
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Although there appears to be no permanent organizational imprinting of the
male or female tammar brain as in many eutherians, there are sex di¡erences in
the positive feedback response of luteinizing hormone (LH) to oestradiol, similar
to the preovulatory surge of LH in oestrous females (Rudd et al 1999).
Ovariectomized and intact female tammars both respond to an oestradiol
challenge with an LH surge, whereas castrated males or intact males do not.
However, if the males are castrated at 26 days of age they respond like females,
but if castrated (pre-pubertally) at 14 months they respond like males (Fig. 5).
These results suggest that the positive feedback mechanisms in the male tammar
are permanently suppressed by an organizational action of testicular hormones
acting sometime after 26 days but before the only other time point studied, 14
months (Rudd et al 1999). It is interesting to note that the early castrations were
done in the middle of the 45 day period when testosterone is elevated in the testes
(Renfree et al 1992, Wilson et al 1999), so we predict that the critical period of
androgen exposure coincides with these high testicular testosterone
concentrations and that the brain is e¡ectively imprinted by day 45.
There are also di¡erences in males and female with respect to puberty. Female

tammars are seasonal breeders, but puberty can occur at any time of the year once
the young female attains a body weight of around 2.0 kg, much smaller than the
average adult female weight of 5 kg (Williams et al 1998). This usually occurs at
round 9^10 months of age when the female young ¢rst leaves the pouch (Williams
et al 1998). In contrast, males mature later, and both testicular growth and
maturation of the hypothalamic^pituitary^testicular axis begins at 19 months.
Puberty is complete with the appearance of mature sperm in the testes by 25
months of age (Williamson et al 1990).

Conclusions

Sexual di¡erentiation in marsupials, as in eutherians, is a sequential process
beginning with the establishment of chromosomal sex at the time of fertilization.
The sex chromosomes exert extra-gonadal and gonadal e¡ects, the former being
particularly pronounced in marsupials since they involve the scrotum, pouch,
mammary gland, gubernaculum and processus vaginalis, and these e¡ects
precede gonadal di¡erentiation. Gonadal hormones drive the subsequent sexual
di¡erentiation of the Wol⁄an and Mˇllerian ducts, as in eutherians. Prostatic,
urogenital sinus and phallic development in the wallaby are not temporally
related to the production of androgens.
The relatively long time-course for marsupial sexual development provides an

excellent opportunity to correlate phenotypic changes with gene expression
patterns and hormone synthesis. Similarly, the long time lag in marsupial
development between the production of androgens and their action on target
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tissues to induce virilization has led to the development of new paradigms to
explain the mechanisms mediating the process of sexual di¡erentiation.
Virilization of the urogenital sinus and phallus appears to depend on a
testosterone metabolite, 5a-adiol which is the predominant circulating androgen
produced by the testis and which is converted to the potent androgen DHT in the
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FIG. 5. E¡ect of early castration on the LH surge response to oestradiol challenge. Intact
females (a) and males castrated (d) at d 24^26 post partum show a marked surge in LH 15^20
hours after an injection of 17b-oestradiol, but intact adult males (b) and testosterone-implanted
females (c) do not respond. (Redrawn from Rudd et al 1999.)



target tissues. 5a-adiol has been recognized to be a potent androgen since the 1930s
and known to be formed in immature rabbit, human and rat testes, but a speci¢c
physiological role for the hormone has never before been identi¢ed. A role for 5a-
adiol in male phenotypic development explains the previous conundrum, namely
the need for testicular hormones and the prevention of virilization by inhibitors of
5a-reductase and binding of DHT to the androgen receptor. This discoverymakes
it possible to approach the major unresolved issues in male phenotypic
development in a new way.
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DISCUSSION

Short: What do you think about the evolution of testicular descent? Do you
think that eutherians and marsupials ended up with the same result, but did it
di¡erently? Or is this di¡erence in genetic versus hormonal control of the
scrotum just incidental?
Renfree: I think the scrotumhas evolvedmany times inmammals.Youonly have

to look at the variety of locations of the testis in the eutherianmammals� from the
abdominal testis of the elephant to the inguinal testis of the mole� to see this.
Likewise in marsupials there are a variety of testis locations. Presumably the
evolutionary pressure was to get the testis outside, for whatever reason.
Monotremes don’t have a scrotum; they have abdominal testes. Presumably
somewhere between monotremes and the eutherian line there was some drive to
get the male gametes in a cooler location.
Lovell-Badge: Is there any indication of what INSL3 does in marsupials?
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Renfree: Testicular descent is inhibited after oestradiol treatment, and we get a
failure of closure of the inguinal canal. We think this is because of the down-
regulation of INSL3. We are chasing this at the moment, but we haven’t pulled
the marsupial gene out yet.
McLaren:You see precocious entry into meiosis in hormonally disrupted testes.

From what one knows about germ cell development in other animals, I would
predict that this is female meiosis and not male meiosis, and that those germ cells
would go on into oogenesis and develop into oocytes. Have you kept the animals
long enough to know?
Renfree:Of these ones that are born early, we only get a very small number. We

have been trying for the whole of this breeding season to get some born naturally
on day 25.We have only had two this year.Our plan is to let themgrowup, because
it would be very interesting to see what happens. Ideally, we would like to look at
them at all the di¡erent stages. I agree with you; I think it is female meiosis.
Short: Anne McLaren, was the thought running through your mind that the

oestrogen might just damage the testis and hence interfere with the ability of the
seminiferous tubule to inhibit meiosis?
McLaren: Yes, indeed. The testis was clearly developing quite abnormally. In

other contexts if cord formation is disrupted, the normal inhibitory e¡ect is lost
and the germ cells go into meiosis.
Renfree: I should emphasize that the oestradiol e¡ect is not physiological but a

pharmacological e¡ect. It is not a normal part of the sex di¡erentiation pathway.
Harley:What converts DHT to androstandiol?
Renfree: There are several isoforms of the 3a-hydroxysteroid dehydrogenases.

Some of them oxidize, others reduce. The di¡erent tissues have their own speci¢c
isoform.
Harley:Which cells make those?
Renfree: The prostate, the urogenital sinus and the penis among others. It is a

fairly widespread enzyme, but it can be switched on and o¡ at certain times in
development. If the hormone is circulating around in the blood you can get the
di¡erential timing by synthesis of the appropriate enzyme in the appropriate
target tissue.
Swain: Is that what explains the timing di¡erence in development of the penis?
Renfree:We think so.
Josso:Does the oestradiol treatment in£uence the Mˇllerian regression?
Renfree:TheMˇllerian ducts appear to be enlarged, but it depends onwhich part

of the duct you look at. It is very di⁄cult to get the exact location to compare the
sizes. Mˇllerian duct volume is increased as measured from one edge of the
mesenchyme to the other, and the lumen diameter is increased.
Vilain: I would like to comment on the issue of the postnatal peak of

testosterone you showed. It is interesting because in humans there is also a
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postnatal peak of testosterone: it peaks at about one week of age and then goes
down slowly until about one year where it reaches a very low prepubertal level.
No one really understands the signi¢cance of this peak. One could see it as a
rehearsal of puberty, but this is probably not true. For instance, mutations in
DAX1 in humans that result in delayed puberty because of hypogonadotrophic
hypogonadism do not a¡ect this minipuberty during the ¢rst year of age. Do you
think this could have anything to do with brain imprinting? Is there any way to
disrupt just this postnatal peak without disrupting puberty, and look at the sexual
behaviour of marsupials?
Renfree: I don’t know how you could just disrupt the postnatal peak. If you do

something to inhibit it, this will almost certainly have an e¡ect further on in
development. We think there is a whole new story to be found for fetal
androgens in eutherian mammals. It has always been tacitly assumed that
testosterone is doing the virilization. In human fetuses this starts at about 8
weeks and goes on from there, but there are very few measurements. It looks like
some of these e¡ects could be due to di¡erential synthesis of the appropriate
enzymes in the target tissues. As you would know, we can’t explain some 70^
80% cases of pseudohermaphroditism. 5a-reductase explains a small proportion.
Jean Wilson thinks that di¡erences in enzyme synthesis might well explain some
of these cases.
Capel: It looks from your data as though the surge of testosterone is resetting

sensitivity to oestradiol in themale. An important feature of this resettingmight be
to lower the sensitivity to oestradiol in themale, so that they are una¡ected by other
in£uences (e.g. environmental oestrogens).
Short: The studies of boys born after stilboesterol exposure in utero showed that

they were remarkably normal in terms of spermatogenesis and fertility. Massive
exposure of the fetuses to stilboesterol seemed to have remarkably little e¡ect
later in life (Wilcox et al 1995).
Capel:What is known about the in£uence of maternal oestrogens on the fetus? I

know there is a huge literature on the placenta.
Renfree: There have been many attempts to give oestrogen to pregnant females.

Almost all of the studies I know of in which oestrogen has been given to neonatal
eutherians give the same results aswe get with the full-termmarsupial treatments: a
disorganized testis, but still a testis, and perhaps also some deleterious e¡ects on
other parts of the genital tract. Everyone has always said that there is no e¡ectwhen
oestrogen is given to the pregnant mother because there are protection
mechanisms via the placenta. I don’t see how that can be true: if you give
inappropriate hormone treatments to women, or there are abnormal
concentrations, as in congenital adrenal hyperplasia or after diethylstilbestrol,
there are e¡ects on the fetus. In tammars we have given oestrogen to the mother
to see whether we could a¡ect on the fetus, but they all aborted.
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McLaren: What is the basis of the protection against oestrogen in marmoset
twins? They always have twins, and 50% of the twins are one male, one female.
But there is no freemartin e¡ect in spite of the fact that they share a common
blood circulation (Benirschke et al 1962).
Josso: Could it be because the blood circulation is established later? After all,

freemartins are not really virilized. They appear normal; the problem is that
AMH crosses to the male fetus, but to have an e¡ect it must cross very early. If
one ¢nds anastamoses at birth, this gives no information as to the time the blood
was exchanged.
Short: There is certainly a vascular anastomosis fairly early on in marmoset

pregnancies. I always just assumed that this was because AMH didn’t enter the
fetal circulation.
Josso: In humans, the critical stage ends at 8 weeks of fetal life. This is very early.

After this time it is no longer possible to induce Mˇllerian regression.
Short: Blanche Capel, I was wondering from your question whether you were

resurrecting the idea about endocrine disruptors in the environment and the
declining male sperm count. The feeling at the moment is that the evidence for
the declining sperm count is very shaky. It is an artefact of a meta analysis, and
there isn’t any compelling evidence that oestrogens are adversely a¡ecting human
sperm counts.
Renfree: Recent work showing that there are important roles for oestrogen in

normal male sexual development and function, and that males have oestrogen
receptors a and b, puts a whole new complexion on the idea that oestrogens are
solely female hormones.
Capel: In my other question asking about the delivery of maternal hormones to

the fetus, I was trying to establish whether fetal development happens against a
background of oestrogens delivered from the circulation.
Renfree: Ursula Mittwoch has suggested that the reason marsupials are born so

altricial is because they cannot tolerate oestrogens. However, there is at least one
species, the swamp wallaby, that has a prepartum oestrus. It has an oestrus before
birth and ovulates, conceives and then gives birth a few days later. That fetus is
exposed to high levels of oestrogen.
Josso: Are you saying that there are two fetuses?
Renfree:Yes, there is a developing blastocyst in one uterus, and a full-term fetus

in the other.
Short:Thehuman fetusmustbe incrediblygoodatmetabolizingandconjugating

any oestradiol that is around, hence all the conjugated oestriol, a very weak
oestrogen, that is present in fetal blood. I have always thought that this must be
the mechanism by which the fetus protects itself from oestrogenization.
Graves: We know exactly where the tammar wallaby X chromosome is

homologous to the human X chromosome. Is it now time to go through the
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genes on the human X and pick out which is likely to be the scrotum-determining
factor?
Renfree: Yes, as you know we are trying to do that now. We have selected some

candidates. When it is found, it will be interesting to see whether the same gene is
expressed in eutherian mammals.
Graves: Sai¢& Chandra (1999) have published a list of syndromes on the X that

a¡ect the gonads. Most of those are just syndromes and they are vaguely mapped,
and so there is no candidate gene.
Renfree: The Aarskog syndrome is one that is a good candidate, because it has

something called a shawl scrotum around the penis. The gene responsible is
FGD1.
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Genetic studies of MIS signalling in

sexual development
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Abstract. The Mˇllerian ducts are composed of an epithelium and surrounding
mesenchyme that have the potential to di¡erentiate into female reproductive organs,
including the oviducts, uterus and upper vagina. In eutherian mammals, Mˇllerian
inhibiting substance/anti-Mˇllerian hormone (MIS/AMH) secreted by the fetal testis
causes the regression of the Mˇllerian ducts to prevent the di¡erentiation of female
reproductive organs in males. MIS signalling in the Mˇllerian duct is mediated by the
MIS type II receptor (MISRII) that is expressed in the mesenchyme surrounding
the epithelium. MIS signalling alters the Mˇllerian duct mesenchyme, leading to the
elimination of the ductal epithelium. Loss of MIS signalling, by mutation of MIS or
MISRII, leads to the di¡erentiation of female reproductive organs in males that can
cause cryptorchidism and infertility. We have exploited the mouse MisrII locus to
express heterologous genes in the cellular target of MIS signalling, the Mˇllerian duct
mesenchyme. This approach can be used with conditional genetic strategies to identify
factors that are required for the regression of the female genital duct system.

2002 The genetics and biology of sex determination. Wiley, Chichester (Novartis Foundation
Symposium 244) p157^168

In eutherianmammals, the developingmale and female fetuses both form twopairs
of genital ducts, the mesonephric ducts (Wol⁄an ducts) and paramesonephric
ducts (Mˇllerian ducts). The Wol⁄an ducts have the potential to form male
reproductive organs, including the seminal vesicles, vas deferens and
epididymides. The Mˇllerian ducts have the potential to di¡erentiate into the
oviducts, uterus and upper portion of the vagina. To realize the di¡erentiated
sexual phenotypes, one of these duct systems must di¡erentiate and the other
must be eliminated. In males, this switch is mediated by hormones produced by
the fetal testis. Initially, Mˇllerian inhibitory substance (MIS; also known as anti-
Mˇllerian hormone, AMH) is secreted by the Sertoli cells to induce the regression
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of the Mˇllerian ducts, thereby eliminating the formation of female genital duct-
derived tissues in males. Testosterone secreted by Leydig cells leads to the
di¡erentiation of the Wol⁄an duct derivatives. In females, this switch occurs in
the absence of MIS and testosterone. Without MIS, the Mˇllerian ducts
di¡erentiate but in the absence of testosterone, the Wol⁄an ducts degenerate. In
human males, the absence of MIS, caused by mutations in theMIS gene, leads to
the di¡erentiation of Mˇllerian duct derivatives, a condition known as persistent
Mˇllerian duct syndrome (Belville et al 1999). A similar phenotype is observed in
Mis mutant mice generated by gene targeting in embryonic stem (ES) cells
(Behringer et al 1994). These ¢ndings demonstrate that MIS is an important
regulator of male sexual di¡erentiation (for review see Josso et al 1993).
MIS is a member of the transforming growth factor b (TGFb) superfamily of

growth and di¡erentiation factors. TGFb family ligands bind to membrane bound
serine/threonine kinase type II receptors that complex with membrane bound
serine/threonine kinase type I receptors causing phosphorylation of Smad
proteins that regulate downstream gene transcription (Massague¤ et al 2000). The
MIS type II receptor has been cloned (Baarends et al 1994, di Clemente et al 1994,
Teixeira et al 1996, Mishina et al 1997) and interestingly, is expressed in a highly
tissue-speci¢c pattern. Expression is detected in the mesenchyme surrounding the
Mˇllerian duct epithelium, and in Sertoli, Leydig and granulosa cells (Baarends et
al 1994, di Clemente et al 1994, Teixeira et al 1996, Racine et al 1998, Lee et al 1999).
Humans and mice with mutations in the MIS type II receptor gene have
phenotypes that are identical to MIS ligand gene mutations (Imbeaud et al 1995,
Mishina et al 1996). The speci¢city for MIS signalling for Mˇllerian duct
regression is most likely to be due to the restricted expression of the MIS type II
receptor in the mesenchyme. Indeed, MIS type II receptor knockout mice that
overexpress a human MIS transgene, do not develop any of the reproductive
abnormalities of transgenic mice that overexpress human MIS (Behringer et al
1990, Mishina et al 1999a). In addition to the MIS type II receptor, there should
be aMIS type I receptor tomediateMIS signals forMˇllerian duct regression. The
TGFb family type I receptors are called activin-like kinases (ALK). Generally,
these ALKs are widely expressed and Alk mutations usually lead to very early
embryonic lethal phenotypes, precluding conclusions on their potential roles in
MIS signalling (Mishina et al 1995, 1999b, Gu et al 1998, 1999, Oh et al 2000).
These observations suggest that the identi¢cation of the MIS type I receptor
requires a specialized in vivo approach.
Over the last decade, conditional genetic strategies inmice, notably the use of the

Cre/loxP system (for review, see Nagy 2000), have matured. Cre is a DNA
recombinase that recognizes loxP sites that are 34 bp DNA sequences. LoxP sites
can be used to £ank a segment of DNA. The loxP-£anked DNA segment is said to
be ‘£oxed’. Cre will mediate a deletion of the £oxed DNA segment if the £anking
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loxP sites are in direct orientation. This simple outcome has many potential
applications. One application of this technology that has become very useful is
the mutation of genes in tissue-speci¢c patterns, so-called ‘tissue-speci¢c
knockouts’. In its simplest form, a gene of interest is £oxed using gene targeting
in mouse ES cells. When Cre acts on the £oxed allele, the gene should be deleted,
leading to the generation of a null allele. For tissue-speci¢c knockouts a second
strain of mouse is needed, one that expresses Cre in a tissue-speci¢c manner.
These Cre-expressing mice can be generated by gene targeting or traditional
transgenic mouse methods. A series of crosses between mice carrying the £oxed
allele and the Cre transgenes will ¢nally result in a mouse in which tissue-speci¢c
Cre expression deletes the gene in that tissue but not in other tissues. Thus, one can
determine the required role of the gene speci¢cally in that tissue. Here, we have
devised a strategy to express heterologous genes in the cellular target of MIS-
induced Mˇllerian duct regression, the mesenchyme surrounding the ductal
epithelium. This strategy has been used to generate mice that express Cre in the
Mˇllerian duct mesenchyme, providing a genetic tool for tissue-speci¢c
knockouts of genes that regulate Mˇllerian duct di¡erentiation and regression.

Results and discussion

Because MisrII is expressed in the cellular target of MIS-induced Mˇllerian duct
regression, we decided to exploit the regulation of this locus to express
heterologous genes in the Mˇllerian duct mesenchyme. To investigate this, we
introduced the lacZ gene into the endogenous MisrII locus by gene targeting in
mouse ES cells (Arango et al 1999). The lacZ gene was introduced into exon 5 of
the mouseMisrII locus using an IRES-lacZ-pA expression cassette (Fig. 1). This
should lead to the production of a bi-cistronic mRNA that encodes b galactosidase
(bgal) activity in a MisrII-speci¢c pattern. Indeed, mice heterozygous for this
MisrII-lacZ knock-in express bgal activity in the Mˇllerian ducts (Fig. 2).
Furthermore, histological analysis showed that the bgal expression was restricted
to the ductal mesenchyme (N. Arango & R. Behringer, unpublished
observations). These ¢ndings suggest that thisMisrII gene targeting strategy can
be used to express heterologous genes in the cellular target for MIS-induced
Mˇllerian duct regression.
We next introduced Cre into the MisrII locus using gene targeting in the

identical manner described above for lacZ (Fig. 1). Mice heterozygous for the
MisrII-Cre allele were then examined for Cre expression using a reporter mouse
known as Rosa26R (R26R) (Soriano 1999). The cells of R26R mice will express
bgal activity if they express Cre activity which deletes a segment of DNA that has
been engineered to block lacZ expression. Therefore, MisrII-Cre mice were bred
with R26Rmice to generate fetuses heterozygous for bothMisrII-Cre andR26R.
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TheseMisrII-Cre;R26R fetuses were stained with Xgal to reveal bgal activity. At
12.5 days post coitum (dpc), bgal activity was detected only in male and female
gonads and in the Mˇllerian ducts (Fig. 3). Histological analysis showed that
bgal activity was detected in the somatic cells of the gonads and the mesenchyme
cells of the Mˇllerian ducts (data not shown). These ¢ndings demonstrate that
MisrII-Cre mice express Cre activity in the mesenchyme cells of the Mˇllerian
ducts. Thus, we have generated a genetic tool for Mˇllerian duct mesenchyme-
speci¢c knockouts. Because MisrII-Cre mice express Cre in the somatic cells of
the fetal gonads, they may also be useful for gonad-speci¢c gene knockouts.
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FIG. 1. Gene targeting strategy to introduce lacZ or Cre into the mouseMisrII locus. Partial
structure of the wild-typeMisrII locus showing the ¢rst 6 exons (shaded boxes). The region of
chromosomal homology used to create the gene targeting vector is shown as a thick line.
Targeting vectors were designed to introduce lacZ-neo or Cre-neo cassettes into the ¢fth exon of
theMisrII gene.

FIG. 2. Expression of bgal in the Mˇllerian ducts (arrows) of the reproductive tract of a 14.5
days post coitumMisrII-lacZ gene knock-in male mouse fetus. t, testis.



The availability of the MisrII-Cre mice provided the opportunity to devise an
unbiased strategy to genetically identify the MIS type I receptor. In this strategy,
mice with £oxedAlk genes are bred with mice carrying theMisrII-Cre transgene
to generatemales that carry both the £oxedAlk gene and theMisrII-Cre transgene
(Fig. 4). If the candidateAlk gene truly encodes the MIS type I receptor, then its
mutation in the Mˇllerian duct mesenchyme should blockMIS signalling, leading
to the generation of males with a uterus.
We initially chose to test the role of ALK3 in MIS signalling because we had

previously studied its function during mouse embryogenesis (Mishina et al
1995). ALK3 is a type IA bone morphogenetic protein (BMP) receptor (BMPR-
IA). ALK3 mediates signals for BMP2, BMP4 and BMP7 (Massague¤ et al 2000).
Alk3 mutant mice die early during embryogenesis without forming mesoderm
(Mishina et al 1995). Because Alk3 is widely expressed and the mutants died so
early during development, we decided to generate a conditional null allele by
£anking exon 2 with loxP sites. When exon 2 is deleted by Cre, a null allele is
generated that is indistinguishable in phenotype from the originalAlk3 knockout.
To determinewhetherAlk3 encoded theMIS type I receptor, we interbredmice

carrying the £oxedAlk3 allele with mice carrying theMisrII-Cre transgene.Males
of the genotype Alk3 £ox/null; MisrII-Cre Cre/+ were found to be
pseudohermaphrodites with a uterus and oviducts (Jamin et al 2002). This
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FIG. 3. Examination of Cre activity in 12.5 dpcMisrII-Cre;R26R double heterozygousmouse
fetus. Dorsal view showing bgal staining, indicating Cre activity in the gonads (black arrows)
and Mˇllerian ducts (white arrows).



phenotype is identical to mice lacking the MIS ligand or the MIS type II receptor
(Behringer et al 1994, Mishina et al 1996). Expression of Mis and MisrII was
normal in these Alk3 conditional knockout males, demonstrating that other
essential components of the MIS signalling pathway were correctly expressed.
These ¢ndings indicate that Alk3 encodes the type I receptor for MIS-induced
Mˇllerian duct regression.
Recent biochemical and tissue culture studies have pointed to ALK2 and ALK6

as MIS type I receptors (Goue¤ dard et al 2000, Clarke et al 2001, Visser et al 2001).
However,ALK6 cannot be the essential type I receptor forMIS-inducedMˇllerian
duct regression because male Alk6 knockout mice have normal Mˇllerian duct
regression (Yi et al 2000, Clarke et al 2001). The role for ALK2 in Mˇllerian duct
regression is not clear.Alk2 knockout mice die early during embryogenesis prior
to genital duct formation (Gu et al 1999,Mishina et al 1999b). In one study, female
rat urogenital ridges cultured in the presence of MIS retained the Mˇllerian duct
when exposed to antisense oligonucleotides for Alk2 (Visser et al 2001).
Unfortunately, mice with a £oxed Alk2 conditional allele do not yet exist to
de¢nitively determine a role for ALK2 in Mˇllerian duct regression.
Our in vivo ¢ndings demonstrate a required role for ALK3 in the Mˇllerian duct

mesenchyme for the regression of the ductal epithelium. ALK3 can functionally
interactwith theBMP type II receptor tomediate BMP2,BMP4, andBMP7 signals
and also with ActRII andActRIIB tomediate BMP4 andGDF5 signals (Massague¤
et al 2000).Our studies show thatALK3 can also functionally interactwithMISRII
to mediate a di¡erent signalling pathway. Thus, one widely expressed type I
receptor can interact with di¡erent type II receptors to mediate distinct signalling
pathways. ALK3 is the orthologue of the type I decapentaplegic (DPP) receptor in
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FIG. 4. Male pseudohermaphroditism in Alk3 conditional knockout male mice. Gross
morphology of 6 week old male reproductive tracts. (A) control male, (B) Alk3 conditional
mutant male (Alk3 £ox/null;MisrII-Cre Cre/+). The Alk3 conditional mutant male has a
uterus (arrowhead). Arrows, vas deferens; t, testis.



Drosophila known as thickvein (TKV). MIS-induced regression of the Mˇllerian
ducts is found in reptiles, birds and mammals. Our ¢ndings indicate that a
conserved TGFb family signalling component has been co-opted during
evolution for male sexual di¡erentiation in amniotes.

Summary

The cellular target for the action ofMIS on the regression of theMˇllerian ducts is
the mesenchyme adjacent to the ductal epithelium. We have devised a genetic
strategy to modify this tissue, using gene targeting in mouse ES cells. Integration
of heterologous genes into the MisrII locus leads to a pattern of expression that
generally mimics the expression of the endogenous locus. The expression of Cre
in theMˇllerian ductmesenchymeopens upnovel opportunities to generate tissue-
speci¢c mutations in this tissue to elucidate the factors that mediate MIS-induced
Mˇllerian duct regression. Utilizing MisrII-Cre mice, we have identi¢ed ALK3/
BMPR-IA as the type I receptor for MIS-induced Mˇllerian duct regression.
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DISCUSSION

Josso: Our results identifying BMPRIB/ALK6 (a sister of ALK3) are not in
complete opposition to Richard Behringer’s. We clearly demonstrated that MIS/
AMH acts through SMAD1 (Goue¤ dard et al 2000); we didn’t test SMAD5 and 8.
Biochemically we showed that ALK6 was able to bind to the receptor and activate
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BMP2-responsive genes, but we didn’t really have a biochemical e¡ect of MIS/
AMH that we could relate to the type I receptor we had identi¢ed. In the
conclusion of our paper, we said that there was certainly another receptor,
because the receptor we had identi¢ed, BMPR1B, was not expressed in the cell
lines of testicular origin which we had used, and it was hardly expressed at all in
the testis. Therefore, I don’t think it is surprising that another receptor has been
found.My colleagueNathalie di Clemente has preliminary data showing that if she
immunoprecipitates cells labelledwith 32P in testicular cell lines she gets a band that
has themolecularweight ofALK3, notALK6.Thiswould be in perfect agreement
with Richard Behringer’s ¢nding. However, I am still not completely satis¢ed as a
clinician, because there is a syndrome called persistent Mˇllerian duct syndrome,
which looks very much like the knockout mice Richard Behringer has described
from the reproductive point of view. They are virilized, but they have a uterus.
Some of these cases are due to Mis/Amh mutations, others are due to type 2
receptor mutations, and 16% are of unknown origin (Belville et al 1999). I ¢nd it
di⁄cult to believe that these unexplained persistentMˇllerian duct syndrome cases
in the human can be due tomutations of either one of the type I receptors that have
been identi¢ed. These receptors are BMP-type I receptors, and the mutations, if
they are not conditional, will lead to very early death or to the birth of
individuals with skeletal abnormalities. I think therefore that there might be
another type I receptor.
Behringer:Or it is another aspect of the pathway.
Josso: It couldn’t be the SMADs. If you had a mutation of SMAD1 you would

probably have an animal or patient that had cancer. SMAD1 not only works for
BMPs but also for many other things.
Behringer: Further upstream, there could be a binding protein for MIS that

transports or sequesters it.
Josso:Or a coactivator, perhaps.
Camarino:When you say that in 16%of cases themutation is unknown, have you

excluded by linkage that they are either type II or MIS mutations?
Josso: We have sequenced the promoter, but do you think that there could be

other enhancer sequences?
Camarino: Yes, something like that. Do you have families?
Josso: Yes.
Camarino: It will be easy therefore to see whether you can exclude the loci by

linkage.
Short: Earlier I mentioned the fascination of how it seems to be the oocyte and

not the oogonium that is necessary for the induction of follicular cells in the ovary.
Obviously you have lovelymutants inmice like theW allele where you can deplete
germ cell populations. If you actually knock out the germ cell component of the
ovary, what happens to those frustrated would-be follicular cells? Can they express
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MIS, or do they need an oocyte there before there is anyMIS production? If this is
so, what a lovely model to study how the oocyte can switch onMis!
Behringer: I don’t think we have ever looked at a germ cell-de¢cient animal for

Mis expression.
Lovell-Badge: We have. We homozygote males expressMis and females do not,

but the embryos do not survive beyond about 15 days.
Josso: I thought if germ cells were deleted from the ovary, there was soon no

ovary left at all.
McLaren: If the germ cells don’t get into the ovary at all, or only a very few do,

then the supporting cell lineage doesn’t develop, and there is what the clinicians
call a streak gonad. If the germ cells get in, but then later are lost, the granulosa cells
tend to transdi¡erentiate into somethingmore like Sertoli cells. There are a number
of situations where this has been shown. In some cases it has been shown that they
do secrete MIS.
Short: In an XO mouse, in which there is early oocyte atresia, what would

happen with MIS production?
McLaren: In the mouse, a lot of germ cells still survive even in the XO ovary.

The females are fertile even though their reproductive lifespan is shortened. I think
in this case you wouldn’t see anything unusual. It is more where the germ cells
actually disappear, having induced granulosa cell formation.
Josso: You say that in the transdi¡erentiation the would-be granulosa cells are

transformed into Sertoli-like cells. Sertoli cells make MIS/AMH, so this doesn’t
answer Roger Short’s question. He would like to have MIS/AMH produced by a
granulosa cell.
Short: Is the bottom line, then, that if there are no germ cells in the ovary, there is

no MIS production?
Josso:There is noMIS/AMHproduction by granulosa cells, because there are no

granulosa cells without germ cells. But there are cells that look like Sertoli cells, and
these have a right to produce MIS/AMH. But what you are saying is probably of
interest to clinicians. They are now asking us tomeasureMIS/AMH in the blood of
women undergoing in vitro fertilization, because they believe that it might give
them some indication as to the health of the granulosa cells.
Vilain: Richard Behringer, what was the phenotype of the transgenic mouse

withMis overexpression?
Behringer: In females it varies a little between the di¡erent lines of mice and the

levels. Generally in females the oviducts and uterus are lost. Most of them will
form an ovary. In one of the lines we have looked at carefully, they lose germ
cells. Some of them started to form cord-like structures but then they
degenerated. Most of the males seem OK, but some of them were not virilized.
Nathalie Josso has looked at this more carefully, and she sees depressed Leydig
cell function.
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Vilain: So youwould say that the transdi¡erentiationwould be the consequence
of the loss of germ cells, not a direct e¡ect of MIS.
Green¢eld:Have you ever observed any abnormalities with respect to mammary

gland function? I am sure I saw a recent report saying that type II receptor
expression in the mammary gland mediated apoptosis in a NF-kB-dependent
fashion (Segev et al 2000).
Behringer: I don’t know about that. I haven’t looked speci¢cally, but the

lacZ fetuses that I have seen didn’t look like they had mammary gland
expression. Nathalie, have you ever looked in mammary glands for type II
receptor expression?
Josso:No.
Behringer: Perhaps I can expand on the gonadal expression of the Cre reporter. I

think it is a useful line. We see gonadal expression at 11.5 days in both sexes. In the
female it looks like it is throughout. If you want to activate or delete expression
conditionally, it might be very good for the female gonad. When we look at the
postnatal gonad after these crosses, it is completely blue also. The testis is a little
more variable. When Soazik Jamin did some sections of the fetal stages, she ¢rst
saw the bgal activity in the interstitium, not in the cords, then when she looked
after birth it was in the interstitial cells and probably also in the Sertoli cells. If we
take this reporter as a readout of Cre activity, it looks like ¢rst there is activity in the
interstitium and then ¢nally it hits the Sertoli component. If this is true, then this
Cre mouse might only be good for looking at the later stages if you want to alter
Sertoli cell function. But we have been questioning the Rosa26 reporter. My
student Akio Kobayashi decided to do a control test. He took Rosa26
heterozygous male and female fetuses, Xgal stained them and then sectioned
them. At 14.5 days the cords are negative as are the equivalent structures in the
females. There may be a problem with Rosa26 as a reporter in the gonad. I have
talked a little to Blanche Capel about this, but she might not have seen this in her
recombinations because she is using the recipient as a negative genital ridge. So we
have to be a little bit careful with Rosa26. There are alternative Cre reporter lines.
We are going to try one of these out.
Capel:We have done experiments using a blue gonad from Rosa26 and a white

mesonephros, to see whether there was any back migration in the other direction
that we weren’t picking up. The whole gonad was blue in those experiments, so it
might be a variant in the strain that you are using.
Behringer:Wehavemaintained it on the typical B6�129 genetic background, but

generated the fetuses by crosses with Swiss mice. Akio picked this up because he
was doing chimera studies looking at theMˇllerian duct epithelium, and he looked
adjacent to the Mˇllerian ducts and saw all these pink gonads. This is what caused
him to check this out.
Capel: It might be worth looking at your strain.
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Short:Have you any evidence of the functional capacity of follicle cells that have
not been able to express MIS? Can they, for example, produce a normal corpus
luteum following ovulation?
Behringer:Axel Themmen reported alterations in follicle recruitment (Durlinger

et al 1999). Anecdotally, I thought theMis-de¢cient females were good breeders,
that they bred frequently and had large litters. Perhaps it makes sense; Axel shows
that the follicles are recruited at higher numbers and early, and in those crosses I
was usually taking younger females and not older ones.
Short:How is MIS controlling follicle recruitment?
Behringer: I don’t know how it is controlling it. But I ¢nd it very interesting that

without MIS the animals are still fertile. What it appears to be doing is regulating
the window of fertility. You can imagine that between di¡erent species you could
play with this and alter the window of fertility.
Poulat: When you overexpress MIS you see transdi¡erentiation in the ovary in

some cases. Do you think there is a link here with the double knockout of the
oestrogen receptor, in which there is also transdi¡erentiation?
Behringer: The ¢rst time I saw the oestrogen receptor knockouts I thought they

looked exactly like theMIS-overexpressing ovaries. But I think itmay be that if the
ovary is damaged and the germ cells are lost, the response is that the somatic cells
become a bit Sertoli-like. I think of it more as a non-speci¢c response.
McLaren: Is anything known about the e¡ect of MIS on the mesenchyme

surrounding the Mˇllerian duct, which messes up the epithelium of the duct?
Josso: Fran �ccoise Xavier in our lab has shown that in the Mˇllerian duct MIS/

AMH causes the translocation of b catenin in the nucleus (Allard et al 2000), but
this isn’t really an answer to your question. I believe that the androgen receptor in
the epididymis is also found in the mesenchyme. The fact that there is a receptor in
the mesenchyme and the target cells are in the epithelium is not unique to the
Mˇllerian duct.
McLaren: It seems to be a strange way of organizing things.
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Social regulation of the brain: sex, size

and status
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Abstract. Fish comprise the largest group of extant vertebrates with approximately 25 000
known species. Some of these species are exceptional among vertebrates because they can
change sex as adults. This observation raises ultimate questions about what selective
forces led to the evolution of sex-changing ability and raises proximate questions about
what mechanisms could account for this process. Sex change can be either from female to
male (protogyny) or the reverse (protandry). In either case, the actual process of sex
reversal requires reorganization of many critically important physiological systems from
transformation of the gonads tomodi¢cation of the neural and hormonal control systems.
All of these changes require an individual animal to initiate the process based on
information gleaned from the social situation. This is all the more remarkable because
the information could be as simple as size discrimination or as complex as detecting
subtle behavioural signals. Although it is self-evident that the brain controls behaviour,
clearly behaviour can also ‘control’ the brain. How does behaviour cause changes in the
brain? The work described here links molecular events with organismal behaviour by
using an African cichlid ¢sh model system in which social behaviours regulate
reproduction. These animals have a complex social system based on the behaviour of
two distinct classes of males, those with territories and those without. Changes in social
status produced by behavioural interactions cause changes in neurons and endocrine
responses. Surprisingly, growth rate is also regulated by social status and prior social
history. Discovering how relevant social information is transduced into physiological
processes requiring cellular and molecular action presents a major challenge.

2002 The genetics and biology of sex determination. Wiley, Chichester (Novartis Foundation
Symposium 244) p 169^186

Among social animals, the behaviour of one individual depends on the behaviour
of other individuals, as ¢rst described systematically by Konrad Lorenz (1935).
The nature of such in£uential interactions depends on the species, the situation
and the actual behavioural interaction. The most reliable predictor that
behaviour will change due to an encounter is the social status of the individuals
involved. For example, a dominant animal threatened by a non-dominant animal
behaves di¡erently than does a dominant animal threatened by another dominant
individual. Similarly, behaviour by a female produces quite di¡erent reactions in
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males depending on their social status. It is fair to say that in every social system
that has been observed, behaviour of individuals depends on their social status, on
behavioural interactions and on the physical environment. This universal
dependence of behaviour on social context is the primary scienti¢c framework
used to interpret behaviour during social interactions.
But how does an animal ‘know’ its own status and behave appropriately? And,

how does an individual recognize an opportunity to change status upwards or
acquiesce to an imposed change downwards? Clearly, in the short term,
physiological processes allow the animal to act and, in the long term, cellular and
molecular processes accommodate changes in its external reality or social status.
Some of the required physiological and molecular changes must precede
behavioural change but others are a consequence of that change. How are these
internal changes regulated by social interaction? There must be a transduction of
social information into internal change, but how? To a great extent, this must
depend on how the animal perceives and interprets events in its own world.
von Uexkill (1909) ¢rst realized that every animal species experiences life

di¡erently, living in what he called its ‘Umwelt’, or unique perceptual world. A
bat using sonic echoes to probe the world in darkness surely perceives its
surroundings di¡erently than a gira¡e, which relies on its eyes, nose and ears, or a
weakly electric ¢sh that relies almost entirely on faint electrical signals for
information. Each animal species has a particular complement of sensory
capabilities that fundamentally restrict the physical stimuli it can use to make
behavioural decisions. This constraint on the perceived world necessarily limits
the possible behavioural responses of any animal. Writing at the turn of the last
century, von Uexkill could not possibly have anticipated the discovery of
magnetic, electric or pressure senses, nor could he imagine seeing into the
infrared and ultraviolet, or even that light detection exists at some remarkable
places other than the eye (Arikawa et al 1996). These discoveries make his
writing all the more prescient, and the many interesting, unusual animal
‘Umwelts’ reveal the many ways that natural selection has shaped animal
perceptions. The range of sensory capabilities are matched by variations in
animal form and function that also re£ect adaptations to the environment.
In evolutionary change, the ultimate arbiter of successful adaptations is

behaviour. An animal that survives does so because it behaves successfully during
the multitude of interactions with other animals and with its environment. Yet
behaviour, in turn, depends on intricate physiological, cellular and ultimately
molecular adaptations. A major challenge in biology is to understand the linkages
across these levels of analysis as an animal interacts with its world. How is
behaviour controlled via physiological processes and, correspondingly, how does
behaviour in£uence physiological, cellular or molecular events? Here I will
summarize evidence from our experiments designed to discover mechanisms that
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underlie the synergistic interactions between behaviour and physiology in a model
system uniquely suited for this inquiry.

Model system

To understand how behaviour in£uences the brain and vice-versa, our laboratory
studies a cichlid ¢sh, Haplochromis burtoni native to Lake Tanganyika in central
Africa. In its natural habitat, there are two kinds of males: those with territories
and those without (Fernald & Hirata 1977a,b). Territorial males, which comprise
only *10^15% of the males, are brightly coloured, with a blue or yellow body
colour, dramatic black stripe through the eye, vertical black bars on the body, a
black spot on the tip of the gill cover and a large red patch just behind it (Fig. 1).
In contrast, non-territorial males are cryptically coloured, making them di⁄cult to
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FIG. 1. Illustration of the body patterns for typical territorial (T) and non-territorial (NT)
males. Top: NT males lack the robust markings of their territorial counterparts and are
coloured to maximize camou£age. Bottom: the T male has distinctive anal ¢n spots, dark
forehead and lachrymal (eye-bar) stripes and is brightly coloured, including orange humeral
scales. The overall body colour may be either yellow or blue. (Modi¢ed from Fernald 1984.)



distinguish from the substrate and from females that are similarly camou£aged.
That is, the non-territorial males appear nearly identical to females. The animals
live in a lek-like social system in which the brightly coloured territorial males
vigorously defend contiguous territories arrayed over a food supply (Fernald
1977). The number of territorial males is limited by the size of the available food
supply.
This species has an elaborate social system that depends on signalling among

animals. Social communication in H. burtoni depends primarily on visual signals
(Fernald 1984). Territorial males are very active, performing at least 19 distinct
behavioural acts during fast paced social encounters (Fernald 1977). They divide
their time between digging a pit in the centre of their territory, ¢ghting with
neighbours at common territorial boundaries, chasing non-territorial animals
away and soliciting and courting females. Solicitation and courtship behaviours
are easily identi¢ed since the males display bright coloration patterns towards the
courted female. Courtship includes ‘leading’ the female toward the territory and
during ‘courting’ the male quivers his spread, brightly coloured anal ¢n in front
of the female. Females led into the territory will feed by nipping at and sifting
through the bottom cover.
Interestingly, non-territorial males mimic this female behaviour accurately

enough so the territorial males will allow them to eat in the territory. Soon
enough, however, the deception is discovered and the female impersonator is
chased o¡. If a genetic female responds to the entreaties of a male, he will lead her
into his pit and continue the elaborate courtship movements, swimming to the
front of the female and rapidly quivering his entire body with his anal ¢n spread
in her view. As the pair disappears into the spawning pit out of direct view of the
territory, other animals exploit this opportunity to feed energetically. The
spawning male repeatedly interrupts his courtship behaviour to chase intruders
o¡ his limited food supply. If physiologically ready and adequately stimulated,
the female lays her eggs at the bottom of the pit, collecting them in her mouth
almost immediately. After she lays several eggs, the male swims in front of her,
again displaying the anal ¢ns spots, his body quivering. The female then nips at
the male’s anal ¢n as though she mistakes his spots for uncollected ova. So, while
attempting to ‘collect’ the spots, the female ingests the milt ejected near them by
themale and ensures fertilization. After several bouts of this alternating behaviour,
the female may go to the territory of another male to lay more eggs or depart
from the territorial arena with the fertilized eggs to brood them (Fernald 1984).
This brief description of the natural behaviour ofH.burtoni reveals the extensive

role social interactions play in its daily life. Importantly, under the appropriate
conditions, the behaviour of H. burtoni in the laboratory matches exactly that
found in the ¢eld (Fernald 1977), making this a useful species for studying the
in£uence of social behaviour on the brain. Clearly, the behaviour is guided by
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visual signals and the social scene largely governs the behaviour of individual
animals. Each behavioural act in£uences the next, both in the observed
individual and in the animals involved in the interaction. During these
encounters, information is exchanged between individuals that in£uences the
next behavioural interaction of these animals. How do animals exchange key
information and what are the consequences of that exchange?

Di¡erences between territorial and non-territorial males

As young H. burtoni grow, the social behaviour of conspeci¢cs regulates their
behavioural and gonadal development and even their growth in a di¡erentiated
fashion (Fraley & Fernald 1982). For the ¢rst seven to eight weeks of life,
living in a group facilitates growth of males as compared to broodmates
reared in total isolation with visual contact (Fig. 2). However, after this time,
group-reared males that do not acquire and defend territories grow more slowly
than those with territories. Males that do form territories develop their colour
patterns faster, weigh more, and have larger and more highly developed gonads
than animals reared under any other conditions (Fig. 2B). Concomitantly,
group-reared ¢sh show early developing agonistic/aggressive behavioural
patterns (chase, tailbeat, ¢n spread) and chromatic patterns (eyebar, opercular
spot) more than two weeks before these features appear in animals reared in
physical isolation.
The absolute growth rate ofH.burtoni under optimal conditions is dramatic and

has resulted in novel developmental strategies over evolutionary time. These
include the addition of new cells to the lens, retina and brain (Fernald & Wright
1983, Fernald 1983, 1989, Johns & Fernald 1981). Such social control of
maturation and growth is found in many species (for example, Borowsky 1973,
Schultz et al 1991) and takes a variety of forms. In H. burtoni, however, there are
some unique e¡ects of this social regulation of growth, most importantly that it is
not limited to early development.
Juvenile males raised with adults present, as is the natural condition, show

suppressed gonadal maturation relative to those reared without adults (Davis &
Fernald 1990). As well as having smaller testes, these animals have smaller
gonadotropin-releasing hormone (GnRH)-containing neurons in the preoptic
area (POA), a region in the ventral telencephalon adjacent to the hypothalamus
(Fig. 3). These neurons project to the pituitary (Bushnik & Fernald 1995) where
they releaseGnRH.The somata sizes ofGnRH-containing neurons di¡er eightfold
in volume depending on the social conditions. Since GnRH is the main signalling
peptide that regulates reproductive maturity, the social control of maturation acts
by changing structures in the brain. Thus, the social control of maturation is
re£ected via changes in structures in the brain.
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What are the salient sensory cues that a juvenile male ¢sh perceives which
in£uence its initial social state? In the laboratory, if juvenile males are reared
alone, they develop into territorial males with all of the de¢ning characteristics
from large gonads to prominent lachrymal stripes. This shows that every male
has the potential for social dominance, that this is the default developmental
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FIG. 2. Development and maturation in group-reared (open and ¢lled circles) and physically
isolated (diamonds) juvenile H. burtoni. (A) Growth rates expressed as body weight for the
di¡erent categories. Asterisks indicate that group-reared territorial ¢sh (Ts, ¢lled circles)
weigh signi¢cantly more after 10 and 14 weeks as compared to their non-territorial (NTs, open
circles) tankmates. Di¡erences in standard lengths are not signi¢cant (data not shown).Note that
after 20 weeks size di¡erences are no longer evident. (B) Relative estimates of mature
spermatozoa in cross-sections of the central testicular lobule. Note the rapid increase in
physically isolated males between week 10 and week 14. (After Fraley & Fernald 1982, Davis
& Fernald 1990.)



pathway, and that any genetic in£uence on dominance is negligible in comparison
to social cues.
We have begun to dissect these social cues by sensory modality to determine the

ones responsible for suppressing non-territorial males and have discovered that, in
addition to visual cues, tactile stimuli play a part (M. R. Davis & R. D. Fernald,
unpublished observations). Thus, if a cohort of young ¢sh are raised in the same
aquarium as an older established community, the young males remain non-
territorial, as stated above. If, however, the two groups are separated by a ¢ne
mesh net, one that allows visual and chemical contact, and even permits threat
displays across the barrier, they quickly learn that the would-be bullies on the
other side of the tank are unable to chase and bite them. Freed from the threat of
aggression by the big territorial males, the younger ¢sh form their own
communities where again, some 10% of the males escape maturational
suppression and become territorial. In turn, these suppress the maturation of the
remaining 90% of the males on their side of the net. Since both the older and
younger communities have visual and chemical access to each other, these
¢ndings indicate that biting and nipping behaviours form some part of the
suppressive signal imparted to non-territorial ¢sh.
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FIG. 3. Demonstration of social regulation of the reproductive axis in juvenile H. burtoni.
Testes weights of 20 weeks old early-maturing (without adults present) territorial males (Ts;
¢lled circles) and maturation-suppressed (with adults present) non-territorial males (NTs;
empty circles) plotted against the respective average soma diameters for the largest 30% of
preoptic GnRH-IR neurons (�SD). Neuron sizes are independent of body size in this
experiment. Note the striking di¡erences in cell size as well as testes weight between the two
groups. (After Davis & Fernald 1990.)



Our studies have shown (Muske & Fernald 1987a,b), that the territorial males
di¡er not only in their social displays, but also in the prominence of those signals to
other viewers. Becoming and remaining socially dominant produces long-term
physiological changes, just as losing social dominance in£uences the
physiological state. Given the importance of the correct production and
recognition of social signals, there must be mechanisms responsible for their
development and mechanisms for their transduction into physiological systems.

Social control of sex and size

In the natural environment of H. burtoni, there are costs and bene¢ts associated
with territoriality. The obvious bene¢ts are that territorial males have a reliable
food supply and that they are the only males that spawn. The costs are that the
bright, £ashy colours and active behaviours of dominant males make them
conspicuous to birds of prey. Indeed, predation of territorial males occurs at a
signi¢cantly higher rate than that of females or non-territorial males (Fernald &
Hirata 1977b). When a territorial male is removed, the vacated space provides an
opportunity for a non-territorial male to switch social state. Within a few seconds,
such non-territorial males produce an eyebar and exhibit aggressive behaviours.
What endogenous changes accompany this outward transformation and how are
they related to one another?

Social regulation of reproduction

To understand whether social status also regulates reproduction in adult animals,
adult males were converted from territorial (T) to non-territorial (NT) or vice
versa and their reproductive axis examined. To do this, T males were moved into
communities with larger T males, as a result of which they became NT (T!NT).
Correspondingly, NT males were moved to new communities consisting of
females and smaller males which they could dominate, as a result of which they
became T (NT!T). In each case, the subjects remained in the altered social
setting for four weeks after which the size of GnRH containing cells was
measured (Francis et al 1993).
To quantify the consequences of this change in social status on reproductive

competence, we measured changes in the gonad size and mean soma sizes of the
POA immunoreactive GnRH-containing neurons (Fig. 4A,B). The mean value of
both the soma size of POAGnRH-immunoreactive (GnRH-IR) neurons (Fig. 4A)
and gonadosomatic index (GSI) (Fig. 4B)were signi¢cantly larger in bothNT!T
and control T males than in T!NT and NT males. In two other GnRH-IR cell
groups, one located in the terminal nerve region, the other in the mesencephalon,
there was no di¡erence in mean soma sizes between T and NT males (Davis &
Fernald 1990). Thus the change in POA GnRH containing neurons is not a
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general property of cells expressing GnRH but rather is con¢ned to those in the
hypothalamo^pituitary^gonadal (HPG) axis.
These data show that following social change, endogenous changes occur that

equip a newly dominant male for his new social and reproductive status.
Conversely, animals subjected to a downgrade in social status (T!NT), lost
both GnRH cell size and gonad size, in line with their new social state. Clearly,
social status determines both soma size of POA GnRH-IR neurons and GSI, and
both these e¡ects are reversible. The relatively larger testes andGnRH-IR neurons
characteristic of T males is a consequence of their social dominance, and when this
dominance advantage is lost, both neurons and testes shrink.
Since the precipitating event in these studieswas the experimentallymanipulated

change in social status, it is clear that in these teleosts changes in social status can
initiate changes in endocrine state. However, such changes in social and endocrine
systems interleave so £uently, they suggest a complex nexus of interactions rather
than a linear chain of control. GnRH-containing neurons in the hypothalamus of
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FIG. 4. The e¡ect of social change on GnRH cell size (A; mean soma size of preoptic area
GnRH-IR neurons) and gonadosomatic indices (GSI) (B) as shown in frequency histograms
measured in animals from the four possible social classes. Percentage of individuals are plotted
for each social category (NT, T, NT!T, T!NT). There are signi¢cant di¡erences, in soma
sizes as well as GSI, between animals that were Ts and ascended NT!Ts when compared to
animals that were NTs and descended T!NTs. (Modi¢ed from Francis et al 1993.)



adult territorial males both in£uence and are in£uenced by circulating gonadal
hormones. We know this because castration of territorial males caused GnRH
neurons to increase in size (Soma et al 1996). This neuronal hypertrophy in
castrated animals was prevented either by testosterone or by 11-ketotestosterone
treatment. Oestradiol (E2) treatment did not reduce GnRH cell size in castrated
animals. These results (Fig. 5) indicate that androgens reduce the size of GnRH
cells through negative feedback. Since E2 had no e¡ect, androgen in£uence on
GnRH cell size appears to be independent of aromatization. These data are
consistent with the hypothesis that the setpoint for hypothalamic GnRH cell size
is determined by social cues and that this setpoint is maintained via negative
feedback by gonadal androgens. Territorial males have large GnRH-containing
neurons despite high circulating androgens, not because of them.
The castration experiment, above, was performed on territorial males. Enlarged

GnRHneurons resulted, and though themean soma sizeswere even slightly bigger
than those in control territorial males, their large size is in concert with the social
dominance of the animal. To test whether GnRH neuronal cell size and social state
can be dissociated, the castration experiment was replicated, this time using NT
animals. Following surgery to remove gonadal tissue, the ¢sh were returned to
the social settings from whence they came, ensuring that they remained NT.
Behavioural observations con¢rmed that these animals were indeed NT. Two
weeks later, the ¢sh were sacri¢ced and brains were examined for the sizes of the
GnRH neurons in the POA. The number of animals that survived the surgical
intervention followed by restoration to the community tank was small and thus
the results are preliminary. They suggest, however, that the GnRH neurons grew
to be insigni¢cantly di¡erent from those seen in territorial males (K. Yu & R. D.
Fernald, unpublished observations). Thus, through experimental manipulation it
appears that GnRH neuronal soma size and social behaviour can be uncoupled.
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FIG. 5. Schematic illustration showing the regulation of GnRH release in male H. burtoni via
a social setpoint. Our data show that neurons in the preoptic area integrate both social and
hormonal signals to regulate GnRH release. In this model, the setpoint for the GnRH level is
determined by social signals and the maintenance of the GnRH level at this setpoint is achieved
by negative feedback from gonadal androgens. (Modi¢ed from Soma et al 1996.)



InH.burtoni, the regulation of growth and developmentmay be adaptive in their
natural habitat, where territorial space is limited. In the shore pools where these
animals live, only a fraction of the males can breed at any time. As noted above,
these breeding males appear to be particularly vulnerable to avian predators
(Fernald & Hirata 1977b), and hence territorial ownership may be relatively
brief. Thus there may be a selective advantage for males to have a retarded
growth rate until they have an opportunity to become territorial, whereupon
they grow rapidly.
Interestingly, following our original observation, we have analysed in more

detail the rate at which social interactions in£uence the GnRH cell size. We
recently discovered that the rate of cell size change is a function of the direction
of the social transition (White et al 2001). Animals moving from NT to T status
achieve the changes in GnRH-containing cell size (cf. Fig. 3) in just seven days,
while those animals moving from T to NT may require four weeks until
completion. This result is intuitively satisfying since there is such a distinct selec-
tive advantage to being a territorial male. Preliminary analysis of the behaviour of
animals that are moving in either direction is quite instructive. Many territorial
males that have lost status continue to act territorial, even if only in concealed
locations and at times when they are not being scrutinized by the new dominant
male.
In all, these data suggest that external social signals are transduced into at least

two di¡erent pathways inH. burtonimales. One of these is hormonal, determining
the reproductive state of the animal, and the other behavioural. While in intact
animals, the two pathways correspond and the hormonal cues maintain the
necessary physiological state associated with social state, it is possible to
dissociate the circuitry by experimental intervention, e.g. castration of NT males.
Further evidence that the two systems can be dissociated comes from work in H.
burtoni females in which the social circuit appears to be muted or missing while the
endocrine circuitry shows parallel plasticity to that seen in males.
In contrast to males, femaleH. burtoni do not appear to have di¡erences in social

status. They spendmost of their time at the fringes of the dominantmale’s territory
where they school with NT males. As described above, they move into territorial
waters territories only to feed or spawn. This absence of social di¡erence amongst
females prompted the question: are GnRH neurons in female H. burtoni similarly
plastic tomales and, if so, what regulates changes in cell size?As noted above, a ripe
female lays her eggs and then takes them into her mouth for fertilization and
brooding. The brood is carried for around two weeks prior to being released.
Changes in female appearance which accompany these reproductive states are due
to physiological rather than social events. Thus, di¡erences in body colour, which
in males re£ects reproductive status, do not occur in females. Instead, a female that
is ready to spawn will have an enlarged abdomen, due to the presence of ripe eggs.
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Later, after spawning, femaleswith distinctively largemouth cavities ¢lledwith fry
are not ready to spawn and avoid males.
Since females do not engage in the aggressive social interactions which regulate

male GnRH cell size, it is possible that they might not show the same plastic
changes. GnRH cell size would then be sexually dimorphic, increasing in females
simply as a function of development and becoming stable at maturity. This would
contrast with the life-long potential for plasticity seen inmales. Alternatively, since
GnRH cell size in males is correlated with both social and reproductive status, cell
size in females might £uctuate according to the female reproductive cycle.
To study possible changes in cell size in female H. burtoni, we analysed cell size

as a function of reproductive state in females (White & Fernald 1993). While
there is some contribution of body size to the cell size changes, body size
di¡erences do not account for all of the observed changes. Soma sizes in
spawning females are typically twice as large as those in females carrying broods
while post-reproductive ¢sh have the largest neuronal soma sizes. These changes
occur within the two weeks it takes to brood a clutch and the di¡erences in GnRH
neuronal soma size are comparable to those seen between dominant and
subordinate males.
Taken together, these data have provided considerable insight into how social

signals regulate reproductive physiology. The other major in£uence on the social
behaviour ofH. burtoni is changes in its physical environment.

Environmental in£uences on social status and size

The shorepools of Lake Tanganyika, which are the natural habitat ofH.burtoni, are
relatively unstable. Winds and the presence of large animals such as hippotomi
cause considerable change in the local conditions the animals face (Fernald &
Hirata 1977b). Only a fraction of the males can breed at any time and these
animals appear to be particularly vulnerable to avian predators. As a
consequence, reproductive opportunities may arise as frequently as they vanish
because territorial ownership may be relatively brief. To untangle the causal
relationship between environmental state and social status, we kept animals in
stable and £uctuating habitats and assessed the consequences on the reproductive
axis and body size.
In H. burtoni, habitat complexity in£uences the fraction of the male population

that can sustain territories (Hofmann et al 1999). Moreover, the stability of the
habitat a¡ects duration of territorial tenure since, in a £uctuating habitat, where
the three-dimensional layout changes frequently, males hold territories for a
signi¢cantly shorter time period than in a stable habitat. Even a stable habitat
results in a signi¢cant level of change in social status (Hofmann et al 1999). To
our surprise, we found that this intrinsic instability is caused by di¡erential
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growth rates. Speci¢cally, NTs and NT!Ts grow faster than Ts and T!NTs
(Fig. 6). It seems likely that after territory establishment, animals allocate energy
simultaneously to reproduction and growth to maintain a competitive advantage
over other Ts. Indeed, animals that lose a territory slow their growth rate and may
even shrink (Hofmann et al 1999).
A possible mechanism regulating di¡erential growth is the control of

somatostatin release in the pituitary. Since this neurohormone inhibits the release
of growth hormone (GH) it is a likely site of control (Brazeau et al 1973, Gillies
1997). This is supported by our recent data showing that somatostatin-containing
neurons in the POA change size (Fig. 6) when social status and, consequently,
growth rate change (Hofmann & Fernald 2000). The somata of these neurons are
signi¢cantly larger in Ts and T!NTs as compared to NTs and NT!Ts. It is
unknown whether larger neurons produce more somatostatin to be released into
the pituitary, or whether they represent an accumulation of somatostatin as its
release is inhibited. Preliminary evidence from measurements of circulating GH
(Hofmann et al 1999) suggests that the latter may be the case, thus inhibiting the
release ofGH from the pituitary inNTs andNT!Ts.This surprising resultmakes
likely the social regulation of insulin-like growth factor 1 (IGF1) which mediates
many of the somatic e¡ects of GH and whose release is controlled by GH
(Mommsen 1998).
Why do animals that have lost a territory (T!NTs) slow down their growth

rate and even shrink? Behavioural stressors may play a role. As shown by Fox et al
(1997) in H. burtoni, status switches in both directions can be accompanied by
elevated levels of the major stress hormone cortisol with the T!NT change
showing the most pronounced increase. NT!T ¢sh with increased cortisol
levels usually did not maintain territoriality. Fish descending in rank consistently
showed high levels of cortisol which could, in turn cause somatic growth to be
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FIG. 6. Relationship between growth rates and the mean somatostatin-IR soma size in
H. burtoni. NTs and NT!T males (¢lled circle; mean SDs) have smaller soma cross-sectional
areas and grow faster than Ts and T!NTs (¢lled diamond; mean SDs). (After Hofmann &
Fernald 2000.)



down-regulated. As has been shown in another cichlid, the tilapia Oreochromis
mossambicus, chronic administration of cortisol leads to a reduction in body
weight and reproductive parameters like gamete size and levels of sex steroids
(Foo & Lam 1993). Although the regulatory interactions between GH and
cortisol are very complex (Thakore & Dinan 1994, van Weerd & Komen 1998,
for critical reviews), in vivo experiments have demonstrated an inhibitory e¡ect of
glucocorticoids on somatic growth in many vertebrates including ¢sh (for
example, Pickering 1990).
Could cortisol also be involved in the growth rate di¡erences between

established Ts and NTs? Fox et al (1997) showed that cortisol levels in Ts and
NTs do not di¡er as long as the ¢sh community remains unstable. However, in a
situation of relatively high social stability, Ts have signi¢cantly lower levels of
circulating cortisol than NTs. Under such a stable situation NTs still grow faster
than Ts. Therefore, growth may not be e¡ectively inhibited by cortisol in those
animals. Rather, we hypothesize that other factors may become signi¢cant when
animals maintain a particular social behaviour for many weeks (e.g. feeding habits,
behavioural activity, energy expenditure).

Conclusions

In H. burtoni males, the brain is continually being remodelled by social behaviour
throughout life. Such neural renovations make sense since there are limited
resources and a clear selective advantage for males that can respond quickly to
reproductive opportunities. The external phenotypic plasticity allows males to
allocate physiological resources to reproduction or growth, depending on social
and environmental circumstances. Our studies on this model system reveal
remarkably intricate interrelationships between habitat structure, behaviour, and
the brain. It seems likely that such connections exist in other species, particularly
those that change sex and await discovery.
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DISCUSSION

Short: Is the terminal nerve the eutherian homologue of the nerve to the
vomeronasal organ?
Fernald: Yes, it is called the Zero’th cranial nerve. It gets rediscovered about

every 30 years! It is only in some cold-blooded vertebrates that it projects to the
retina.
Short: Is the GnRH localization around that nerve the same in eutherians?
Fernald: Yes. Indeed, the distribution we have now shown with separate gene

expression patterns for eachGnRH forms is conserved. In specieswhere it has been
identi¢ed there are two or three populations, each expressing a separate GnRH
gene. The known GnRH receptor responds to all of them. I didn’t mention this,
but we have also found two receptors in this ¢sh species that are spatially distinct,
one in the pituitary and the retina, the other in the midbrain.
Short: I got the impression from what you were saying that the switching on of

spermatogenesis when a ¢sh becomes a dominant male is extremely rapid. How
long does it take?
Fernald: The shortest we have looked is about 5 days.
Behringer:What happens if you place a double-sized decoy in the tank?
Fernald:That is a great suggestion, andmanyofmy colleagueswhohaveworked

on laboratory animals imagine thatwith thewild animals that we can do something
like this. But the ¢shwill not go for a dummy.Videos are possible, but it is di⁄cult
to make them look realistic.We have tried to use concave mirrors, so you can have
them ¢ght with a larger version of themselves. This works well for a while, and
then they catch on.
Behringer:Does ¢sh sperm have a tail?
Fernald: Yes.
Behringer: It’s remarkable that they can synthesize it so quickly. In mammals it

takes weeks to produce.
Fernald: Bear in mind that these ¢sh may leave some residue of part-made sperm

behind. This may also be true for the sex-changing ¢sh.
McLaren: You said that sex-changing ¢sh can change from female to male or

from male to female. Do di¡erent species have changes in di¡erent directions?
Presumably no species changes both ways?
Fernald: That’s right. There are species in which at birth some males will follow

an obligate male pathway, and others will become females only to change later.
Within one species there can be alternative phenotypes.
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Vilain: The ¢eld of brain sexual di¡erentiation in mammals has been heavily
in£uenced by the theory that everything is controlled by hormones. However, in
rats there is one well characterized exception to this dogma: the expression of
tyrosine hydroxylase in the GnRH neurons from the mesencephalon. This is
di¡erent between males and females before the apparition of the testis in the
males or the ovary in the females. That is, it is independent from the
fetal secretion of androgens. How do your think your model applies to other
species?
Fernald: I think it is time to put the brain back in its proper perspective, as a

reproductive organ in its own right. In this case my view is that social behaviour
is in£uencing the brain, which in turn is regulating the reproductive system. The
evidence for this is strong, and I don’t think this is going to be a unique situation.
Sincewe have discovered this, the same kind of process has been seen in tree shrews
and musk shrews: detection of a social scene leads to a change that is clearly
triggered by the brain. This is not to say that there isn’t room for both the brain
and endocrine system. For example, the androgen system is involved here: if you
castrate thesemales then theGnRHcells becomenot eight times larger but 16 times
larger and produce concomitantly more androgen. If you reimplant androgen-
releasing pellets the cells shrink back down again, and the size that they attain
depends on the social status. If you castrate a non-territorial male the cells will
get larger, and if you then put in appropriate androgen they will come back
down to a non-territorial level as long as the male is still non-territorial.
Mittwoch: Is the £uctuation in growth rate related to di¡erent amounts of food

eaten? Or is it purely internally regulated?
Fernald: It is internally regulated. We controlled for food intake.
Short: Is the growth rate change due to gonadal growth, or is there also somatic

growth?
Fernald: It is somatic growth, over and above any changes in gonadal size. Once

we found that animal growth rate was socially regulated, we began looking at size
changes. The evolutionary argument is that if you shrink a little bit upon becoming
non-territorial, you won’t be as obvious to the dominant individual. The
mechanism of shrinking is a real puzzle.
Wilkins: From what you have described, it seems to me that in terms of social

behaviour the last 400 million years of vertebrate evolution have been a waste of
time! Can you estimate the amount of brain tissue in terms of cells that are devoted
to this in ¢sh versus in mammals?
Fernald: They have*200 GnRH cells. We are now looking at immediate early

genes to track the circuitry leading to these cells. It looks as if just a couple of
pathways are responsible for regulating cell size change. I suspect we are going to
seemodi¢cations of the connections among cells inmany brain areas in response to
social signals. The plasticity of these animals may give us more surprises. I am not
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excluding the possibility that they may have di¡erent circuits for dominance than
they do for non-dominance.
Short: You gave a breakdown of the number of species of ¢sh that show this

social regulation of sexual behaviour. Of the hundreds of ciclid species that exist
in Lake Tanganyika, how many show this ability?
Fernald: There is lots of evidence of other ciclids having a comparably complex

social regulation. For example, in addition to the male anal ¢n spots, males also use
£uorescent genital tassles and a number of variants on the same theme. It is in the
decimation of the species in Lake Victoria that behavioural isolating mechanisms
have really become well known. Lake Victoria had some 500 species. The rapid
decline in species number, which has dropped by about 100 over just 20 years,
has been attributed to the introduction of the nile perch. However, some nice
work has shown that the decimation of species was due to eutrophication from
agricultural run-o¡. This made the water opaque and these fabulous behavioural
interactions were no longer visible. The species barriers turned out to be based on
behavioural interactions and so species numbers collapsed rather quickly. All these
species arose in about 12 000 years, so perhaps this shows that evolution can
eliminate species as fast as they arise.
Wilkins: This is also an excellent case for sympatric speciation through sexual

selection.
Short: Is there any phenotypic characteristic that distinguishes a suppressedmale

from a female?
Fernald: You never see a suppressed male with a mouthful of young, but that’s

about it. Females even have small, faint, mimic spots on their anal ¢ns. If a
dominant male loses his territory these spots will fade slowly. There is another
case I should mention of female mimicry in ¢sh. There are other examples where
the suppressed males mimic female behaviour but bulk up their gonads and act as
‘sneakers’. They pretend they are females, get near a male who is spawning the
female and add their sperm. There are a number of variations on this theme of
female mimicry.
Short: How many other mouth-breeding ¢sh have oral sex? It seems to be a

sensible strategy, conserving sperm rather than spreading them everywhere.
Fernald: Indeed, it’s a rather neat evolutionary solution, and it has evolved in

many species.
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The battle of the sexes: opposing
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Abstract. In mammals, a primordial gonad forms in XY and XX embryos that develops
into a testis or an ovary depending on expression of Sry. Sry induces cell signalling
pathways, including proliferation of Sertoli precursors and migration of peritubular
myoid and vascular cells from the mesonephros. These events result in increased testis
size and testis cord organization. Testis cord formation normally prohibits germ cells
from entering meiosis. Ovarian fate is initiated in the absence of Sry, and has been
proposed to be dependent upon the presence of meiotic germ cells in the gonad. We
have shown that a developmental window exists during which testis development can
be experimentally induced in XX gonads. This window closes just prior to the time that
germ cells enter meiosis. Based on our work and much work that has preceded it, we
suggest that the autonomous entry of germ cells into meiosis initiates the ovarian
pathway and blocks testis development. Sry opposes this pathway by initiating testis
cord formation prior to meiosis which sequesters germ cells inside cords and arrests
them in mitosis. Current experiments in the lab address the hypothesis that cord
formation and germ cell entry into meiosis are competing pathways in gonad
development.

2002 The genetics and biology of sex determination. Wiley, Chichester (Novartis Foundation
Symposium 244) p 187^202

The gonad arises as a bipotential primordium in mammals, poised in a precarious
balance between male and female developmental pathways. The earliest cell types
known to be present are the germ cells and the supporting cell lineage, i.e.
precursors of Sertoli cells in males and follicle cells in females. The supporting
cell lineage is named for its role in supporting the development of germ cells and
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is believed to be homologous in origin and function between the sexes (McLaren
1991). Testis fate is determined by the expression of theSry gene in supporting cell
precursors, which speci¢es their development as Sertoli cells and initiates the
architectural arrangement of gonadal cells to form a testis. Ovarian fate behaves
as a default pathway, initiated in the absence of speci¢cation of the male pathway.
Although the genes controlling ovarian fate have not been clearly identi¢ed, it is
known that germ cells are required for the organization of ovarian follicles and the
proper di¡erentiation of follicle cells (McLaren 1988, 1991).
Sry is expressed between 10.5 and 12.5 days post coitum (dpc), and is required to

activate the male pathway and/or repress the female pathway. When Sry is deleted
from the Y chromosome (Gubbay et al 1992, Lovell-Badge&Robertson 1990) or
carries mutations (Hawkins et al 1992, McElreavey et al 1995), an ovary forms. On
the other hand, when Sry is expressed in the gonad of anXX embryo, a testis forms
(Eicher et al 1995, Koopman et al 1991). These experiments proved that Sry is the
only gene from the Y chromosome required to initiate testis organogenesis among
the cells of the gonad primordium.
In mammals, the occurrence of ovotestes is rare. Development of ovaries or

testes is strongly canalized. Once the balance is shifted in a given direction, the
entire cell population in the gonad is usually recruited to whichever program is
initiated. This is true even in XX$XY mosaic gonads where XX cells are
recruited to testis structures and testis development occurs normally if the
proportion of XY cells is greater than 25% (Burgoyne & Palmer 1991). An
exception to the usual case is the frequent formation of ovotestes in herma-
phrodites where the YPOS chromosome fromMus domesticus poschiavinus is crossed
onto certainMusmusculusmusculus strains, notably C57BL/6 (B6). The organization
of ovotestes in these cases typically consists of testis cords in the centre and ovarian
follicles located in the polar regions of the gonad (Bradbury 1987, Eicher et al 1995,
Nagamine et al 1998, Albrecht et al 2000). To account for the formation of
ovotestes in B6 XYPOS mice, it has been proposed that there is a narrow window
of time during which Sry must act to initiate the male pathway and repress the
female pathway (Eicher & Washburn 1986). The formation of ovotestes might
result from a late-acting or lower-expressing allele of Sry, allowing partial
induction of the female pathway (Burgoyne & Palmer 1991).
Recent evidence from organ culture experiments strongly supports the idea that

the testis pathway must initiate during a narrow window of development (see
below, Tilmann & Capel 1999). In addition, threshold e¡ects relating to the
timing and level of gene expression have been reported for several genes in the
pathway including Sry itself and Sox9, the earliest gene known to be up-
regulated downstream of Sry. Evidence suggests that the timing and level of Sry
expression is critical in XX mice carrying Sry as a transgene (Swain et al 1998)
and mice carrying Y chromosome deletions that a¡ect the level of Sry expression
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(Capel et al 1993). In humans, heterozygosity for a mutant allele at the Sox9 locus
results in male to female sex reversal (Foster et al 1994, Wagner et al 1994).
We have de¢ned several male-speci¢c cell signalling pathways induced by Sry.

Among these are pathways that control cell proliferation, Sertoli cell
di¡erentiation, and mesonephric cell migration. An increase in proliferation of
supporting cell precursors appears to be involved in the speci¢cation of Sertoli
cells (Karl & Capel 1998, Schmahl et al 2000). Migration of cells into the XY
gonad from the adjacent mesonephros is induced by Sry, and is required for testis
cord formation, a process that encloses germ cells inside an epithelial layer of
Sertoli cells (Buehr et al 1993, Tilmann & Capel 1999).
The role of germ cells at this critical window of development is not clearly

understood. Germ cells enter the gonad between 9.5 dpc and 11.0 dpc (Ginsburg
et al 1990). Germ cells in XX and XY gonads proliferate similarly until 13.5 dpc
(Schmahl et al 2000). At that stage, germ cells in the XY gonad are sequestered
inside testis cords by Sertoli cells where they soon arrest division. Germ cells in
the XX gonad then enter meiosis and arrest in prophase I (McLaren 1988).
Progression of germ cells to meiosis occurs with the same timing when germ
cells are located in regions other than gonads such as adrenal glands (Zamboni &
Upadhyay 1983) or are assembled in lung aggregates in culture (McLaren &
Southee 1997). These data suggest that entry into meiosis is an intrinsic property
of germ cells that operates in a clock-like manner. Germ cells are not required for
testis cord formation, although minor delays in testis cord formation have been
observed in germ-cell-less mutants (H. Yao & C. Tilmann, unpublished data).
However, germ cells are required for the organization of the ovary into follicles
and for follicle maintenance thereafter. In sterile mutants, or in cases where germ
cells are lost, the follicular structure of the ovary either never forms or rapidly
degenerates (McLaren 1991).
The idea that meiotic germ cells mediate the ovarian pathway and oppose the

testis pathway has been proposed previously. Burgoyne suggested that testis and
ovary determination are initiated through di¡erent cell lineages. Sry expression in
the supporting cell lineage is required to initiate the testis pathway whereas the
ovarian pathway appears to be under the control of the germ cells (Burgoyne &
Palmer 1991). We propose that Sry-mediated signalling pathways are timed to
initiate cord formation before germ cells enter meiosis. If Sry-mediated pathways
(including supporting cell proliferation, mesonephric cell migration and subse-
quent steps leading to cord formation) are delayed, entry of germ cells intomeiosis
triggers ovarian follicle formation and blocks the testis pathway (Fig. 1). It is the
relative timing of these two opposing pathways that controls the fate of the
bipotential gonad. In theory, this model is experimentally approachable by
e¡ectively altering either the timing of Sry expression or the timing of germ cell
entry into meiosis.
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Altering Sry or its signalling pathways

There exist a number of reported cases where alterations of Sry expression lead to
sex reversal. These include cases where the level of Sry transcript is lower
(Nagamine et al 1999), the number of Sry-expressing cells is reduced (Burgoyne
et al 1988, Schmahl et al 2000), or expression of Sry is delayed (Swain et al 1998).
Because the usual method to detect Sry expression is a PCR or RNase protection
assay using RNA isolated from the whole gonad, it has not been possible to
distinguish a reduction in the level of Sry transcription from a di¡erence in the
number of Sry-expressing cells. Therefore, in cases were Sry expression is
reported to be lower, either or both defects may have occurred. If a threshold
level of Sry expression is required to trigger the testis pathway, delays in Sry
expression may e¡ectively reduce the level of the transcript during a critical
window of development.
Signalling pathways downstream of Sry that execute the testis pathway also

contribute to this side of the equation. For example, Sry expression is required to
induce proliferation of pre-Sertoli cells (Karl & Capel 1998, Schmahl et al 2000).
An increase in cell number in this population may be critical to initiate the testis
pathway.Anullmutation inFg f9 has been reported to lead to a dramatic reduction
in the number of Sertoli and interstitial cells (Colvin et al 2001). Studies using
bromodeoxyuridine to label dividing cells at early developmental stages suggest
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FIG. 1. Diagram illustrating our central model. Germ cells progress toward meiosis
autonomously. Expression of Sry is timed to initiate cord formation prior to entry of germ
cells into meiosis. Cord formation blocks germ cell entry into meiosis, whereas germ cell entry
into meiosis blocks cord formation.



that proliferation of Sertoli precursors in Fg f9�/� XY gonads is reduced
compared to Fg f9+/� or wild-type XY littermates and similar to B6 XYPOS

gonads that develop as ovaries or ovotestes (J. Schmahl & B. Capel, unpublished
results). Although many other pathways downstream are a¡ected, these data
suggest that the primary defect in Fg f 9�/� gonads is a defect in Sertoli
progenitor proliferation. A second male-speci¢c pathway controlled by Sry is the
induction of cell migration from the adjacent mesonephros into the gonad (Capel
et al 1999). While this pathway is not important to build the Sertoli population or,
as far as we know, in regulating the level of Sry expression, it is required for testis
cord formation (Buehr et al 1993, Tilmann & Capel 1999). For this reason, this
pathway is likely to be critical to block the entry of germ cells into meiosis. In
BXD-21 XYPOS mice that form ovotestes, mesonephric cell migration is severely
impaired, and it is always coincident with the central testicular region of the
ovotestis (Albrecht et al 2000). This ¢nding either means that late-migrating cells
are excluded from polar regions of the gonad or that a failure of migrating cells to
reach those regions results in ‘ovarian-like’ development.

The testis window

Culturing an 11.5 dpc XX gonad sandwiched between a mesonephros and an 11.5
dpcXYgonad results in the induction of cellmigration from themesonephros into
the XX gonad. Examination of these sandwich gonads revealed that XX somatic
and germ cells organize into cord-like structures and express Sox9, the earliest
known Sertoli-speci¢c marker (Tilmann & Capel 1999). In these experiments,
mesonephric cell migration, cord formation, and Sox9 expression can be induced
in the XX gonad only when it is at a stage earlier than 12.5 dpc (Table 1), a timing
coincident with many previous experiments suggesting that the timing of the
initiation of testis development is critical (Eicher & Washburn 1986, Palmer &
Burgoyne 1991). This window of development closes at*12.5 dpc, just prior to
the time at which germ cells enter meiosis.

Altering germ cell signals

To investigate the idea that XX germ cells at meiotic stages are antagonistic to the
testis pathway, we ¢rst determined the earliest time that germ cell entry into
meiosis can be recognized by examining the appearance of markers for meiosis in
the XX gonad (Fig. 2). At 13.5 dpc, germ cells in the XX gonad were positive for
SYN/COR, early synaptonemal complex proteins (Dobson et al 1994). Expression
reached its peak at 14.5 dpc. Expression of phosphorylated histone 2AX (gH2AX),
which is expressed duringmeiosis of spermatogenic cells (Mahadevaiah et al 2001),
begins slightly later than SYN/COR in the XX gonad.
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To test the possibility that germ cells at meiotic stages are responsible for the
resistance of XX gonads to mesonephric cell migration and cord formation after
12.5 dpc, we compared mesonephric cell migration in organ culture assays using
XX gonads with or without germ cells. Germ cells were depleted using genetic or
chemical methods. XX gonads were collected at 13.5 dpc from matings between
Wv/+ and W/+ mice. W/Wv mutant gonads were compared to gonads from +/+,
W/+, andWv/+ siblings and found to be490% free of germ cells. These gonads
were assembled with 11.5 dpc XY gonads in sandwich cultures. In cases where
germ cells were severely depleted (W/Wv), migration occurred normally,
whereas, in cases where germ cells were present, cell migration was blocked at
13.5 dpc (Fig. 3). In a second set of experiments, pregnant females were injected
on day 9.5 with 10mg/kg busulfan, a treatment that eliminates490% of all germ
cells (Merchant 1975). Gonads from these treated embryos were collected at 13.5
dpc, assembled in sandwich cultures, and compared to gonads from uninjected
embryos. Cell migration occurred into 13.5 dpc XX gonads where busulfan
treatment eliminated germ cells, but not into gonads where germ cells were
present (Fig.3).
It has been previously reported that certain alleles of the sterilemutants c-kit (W)

and Steel (Sl), exacerbate male to female sex reversal (Burgoyne & Palmer 1991,
Cattanach et al 1988, Nagamine & Carlisle 1996). This ¢nding appears to be in
con£ict with our hypothesis, but could be explained in several ways. First, it has
been suggested that mutations in the c-kit pathway lead to general growth defects
that may a¡ect sex determination (Burgoyne & Palmer 1991, Cattanach et al 1988,
Nagamine & Carlisle 1996). In fact, in severe W mutants and other cases where
germ cells are lost, we have noted a 6^12 h delay in cord formation (see below in
following section). This data could be interpreted to mean that germ cells at pre-
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TABLE1 Sandwich organ culture experiments indicate a temporalwindow inwhich
the testis pathway can be induced in XX gonads

Experiments Migration Cord formation Sox9 expression

11.5 XY gonad
11.5 XX gonad
11.5 mesonephros

+ + +

11.5 XY gonad
12.5 XX gonad
11.5 mesonephros

+/� � �

An 11.5 dpc or 12.5 dpc XX gonad was sandwiched between an 11.5 dpc XY gonad and a mesonephros.
+, +/�, and� indicate the extent ofmigration, cord formation or Sox9 expression: + indicates high extent of
the occurrence of the events, +/� indicates low extent,� indicates no occurrence.



meiotic stages play a positive role in seeding testis cord formation. If this were true,
loss of germ cells in combination with weak Sry signals might critically impair the
cord forming process in B6 XYPOS gonads and contribute to failure ofWmutants
to rescue YPOS (Burgoyne & Palmer 1991). Alternatively, this e¡ect could be
related to the speci¢c allele of W or Sl and its role in germ cell development. In
addition to the control of proliferation and migration of primordial germ cells,
W and Sl are believed to have later roles in the control of meiosis in
spermatogenesis and oogenesis. Some alleles of W do not a¡ect germ cell
proliferation and migration to the gonad, but instead a¡ect adhesive interactions
between germ cells and somatic cells or later stages of oogenesis or spermato-
genesis (Loveland & Schlatt 1997). If abnormal germ cells arrive in the gonad in
some mutant alleles of W, their normal signalling relationship with somatic cells
may be impaired leading to disruption of testis cord formation.
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FIG. 2. Time course study of expression of meiotic markers in 12.5^14.5 dpc XX and XY
gonads. Gonads were stained with antibodies against SYN/COR or gH2AX (arrows). Germ
cells are outlined by an antibody that stains their surface (PECAM). Meiosis is detectable in
XX, but not in XY gonads.



A case in point

In Bmp8b null mutants, fertility defects have been characterized in the adult male
(Zhao et al 1996). Based on the idea that fertility defects may actually re£ect a much
earlier disturbance in the organization of testis cords or the establishment of close
connections between supporting and germ cell lineages, we have begun
experiments to investigate the defect in homozygous Bmp8btm1blh gonads. We
discovered that cord formation is delayed and/or incomplete at 12.5^13.5 dpc in
homozygous Bmp8btm1blh gonads. In blue/white recombinant organ culture assays,
we found no defect in the timing of mesonephric cell migration into mutant
gonads. However, migrating cells often fail to organize in the gonad, suggesting
that Bmp8b is involved in cellular interactions downstream ofmigration that result
in proper testis cord formation or Sertoli^germ cell interactions. Immuno-
histochemical staining with antibodies against laminin and PECAM (a marker of
germ cells, Schmahl et al 2000) revealed that cords formed normally in 39%of cases
and abnormally in 61% of cases by 13.5 dpc (Table 2).
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FIG. 3. Sandwich organ culture to induce mesonephric migration into 11.5 or 13.5 dpc XX
gonadwith orwithout germ cells. An 11.5XXgonadwith germ cells, a 13.5 dpcXXgonadwith
germ cells, or a 13.5 dpc XX gonad without germ cells (busulfan treatment or W/Wv mutant)
was cultured between a 11.5 dpc XY gonad and a 11.5 dpc mesonephros in which GFP is
ubiquitously expressed. Mesonephric migration is detected by the presence of green cells in the
XX gonads.



WhenBmp8btm1blh is on theB6genetic background, germ cells do not form (Ying
et al 2000) and, therefore, never arrive in the gonad. Cord formation is delayed
*12 h, but is normal by 13.5 dpc. However, when Bmp8btm1blh is homozygous
on a hybrid B6;129 genetic background, germ cells do arrive in the gonad in 56%
of cases. In all homozygous Bmp8btm1blh cases where germ cells are present in the
gonad, cord formation remains disrupted at 13.5 dpc. This preliminary data
strongly suggests that germ cells in homozygous Bmp8btm1blh mice are
antagonistic to cord formation at 13.5 dpc. We are currently investigating
whether gonadal germ cells in these mutants have prematurely entered meiosis,
or are otherwise out of synchrony with the normal developmental pathway.

Summary

The unique divergence of developmental pathways in the gonad provides an ideal
model to understand how regulatory genes establish cellular pathways that control
the morphogenesis of organs. The discovery of Sry provided a clear molecular
anchor point for the divergence of gonad development along the male pathway.
Sry initiates cell signalling pathways including proliferation, cell migration, and
vascular development that result in the formation of testis cords. Experiments so
far are consistent with the idea that germ cell entry into meiosis is a competing
pathway in the bipotential gonad that opposes Sry mediated pathways and
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TABLE 2 E¡ects of germ cells on testis cord formation in Bmp8btm1blhXY gonads

B6 background a

Stage Germ cells present? Cord formation

12.5 N 0/6b

13.5 N 9/9

B6/129 hybrid background

Stage Germ cells present? Cord formation

12.5 Y 0/2

12.5 N 0/4

13.5 Y 0/8

13.5 N 4/4

aGerm cells are never present in gonads on a pure B6 background.
bNumber of samples with testis cords/total number of samples.



initiates ovarian fate. The relative timing of these two pathways determines the fate
of the gonad. This mechanism would insure that if germ cells enter meiosis,
ovarian fate is speci¢ed. This makes sense in terms of reproductive ¢tness: once
germ cells enter meiosis, their reproductive future is promoted by ovarian but
not testis structure since meiotic germ cells in the embryonic testis would be
rapidly depleted, leading to sterility.
On the basis of the hypothesis presented in this paper, mutations that accelerate

the timing of germ cell entry into meiosis or interfere with the establishment of
mitotic arrest in germ cells in XY gonads would be predicted to lead to pre-
emption by the ovarian pathway and disruption of testis formation. Ideal
experiments would involve genetic manipulation of this timing in vivo, avoiding
possible artefacts associated with in vitro culture.
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DISCUSSION

Short: I was always fascinated by Byskov’s comparison between the rete testis
and the rete ovariae, and her claim that P£ˇger’s cords in which the oogonia and
oocytes are lining up are in fact the rete ovariae (Byskov 1986). The seminiferous
cords that you are talking about presumably must ultimately anastamose with the
rete testis cords. What do you think about these ovarian cords? Are they rete
ovariae, and are they where the female germ cells have to be in order to induce
follicular cells?
Capel: We haven’t worked on ovaries enough to know that. I have never seen

those cords in the sort of cultures or times that I dissect. I know they can be seen
by electron microscopy, and it may be that this degree of resolution is needed to
distinguish them. I haven’t seen them with the laminin stain, and none of the
antibodies that we have used have picked them out. The remodelling of the
seminiferous cords to connect to the rete testis occurs later than the stages that we
are talking about, and involves the mesonephric tubules. But I am not clear about
how that happens either. Itwould be a good idea for someone to study this in detail.
McLaren: I was slightly confused by your ¢rst set of reaggregation experiments

which concerned the inclusion of germ cells inside testis cords. Some time ago
Escalante-Alcalde & Merchant Larios (1992) did some reaggregation experi-
ments, comparing germ cells and Sertoli cells from embryos 12.5 dpc with those
from 15.5 dpc in criss-cross combinations. In their study the developmental stage
of the Sertoli cells determinedwhether or not you got nice neat cordswith the germ
cells inside them. It was as if the Sertoli cells were taking the initiative to shepherd
the germ cells in, and the Sertoli cells didn’t mindwhether the germ cells were 12.5
dpc or 15.5 dpc.
Capel:Were they female germ cells at 15.5 dpc?
McLaren: No, they were all male. I don’t know whether the same would have

been true of female germ cells. Do your results agree or disagree with this?
Capel: Ifwe reassociate 13.5 dpcmale germ cellswith 11.5 dpcmale somatic cells,

we get some semblance of cords forming. You might call them palisades.
McLaren:Male somatic cells as early as 11.5 dpc would not form complete cords

after dissociation and reaggregation (McLaren & Southee 1997).
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Capel:We culture them for two days. The somatic cells begin culture at 11.5 dpc
and we look at them 48 h later. If you culture them with 13.5 dpc male germ cells
they are ¢ne, but if you try to culture themwith 13.5 dpc female germ cells, it blocks
cord formation in these assays.
McLaren:Did you try 13.5 dpc male somatic cells?
Capel:No.
Behringer:Do Bmp8b homozygous mutant male germ cells enter meiosis?
Capel: We don’t know yet. The problem is that Guang-Quan Zhao has just

moved to Southwestern and his mice come under a Material Transfer
Agreement, which we have to navigate in order to get more. He can’t send us
any embryos. In our hands at least, the SYN/COR antibody only works on fresh
tissue: you can ¢x the tissue for a couple of hours but then you must use it
immediately.
Behringer: Can you tell whether the germ cells enter meiosis histologically?
Capel:We haven’t really looked.
Behringer: You said that the oocytes somehow inhibit cord formation.
Capel: Yes, if they are at a stage where they have entered meiosis.
Behringer: How do they do this? Are they secreting something? If so, is there a

candidate?
Capel: I don’t have a candidate; I haven’t really thought seriously about this. I

believe there must be an active factor produced by meiotic germ cells that inhibits
cell migration and cord formation. To me this is appealing from a reproductive
¢tness point of view, because once germ cells enter meiosis you don’t want a
testis to form; you want an ovary. Once germ cells have entered meiosis, if you
put them in a testis they would immediately be exhausted, so you need them to
promote ovarian development.
Behringer:GrantMacGregor and colleagues generated female 13.5 dpc germ cell

cDNA libraries and they have done expressed sequence tag (EST) sequencing. A
candidate may lurk in a database somewhere.
Capel: That is a great idea.
Swain: Do they inhibit the making of a cord or can they only destroy the cords

they are in?
Capel: The cords never form in these cultures.
Swain:When you grow a testis with meiotic germ cells, are the cords destroyed?
Capel: To make that happen we might want to try to induce meiosis at some

point in the male and see what happens. In theory, if this model is correct, by
shifting the timing of meiosis we should be able to sex reverse a mouse.
McLaren: Did you see the converse, which is that if the cords have already

formed and AMH is being produced, that this AMH kills o¡ any meiotic germ
cells that happen to be around, or at least discourages growth?
Capel:We haven’t investigated this, but that is a good point.
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Short: Do we accept that the disappearance of the oocytes from the free-
martin ovary is a consequence of the AMH that has come across from the male co-
twin?
McLaren: I would say so.
Josso: I think there is a bettermodel for this. Richard Behringerwas kind enough

to give us his metallothionein/AMHmice that make a lot of AMH (Behringer et al
1990). Lionel Lyet performed a careful study of the ovaries and saw that themeiosis
was retarded (Lyet at al 1995). When cells in the ovary reached meiosis they were
killed o¡ immediately.
Renfree: Our results from gonadal cultures support that. When we culture

gonads in the presence of AMH the germ cells disappear and the cords form.
If the culture isn’t a very happy one the germ cells will disappear anyway and
the cords will form. So the germ cells seem to be inhibiting cord
formation in the ovary. I think the oestrogen results that I have just shown
support the opposite theme, that once the female germ cells are in meiosis there is
ovary formationwhich inhibits cords.Wehave thought for a long time that there is
a ‘conversation’ between the somatic cells and the germ cells that is almost opposite
in nature in the two sexes.AMHdoesn’t agreewith germ cells, but if they disappear
for some other reason the cords will form in the ovary.
Josso: Some people also say that the cords will form anyway if germ cells

disappear, and that AMH is not masculinizing at all. AMH may kill germ cells
o¡, but after that the default pathway of cord formation occurs. I tend to agree
with this hypothesis.
Renfree: In our cultures, if the culture didn’t go well, even without AMH, the

germ cells disappear and the cords form.
McLaren: Nathalie Josso was kind enough some years back to send us some

AMH. Culturing mouse female genital ridges in the presence of AMH didn’t
prevent the germ cells going into meiosis. Of course, the genital ridges are
packed with meiotic germ cells. We didn’t do any quantitation. Whether or not
some of them are killed o¡ I wouldn’t know, but it certainly didn’t block entry
into meiosis.
Josso:What age were the genital ridges?
McLaren: They were 11.5 dpc, and we followed them for three or four days.
Josso: That ¢nding is in contradiction with the work on metallothionein/AMH

mice. There is a big di¡erence at the same stage between a normal littermate and one
with lots of AMH because of the transgene.
McLaren: Were those germ cells prevented from going into meiosis? I don’t

think they were. I think they went into meiosis and then they were lost later on.
Josso:Thewhole process of meiosis was verymuch delayed and there were fewer

cells reaching this state. Eventually they died.AMHdidn’t forbid cells once and for
all from entering meiosis. It was more subtle than that.
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McLaren: We were interested to see whether AMH was the substance that was
inhibiting entry into meiosis in the normal testis. Apparently, it wasn’t.
Behringer: Blanche Capel, in your model of the gonad, how does an ovotestis ¢t

in here?
Capel: I don’t know.We have done proliferation studies on poschiavinus. We see

proliferation dramatically reduced in Y poschiavinus gonads. I’m imagining that at
the earliest steps, when you need to produce enough pre-Sertoli cells in order to get
the pathway rolling, this is not happening, or perhaps they are only forming
centrally, so that there aren’t enough of them to initiate the migration at a high
enough rate to block the entry into meiosis in the peripheral regions of the
gonads. One of our problems is that the earliest marker that we have is SYN/
COR, which is almost simultaneous with gH2AX. This is after synaptonemal
complex formation has occurred. There must be an earlier decision point, which
wewould like to ¢nd, butwe don’t really have anyway to identifywhen a germ cell
has made up its mind that it is entering the meiotic pathway. In an ovotestis we
need to explain why the cords are central and the non-cord regions are
peripheral. Various people have called these ovarian regions, and other people
say that they aren’t really ovarian, they are just unorganized. I wonder if we had
the right marker whether we could see that the germ cells in those regions were
deciding to enter meiosis by 12.5 dpc and that we had not built up enough of a
testis signal to permeate the whole gonad. The other point we need to think
about is the di¡erence between low expression of Sry in each cell, or not enough
Sertoli cells formed. I think previous experiments with mosaics speak to this issue
clearly. Paul Burgoyne, you showed that 25% of the cells needed to beXY in order
to initiate testicular development.
Burgoyne: Yes, in X0/XY mosaics. A similar answer came out of studies of

XX$XY chimeras.
Capel: This is one of the reasons that I think the number of pre-Sertoli cells

produced in that early proliferation step may be important and common to many
testis pathways, such as alligators and chickens. It is building up enough cells in the
population to produce the secondary signals. Anne McLaren, in one of your
reviews of this work you mentioned that there must be paracrine signals that are
important in this process.
McLaren: Yes.
Behringer: In your 5-FU- or methotrexate-treated testes, is there cord formation?
Capel: Yes, in about half of them. The way I interpret that experiment is that in

any litter, there is variation in the stage of any individual embryo. If you score an
individual litter for gonads that formed cords or those that didn’t, you might have
hit one embryo at exactly the right stage to block the critical proliferation, and the
next embryo was a little later or a little earlier.
Behringer: Those testes look like they are half normal size.
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Capel: They are.
Behringer: Is there still a su⁄cient number of Sertoli cells to make enough cords?
Capel:Thewhole gonad is half the size, so perhaps the proportion of Sertoli cells

is su⁄cient. The cords are distributed throughout: there is no central localization
of cords.
Mittwoch: Isn’t there some old evidence that the di¡erence between meiosis and

mitosis is that meiosis has a longer premeiotic prophase? Could it be then that you
don’t get meiosis in developing testes because cell proliferation is faster and the
prophases are shorter, in contrast to the ovary where there is less proliferation?
Could there be a connection?
Capel: We didn’t see a di¡erence in proliferation in the germ cells between the

male and female. We were counting proliferating cells and not looking at timing;
however, if it were faster in themale wemight seemore BrDU labelling in themale
germ cells. We didn’t see this between 11.5 and 13.5 dpc.
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General discussion III

True hermaphroditism and the formation of the ovotestis

Short: I remember reading that amazing book of van Niekerk’s (1974) about the
epidemic of true hermaphrodites in South Africa, who were all XX. What is our
current explanation for this high familial incidence of true hermaphroditism in
certain human populations?
Vilain: One of the obvious answers is recessivity. In France there are many

immigrants from North Africa, and there have been studies showing a high
incidence of hermaphroditism in some villages in Morocco and Algeria. The
most likely cause is consanguinity, whether it is ¢rst cousins or because of
insu⁄cient outbreeding. There is also evidence of several family cases of true
hermaphroditism where two siblings are true hermaphrodites. This happens
when they do not carry SRY. Only about 10^15% of true hermaphrodites carry
SRY. All the others do not, leaving us with a large number of patients that we
can’t explain. A few of them can be explained by duplication of chromosome 22q.
Josso: There are also familial cases in which one child has true hermaphroditism

and another is an XX male. Both the hermaphrodite and the XX male lack a Y
chromosome, but in one case there is complete virilization of the gonad by an
unknown factor.
Short: In the true hermaphrodites that you have looked at, which are XX and

lack SRY, what happens to the germ cells? Do you get oocytes in the ovarian
component or any germ cells surviving in the testicular component?
Vilain: You can occasionally get female germ cells in XX true hermaphrodites.

Very rarely, there are reports in the literature of fertile XX true hermaphrodites as
females. Making sperm is exceedingly rare in these patients and I am not aware of
any reports of fertile XX true hermaphrodites as males.
Burgoyne: It is impossible, because there are genes on the Y chromosome that are

essential for the spermatogenic process.
Short:The condition of true hermaphroditismwith a fertile female component is

extremely common in pigs. There is a really good ovotestis that can either be
bilateral or unilateral, with a sterile testicular component. If there is still a
reasonable amount of uterus left you can get normal litters (Hunter 1995).
Lovell-Badge: It is also very common in moles. Most XXmoles have a testicular

portion to their gonad.
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Burgoyne:Wehave to be careful about using the presence of an ovotestis in adults
as an indicator of true hermaphroditism in human patients, because we are likely to
miss many cases. In mice, in situations such as B6 XYPos where every gonad is
a¡ected in fetal life, only a small proportion of the ovotestes retain an ovarian
component that can be recognized into adulthood.
Josso: In humans it is usually a child who comes to medical attention with

external genitalia that are ambiguous.
Burgoyne: But perhaps you are already too late because you have had the AMH

e¡ect, which has wiped out the ovarian component.
McLaren:Before birth the ovotestiswould have converted to either an ovary or a

testis, depending on which was dominant.
Josso: So you think we diagnose too few true hermaphrodites by looking at

children, and if we were to look at the fetus we would detect more.
Burgoyne: Exactly.
Short: In the intersex goat, adults almost always have testes, but if you look in the

fetus they are almost always ovotestes. The ovarian component is lost before birth
(Short 1972).
Josso: But then your true hermaphrodite would become what?
Burgoyne:Most usually they would have a small testis.
Josso: I have seen many slides of true hermaphrodite gonads, and the ovary is

usually quite nice, with good follicles. But the testis, even in childhood, is
completely dysgenetic or with very few germ cells.
Vilain: It is rare in clinical practice to see descended gonads in true

hermaphroditism.When there is an ovarian component it is usually not descended.
Burgoyne: That is not surprising. To get an ovarian component there have to be

very few Sertoli cells producingAMH. If there are very fewSertoli cells, the Sertoli
cell factor which causes the descent will be produced in insu⁄cient amounts.
McLaren: Nathalie, what is the chromosome situation in the patients you have

studied?
Josso: Most of them are XX. Some of them are mosaic XX/XY. Very few are

XY. I have seen a lot of true hermaphrodites because I work with Claire Fe¤ ke¤ te¤ , a
surgeon who is extremely good at dissecting the gonad and removing the
unwanted part. Previously, surgeons used to remove the ovotestis completely.
McLaren: If the patients are XX then it is not surprising that the testicular part is

totally devoid of sperm.
Vilain: There is one reported case of a mosaic mutation in SRY in an XY true

hermaphrodite. It was mosaic at the level of the gonad. Since we are talking about
true hermaphrodites, one thing that we have noticed is that in the most common
form of true hermaphroditism, when there is a testis on one side (most commonly
the right) and an ovary on the other, there is most often a regression of the
Mˇllerian structures only on the testis side.
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Burgoyne: Exactly the same is seen in mice.
Vilain: In this event, are we still allowed to call AMH a hormone?Of course, we

detect it in the blood, but there must be some local action, which goes through the
testis^blood barrier but not too far, in order to have a local action on theMˇllerian
structures.
Josso: The same thing occurs with testosterone. The epididymis receives much

more testosterone than organs that are further away, probably through lymphatics.
Organs closer to the testis are exposed to a greater concentration (Ohno et al 1971).
Short: Iwould have thought that itwas a rule in allmammals, thatwhen youhave

an ovary on one side and a testis on the other, youwill have bilaterally asymmetrical
Mˇllerian duct derivatives. They will have regressed on the testicular side but not
on the ovarian side.
Burgoyne: In the experiment I mentioned earlier where there is an incompletely

penetrant transgene, there are intersexes of every imaginable kind. The most mild
form looks like an ovary that has just started to descend like a testis. The next stage
is onewhere the tophalf of theMˇllerian duct is lost and then at the bottomyou can
see both Mˇllerian duct and some vas deferens. There are all sorts of gradations,
but it is always precisely matching the gonad on that side.
Behringer: We have a hypomorphic allele for the AMH ligand gene, and it

expresses much lower levels. When we combine it with a null allele to reduce it a
little more, the oviduct and the distal uterine horns are lost, but the body of the
uterus remains. Again, this is consistent with what you are saying.
Renfree: It is even harder to explain the bilateral gonadomorph marsupials that

have a hemi-pouch on one side and a hemi-scrotum on the other.
Short: I still can’t hear anyone coming up with a genetic explanation for why we

have an ovotestis in the ¢rst place.
Mittwoch: Apropos of the right testis and left ovary in human true

hermaphrodites, we found many years ago that in human fetuses the right gonad
is a little more advanced than the left, both in males and females.
Josso: In human true hermaphrodites an ovary on one side and a testis on the

other is relatively rare. Usually there is an ovotestis on one side and an ovary on
the other.
Vilain: Roger Short, I think the answer to your question will potentially come

from linkage analysis, by grouping familial cases of XX true hermaphrodites.
There are some attempts to do this. The problem is that every investigator keeps
their families to themselves. There is an investigator at INRA (Institut National de
la Recherche Agronomique, France), Corinne Cotinot, who is looking at pig
families, trying to see if there is any linkage with true hermaphrodites. I think
one of the problems with this is that the pig genome map is not very far advanced.
Behringer:There is one gene,M33, that as a recessivemutation inmouse that will

cause true hermaphroditism.
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Short:Does it always cause true hermaphroditism?
Behringer: It is variable.
McLaren: The genetic explanation would probably also be a developmental

explanation. It is, after all, a delicate balance as to when Sry comes on relative to
the progress of the default female pathway of gonadal development. If, as we
know, there is a di¡erence in the developmental stage, one could imagine an
ovary on one side and an ovotestis on the other. There may be examples from
mice that would illustrate this.
Koopman: Monica Bullejos has done a nice series of in situ hybridization

experiments, looking at the timing of Sry expression in mouse genital ridges. We
thought that there might be a di¡erence between the left and the right that might
suggest that one side is more advanced than the other. However, there is no
di¡erence that we can discern.
Capel: Eva Eicher has a strain that is a recombinant between B6 and DBA2 that

always forms ovotestes on both sides. It is a stabilized phenotype.
Short: Are they fertile?
Capel: Yes.
Bullejos: In this in situ expression study I saw that Sry expression always started in

themiddle of the gonad and then spread to both ends (Bullejos&Koopman 2001).
This could be an explanation for the ovotestes in this strain.
Short:Do you think this might blur the overall timing?
Bullejos: Yes.
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The evolution of chromosomal sex

determination

Brian Charlesworth

Institute of Cell, Animal and Population Biology, University of Edinburgh, Edinburgh
EH9 3JT, UK

Abstract. There is a great diversity of sex determination mechanisms, with evidence
for numerous evolutionary transitions between di¡erent systems. For example,
environmental sex determination is widespread in lower vertebrates, and genetic sex
determination has probably evolved from it several times. This requires the
establishment of genes that override environmental cues. Close linkage between male
and female determining loci is favoured by selection, and represents the ¢rst step
towards the evolution of highly di¡erentiated sex chromosomes. Once crossing over
between primitive sex chromosomes has been suppressed, the primitive Y (W)
chromosome is vulnerable to the operation of forces that lead to a reduction in its
e¡ective population size. This reduces the ability of natural selection to maintain the
functionality of genes on the proto-Y, so that it gradually degenerates. Primitive sex
chromosome systems, and systems of neo-X and neo-Y chromosomes formed by
translocations involving autosomes and sex chromosomes, provide an opportunity to
test evolutionary models of the degeneration of Y chromosomes and to determine the
time-scales involved. Recent data con¢rm that newly-evolving Y or neo-Y
chromosomes experience a sharp reduction in e¡ective population size, and indicate that
degeneration can occur over a few million generations.

2002 The genetics and biology of sex determination. Wiley, Chichester (Novartis Foundation
Symposium 244) p 207^224

Sexual reproduction is prevalent throughout eukaryotes, and probably represents
their ancestral state. Gamete dimorphism (numerous, small, motile gametes versus
few, large and immotile gametes) is the basis of the male^female distinction and is
not required for sexuality: many sexual lower eukaryotes produce gametes of equal
size (Hoekstra 1987). Even if there is gamete dimorphism, cosexuality (in which an
individual produces both male and female gametes), is widely distributed in
animals and plants (Jarne & Charlesworth 1993). As Darwin (1859) pointed out,
cosexuality may well have been the ancestral state in chordates; this is certainly the
case in £owering plants (Bull 1983, Charlesworth & Guttman 1999). In these
groups, the distinct developmental programmes required for the production of
male and female reproductive structures and gametes must have evolved before
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the establishment of separate males and females. Sex determination is then simply a
decision to restrict an individual’s development to one of two potential, pre-
existing, pathways.
It is, therefore, not surprising that there is an enormous diversity of sex

determining mechanisms (Table 1), as well as many evolutionary transitions
between di¡erent systems (Bull 1983, 1987). For example, environmental sex
determination (ESD), usually involving e¡ects of temperature at critical stages
during embryonic development, is widely distributed among cold-blooded
vertebrates (Sinclair et al 2002, this volume). Phylogenetic analysis indicates that
ESDmay have been ancestral in the vertebrate lineage, and that several transitions
from ESD to genetic sex determination (GSD) have occurred (Janzen & Paukstis
1991, Kraak & Pen 2001).
We can only speculate about the evolutionary causes of most of these systems

(Bull 1983, 1987), except when within-species variation allows experimental
analysis of the ¢tness e¡ects of di¡erent sexual phenotypes or genotypes.
Theoretical analysis shows that ESD is favoured when there is spatial
heterogeneity in the environment, such that the relative ¢tnesses of males and
females vary between di¡erent environments. For ESD in turtles, there is
evidence for higher survival at a given temperature of the sex which is produced
most frequently at that temperature (Janzen 1995). In contrast, GSD is commonly
thought to be favoured over ESD if the environment £uctuates over a suitable
time-scale, since it is disadvantageous to produce a highly skewed sex ratio over
a long run of generations (Bull 1983, 1987). An alternative model has recently
been proposed (Kraak & Pen 2001), but experimental evidence is currently
lacking.
In other cases, the mode of transmission of the sex determinant itself generates a

selective advantage. For example, a maternally transmitted cytoplasmic factor can
prevent the production of male o¡spring, which cannot pass it on to future
generations (Rigaud 1997). Similarly, systems such as haplodiploidy and female
XY lemmings are associated with intrinsic transmission advantages to the genetic
factors involved (Bull 1983, Fredga 1994). In other cases, such as theM factor of
house£ies (Table 1), the change in sex determination system is in itself selectively
neutral, and may have been established by genetic drift or by pleiotropic e¡ects on
¢tness (Bull 1983, 1987).

The evolution of sex chromosomes

The existence of structurally and genetically highly divergent sex-determining
chromosomes presents a challenge to evolutionists. In advanced systems of this
kind, there is lack of crossing over between the X and Y chromosomes over all
or most of their length (from now on, Z and W will be treated as equivalent to X

208 CHARLESWORTH



SEX CHROMOSOME EVOLUTION 209

TABLE 1 Modes of sex determination

Environmental sex determination

Sex is determined by temperature during embryonic development in
chelonians, crocodilians, and some lizard and ¢sh species; by nutritional
status in mermithid nematodes; by the presence or absence of female
individuals in the marine echiurid worm Bonnellia.

Genetic sex determination

Two factor
systems

Sex is determined by a pair of Mendelian alternatives, either with male
heterogamety (XX females and XY males, as in mammals,Drosophila, and
most dioecious plants) or female heterogamety (WZ females and ZZ males,
as in birds, Lepidoptera, many lower vertebrates, and strawberries). The sex-
determining chromosomes may be highly distinct structurally and
genetically, as in mammals,Drosophila and the white campion Silene latifolia.
Alternatively, there may be a single genetic factor or small genetic region
distinguishing the two, as in many dioecious plants, ¢shes such as the guppy
(Poecilia), and many Dipterans such as black£ies. Intermediates with a
limited amount of structural di¡erences between the sex chromosomes are
also found, as in the newt Triturus and the lizard Cnemidophorus.

Multiple
factor systems

Additional factors interact with the basic sex determination system e.g. a
dominant gene (M) that causes both XX and XY individuals to develop as
males, so that females are always XX mm and males are either XXMm or
XYMm. Such a gene is polymorphic in natural populations of the house £y,
Musca domestica. In some microtine rodents, there are polymorphisms for X
chromosome mutations that cause XY individuals to develop as females.
Polygenic variation a¡ecting sexual phenotype occurs in ¢shes such as
guppies and medaka.

Haplodiploidy In a number of arthropods, including mites and several insect taxa, diploid
individuals produced by fertilized eggs develop as females, and unfertilized
eggs develop as haploid males. In several species of Hymenoptera, this is
underlain by a single sex determining locus with many alleles, such that
heterozygotes develop as females, and homozygous diploids develop as
males.

Paternal
genome loss

This is genetically very similar to haplodiploidy; all o¡spring result from
fertilized eggs, but the entire paternal genome is eliminated in males. This
occurs in mites, scale insects, and sciarid £ies. In some cases, elimination
takes place in germ cells only, in others early in development in somatic and
germ cells, so that it is then equivalent to haplodiploidy. In most cases, it is
not known if sex is determined ¢rst, and chromosomes are eliminated from
males, or whether elimination leads to haploidy and maleness. In Sciara, sex
is determined by the mother, some females (Aa) producing only females,
others (aa) producing only males, so that all males are aa.

Cytoplasmic sex
determination

There are several species of Crustacea in which o¡spring sex is a¡ected by
intracellular symbionts, such asWolbachia bacteria, that override the normal
sex determination system ofmales. These arematernally transmitted, and are
polymorphic in natural populations. Gynodioecy in plants (polymorphism
for females and cosexuals) often involves cytoplasmic male sterility factors
(probably mitochondrial), and their nuclear gene suppressors.

Sources: Bull (1983, 1987), Rigaud (1997), Charlesworth & Guttman (1999) and Kraak & Pen (2001).



and Y), as in mammals and some plant species, or a complete suppression of
crossing over in the heterogametic sex, as in Drosophila and Lepidoptera (Bull
1983, 1987). This is often accompanied by a dearth of active genes on the Y
chromosome, whereas the X usually carries a normal complement of genes for its
size. The lack of active Y-linked genes is often accompanied bymechanisms which
ensure approximately equal amounts of gene products atX-linked loci inmales and
females: dosage compensation (Bull 1983, Mar|¤ n et al 2000). The Y also often
contains an unusual abundance of highly repetitive DNA sequences (Bull 1983,
Charlesworth et al 1994).
The Y thus presents the bizarre phenomenon of a sizeable chromosome, which

often consists almost entirely of ‘junk’ DNA. In some groups (such asDrosophila),
it is not required for sex determination, and in others (such asCaenorhaditis elegans)
it has even been completely lost (Bull 1983). These are examples that represent
intermediate stages between apparently single gene inheritance and fully
di¡erentiated sex chromosomes (Table 1). Even in some advanced sex
chromosome systems, there may still be some genes in common between X and
Y (Lahn & Page 1999). This suggests that X and Y chromosomes have diverged
from a pair of ancestral, largely homologous, chromosomes. The comparative
evidence shows that this must have occurred independently in many lineages
(Bull 1983). But what leads to the degeneration of the Y chromosome, and the
other features of advanced sex chromosome systems?
This questionwas ¢rst posed byH. J.Muller (1918),who also discovered dosage

compensation.As he noted, a lack of crossing over betweenX andY is required for
them to remain genetically distinct, and must have been the precondition for the
evolution of the other features of the Y chromosomes. There is an advantage to
suppressing crossing over only when there are two or more polymorphic genes
which interact in their e¡ects on ¢tness (Barton & Charlesworth 1998). Such
genes are likely to have been present from the start of the evolution of separate
sexes (dioecy). If dioecy evolves from cosexuality, the simplest hypothesis is that
females are created by a mutation that suppresses male function, and males by a
mutation that suppresses female function (Charlesworth 1996, Charlesworth &
Guttman 1999). If dioecy evolves from ESD, the simplest path involves one
mutation that causes individuals to develop as females, and another that causes
maleness, independently of any environmental cues (Bull 1983, Charlesworth
1996). If such mutations involve separate loci, crossing over among them would
produce selectively disadvantageous neuters (Fig. 1). Invasion of the ancestral
population by two successive mutations creating males and females thus requires
initial close linkage of the two loci, and reduced crossing over is favoured once they
are both polymorphic for the sex-determining alleles (Charlesworth & Guttman
1999). Similar principles apply tomore complexmulti-gene models (Charlesworth
&Guttman 1999, Kraak & Pen 2001).
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In addition, if there are lociwith sex-dependent ¢tness e¡ects, such that one allele
is advantageous in males and disadvantageous in females, close linkage to the sex-
determining genes is favoured by selection (Fisher 1931, Bull 1983, Rice 1996). The
colour polymorphisms of the guppy, Poecilia, are a classic example of this: alleles
conferring bright coloration are favoured by sexual selection on males, whereas
alleles conferring dull colours are favoured in females, due to predation on
brightly coloured individuals (Fisher 1931, Rice 1996). These genes are closely
linked to the sex-determining region of the primitive sex chromosomes of this
species, with alleles causing bright colours being closely associated with the male
determinant. Cases where male fertility genes have apparently been transposed to
the Y chromosome, such as DAZ in humans (Saxena et al 1996), are another
possible example of this type of selection. If this process of accumulation of such
‘sexually antagonistic’ allelic e¡ects is continued, it is easy to see how restricted
recombination along the length of the proto-X and proto-Y chromosomes, or
suppression of crossing over throughout the whole genome in the heterogametic
sex, could evolve (Bull 1983, Rice 1996). Sequence comparisons of Y-linked genes
in humans with their X-linked homologues do indeed provide evidence for a
succession of steps towards suppressed crossing over, possibly as a result of a
sequence of chromosomal inversions (Lahn & Page 1999). Of course, there is
nothing inevitable about the establishment of complete crossover suppression,
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FIG. 1. The evolution of proto-X and proto-Y chromosomes from an initial cosexual state.
M and F indicate loci controlling male and female fertility, respectively. Superscripts f and s
indicate alleles conferring fertility and sterility, respectively. Dominant alleles are indicated by
uppercase superscripts, recessive alleles by lowercase.



consistent with the numerous intermediate stages between genetic and full
chromosomal sex determination (Bull 1983, 1987).
Once crossing over has been suppressed, the proto-Y chromosome has the very

unusual property of constituting a large, non-recombining haploid genome,which
is permanently heterozygous. A deleterious mutation can therefore become ¢xed
on the proto-Y chromosome without becoming homozygous. This process is
facilitated by the fact that the number of Y chromosomes in the population is
one-third of the number of X chromosomes, so that genes on the proto-Y
chromosome are more vulnerable to genetic drift than their homologues on the
proto-X. Sexual selection may further reduce the e¡ective number of breeding
males in systems with male heterogamety, thus enhancing this e¡ect
(Charlesworth & Charlesworth 2000).
The absence of genetic recombination also impairs the ability of natural selection

to promote the ¢xation of adaptively favourablemutations and resist the ¢xation of
deleterious ones (Barton&Charlesworth 1998). A variety of speci¢c processes can
lead to the faster accumulation of deleteriousmutations, or slower accumulation of
favourable mutations, on the proto-Y compared with the proto-X; these have
recently been discussed (Charlesworth & Charlesworth 2000) and will not be
reviewed in detail here. The majority depend on the ‘Hill^Robertson’ e¡ect,
which involves the fact that the increase in frequency of a favourable allele due to
selection at one locus may cause an increase in frequency of a deleterious allele at a
closely linked locus, so that the e⁄cacy of selection is impaired in a non-
recombining genome (Fig. 2 and Table 2). Collectively, these processes can be
regarded as causing a reduction in the e¡ective population size (Ne) of an
evolving Y chromosome, thereby reducing the strength of selection relative to
genetic drift. Given enough time, the functionality of genes on the proto-Y
chromosome is expected to decline relative to that of genes on the proto-X
chromosome (Charlesworth & Charlesworth 2000). The time-scale is likely to be
long; a substantial decline in the ¢tness of the proto-Ymay takemore than amillion
generations, depending on the magnitude of the rate of mutation to deleterious
alleles, the distribution of e¡ects on ¢tness of such mutations and the population
size of the species (Charlesworth & Charlesworth 2000). Y-linked genes that
enhance male ¢tness, and whose functions cannot be supplied by their X-linked
homologues, are likely to resist this process of erosion, since their loss would
have drastic ¢tness consequences (Lahn & Page 1999).
The decline in ¢tness of the proto-Y relative to the proto-X in the heterogametic

sex promotes the evolution of dosage compensation (Charlesworth 1996). This
re£ects the fact that most deleterious mutations have slight e¡ects on ¢tness
when heterozygous; in Drosophila, even so-called recessive lethals have been
shown to reduce the viability of their heterozygous carriers by 1^2% (Crow
1993). Any accumulation of deleterious alleles on the proto-Y chromosome will

212 CHARLESWORTH



therefore reduce the ¢tness of their carriers. There is thus an obvious advantage to
enhancing the activity of genes transcribed from the proto-X, even at the expense
of reducing the activity of their homologues on the proto-Y. Erosion of gene
activity on the Y may therefore partly be an active process of down-regulation. If
the up-regulation of X-linked genes were con¢ned to the heterogametic sex, a
dosage compensation system such as that of Drosophila would evolve, in which
the end-product is a doubling of the rate of transcription of X-linked genes in
males compared with females (Mar|¤ n et al 2000). If, however, up-regulation is
not sex-limited, X-linked activity would be doubled in both sexes, and no
apparent dosage compensation would be observed, as is seemingly the case in
Lepidoptera (Johnson & Turner 1979). This would in turn generate selection for
restoring the level of activity in the homogametic sex to its previous, presumably
optimal, level. This accounts for the systems of dosage compensation in
mammals and C. elegans, which involve inactivation of the X and down-
regulation of X-linked genes, respectively (Charlesworth 1996, Jegalian & Page
1998, Mar|¤ n et al 2000).
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FIG. 2. The Hill^Robertson e¡ect. A and B represent alleles at two di¡erent loci which are
favoured by selection over their alternatives, a and b. If the initial state is ab, and A and B arise
as independent mutations, the ¢ttest combination AB cannot be produced in the absence of
recombination.



Population genetic forces that can lead to the accumulation of repetitive DNA
sequences in non-recombining genomic regions, including Y chromosomes, have
been discussed elsewhere (Charlesworth et al 1994), and will not be considered
further (see Table 3 for summary).

Testing the ideas

There are obvious di⁄culties in studying evolutionary forces that operate over
very long time-scales, especially if more than one of these forces operate. In
addition, advanced Y chromosomes have lost most of their active genes, so that
the opportunity for detecting the signatures of Hill^Robertson e¡ects is
considerably reduced, since there is now a greatly reduced set of loci subject to
selection (Charlesworth & Charlesworth 2000). Species where there are still
many active genes on a predominantly non-recombining Y chromosome, as is
likely to be true of some plant species (Charlesworth & Guttman 1999), are more
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TABLE 2 Evolutionary processes that can lead to reduced levels of adaptation and
variation in a non-recombining genomic region

Hitchhiking by
deleterious
mutations
(background
selection)

A neutral or weakly selected mutation that arises in a large non-
recombining population has a non-zero chance of survival only if it
arises on a chromosome free of strongly deleterious mutations. The
e¡ective population size of a non-recombining chromosome can
therefore be greatly reduced in a large population at equilibrium under
selection and mutation. This accelerates the ¢xation of weakly
deleterious mutations and retards the ¢xation of advantageous
mutations.

Muller’s ratchet This involves the stochastic loss from a ¢nite population of the class of
chromosomes carrying the fewest deleterious mutations. In the absence
of recombination and back mutation, this class of chromosome cannot
be restored. The next best class then replaces it and is in turn lost, in a
process of successive irreversible steps. Each such loss is quickly
followed by ¢xation of a deleterious mutation on the chromosome.

Hitchhiking by
favourable
mutations

The spread of a favourable mutation in a non-recombining genome can
drag to ¢xation any deleteriousmutant alleles initially associatedwith it,
so that successive adaptive substitutions on an evolvingY chromosome
could lead to the ¢xation of deleterious mutations at many loci,
contributing to its degeneration

Mutual interference
among weakly
selected sites

With a very large number of closely linked sites, subject to reversible
mutation between favoured and disfavoured alleles and selection with a
strength of the order of the reciprocal of e¡ective population size, the
mean level of adaptation is strongly reduced in non-recombining
regions.

Source: Charlesworth & Charlesworth (2000).



favourable examples for this purpose. Similarly, systems where a neo-Y/neo-X
chromosome pair has been formed by fusion between an autosome and a sex
chromosome (Fig. 3) o¡er excellent opportunities to study the processes
involved in Y chromosome degeneration, especially in Drosophila where the
absence of crossing over in males automatically ensures that a neo-Y
chromosome is genetically isolated from its partner once it becomes ¢xed in a
species (Charlesworth 1996, Charlesworth & Charlesworth 2000).
One prediction of the evolutionary models is that a newly-formed proto-Y or

neo-Y chromosome which fails to cross over with its homologue X over most or
all of its length will start to exhibit signs of reduced adaptation, which will become
progressively more marked, the greater the age of the system. This prediction is
met in the case of the neo-Y chromosomes that have evolved independently in
di¡erent species of Drosophila (Table 4). The case of D. miranda shows that a high
level of degeneration of Y-linked loci has been accomplished over a period of a few
million generations, despite the fact that DNA sequence variation indicates an
e¡ective population size of approximately one million individuals (Yi &
Charlesworth 2000a, Bachtrog & Charlesworth 2000). In birds, the rate of
substitution of amino acid sequence variants at a locus with Z and W
homologues is faster for the W than the Z copy, as expected if slightly deleterious
variants are accumulating on the Z chromosome (Fridolfsson&Ellegren 2000). A
lower rate of amino acid sequence evolution on theYorWchromosome relative to
X or Z would suggest that the rate of adaptive evolution has been slowed down
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TABLE 3 Evolutionary processes which can lead to the accumulation of repetitive
DNA in non-recombining genomic regions

Tandemly repeated
non-coding
sequences

Unequal crossing over among members of a tandem array can generate
haplotypeswith only one repeat; ¢xation of these by genetic drift results
in loss of repeats. In consequence, long arrays can accumulate only in
genomic regions with little crossing over

Transposable
elements

Ectopic recombination can occur between pairs of homologous elements
in di¡erent locations, generating deleterious chromosome
rearrangements. This may contribute to the containment of the spread
of elements; if this is less e¡ective when meiotic recombination is
infrequent, elements will accumulate in regions of reduced crossing
over.

Muller’s ratchet and/or background selection can also cause the
accumulation of elements in non-recombining regions, if they are
associated with deleterious insertional mutations.

Elements are also less likely to be eliminated by selection against
insertional mutations in regions with low gene density, such as the
Y chromosome or heterochromatin.

Source: Charlesworth et al (1994).



because of its lowerNe (Orr&Kim1998); the gene cyclinB inD.miranda shows this
pattern for the neo-X and neo-Y chromosomes (D. Bachtrog & B. Charlesworth,
unpublished results).
Another prediction is that the extent to which genes on the proto-X or neo-X

chromosome are dosage compensated should parallel the extent of degeneration of
their partner chromosomes, since dosage compensation is postulated to be an
evolved response to Y chromosome degeneration. This is broadly con¢rmed by
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Y-Autosome Fusion

FIG. 3. Evolution of neo-X and neo-Y chromosomes by fusions between autosomes and sex
chromosomes. Only males are indicated; females are homozygous for X and neo-X
chromosomes.



the Drosophila neo-Y chromosomes (Table 4). In particular, there is evidence that
dosage compensation in D. miranda is patchily distributed along the neo-Y
chromosome (Bone & Kuroda 1996, Mar|¤ n et al 2000), as expected from the fact
that only some of the neo-Y linked genes have degenerated. In at least one case, the
evolutionary response to degeneration of a neo-Y-linked gene has involved
duplication of the neo-X linked copy onto another chromosome (Yi &
Charlesworth 2000b). In mammals, Jegalian & Page (1998) studied the
inactivation status in females of a number of X-linked genes in di¡erent species
of mammals, and found that it was closely associated with lack of a homologous
copy on the Y chromosome, consistent with the idea that dosage compensation is
an evolutionary response to a loss-of-function of Y-linked genes.
Since the standing level of neutral genetic variation is determined by the product

ofNe and themutation rate, comparisons of levels of silent polymorphismbetween
X- andY-linked homologues provide a test for the prediction of a reduced e¡ective
population size of the Y chromosome. In the case of D. miranda, there is clear
evidence for such an e¡ect from data on microsatellite loci and DNA sequence
variation (Yi & Charlesworth 2000a, Bachtrog & Charlesworth 2000). Similarly,
a locus on the Y chromosome of the white campion, Silene latifolia, shows about 20
times less variation that its homologue on the X chromosome (Filatov et al 2000).
In contrast, the humanY chromosome,which has very few expressed genes, shows
only a modest reduction in sequence variation (Shen et al 2000, Sachidanandam et
al 2001). The observations on D. miranda and S. latifolia are consistent with the
broader pattern of reduced DNA sequence variation in genomic regions with
low levels of genetic recombination (Charlesworth & Charlesworth 1998).
While it is relatively easy to establish whether or not there is signi¢cantly

reduced variation on evolving Y or neo-Y chromosomes, it is harder to
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TABLE 4 Properties of some neo-X/neo-Y sex chromosome systems inDrosophila

Species
Age of system
(Millions of years)

Extent of
Y degeneration

Extent of dosage
compensation

D. pseudoobscura
(X-autosome fusion)

13 Complete Complete

D.miranda
(Y-autosome fusion)

1 Partial Partial

D. albomicans
(X and Y autosome fusions)

551 None Probably absent

D. americana americana 551 None Absent

Sources: Bachtrog & Charlesworth (2000), Bone & Kuroda (1996), Charlesworth & Charlesworth (2000),
Mar|¤ n et al (2000), Mahesh et al (2001).



distinguish between di¡erent possible causes of such a reduction (Table 2). The
recent spread of an adaptively favourable mutation is expected to eliminate all
selectively neutral or nearly-neutral variation on a non-recombining
chromosome; variants arising after such an event will on average be present
at much lower frequencies than in an equilibrium situation, where genetic
drift has had time to raise some of them to intermediate frequencies. There
should, therefore, be signi¢cant departures from the frequency distribution
expected for a population at statistical equilibrium between genetic drift and
mutation if variability has been reduced by a recent hitchhiking event
(Charlesworth & Charlesworth 2000). There are too few variants on the D.
miranda neo-Y chromosome to allow such a test, but the data on S. latifolia
show no indication of such an event (Filatov et al 2000). Although the other
processes listed in Table 2 can produce a departure from neutrality, their
expected e¡ects are generally smaller than that of hitchhiking events. A
consistent failure to detect departures from neutral frequency distributions
would therefore seem to rule out hitchhiking as a cause of Y chromosome
degeneration. Other features of DNA sequence variation that might help to
discriminate between the various processes are discussed by Charlesworth &
Charlesworth (2000). There is plenty of scope for further work in this area.
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DISCUSSION

Graves: I am intrigued by the degeneration of the Y chromosome with the
evolution of dosage compensation. Is it clear from the Drosophila data which
comes ¢rst? In mammals we have always assumed that if you degenerate the Y
then the X has to run to catch up. But if X inactivation spreads from inactive
regions to non-inactive regions it could actually be quite the opposite� that you
are inactivating parts of the X chromosome and the Y has to catch up.
Charlesworth: It is di⁄cult to see how that could be a selective advantage to the

evolution of dosage compensation without the decline and fall of the Y
chromosome. In the standard model, as genes fall apart on the Y chromosome, it
pays to up-regulate their counterparts on theXchromosome.This, of course, is the
way it works in Drosophila. It is quite interesting that the same molecules that are
involved in dosage compensation in the D. melanogaster X chromosome are
involved in the other species, and also in cases of dosage compensation of the
neo-X chromosome. There has been some nice work using antibodies to label
the male-speci¢c lethal genes to demonstrate this. The neo-sex chromosome
systems are evolving dosage compensation by co-opting the same mechanisms
used for the regular X chromosome. This makes sense, but exactly how this is
happening is an interesting question. The mammalian and C. elegans systems are
nuts when you start to think about it from this perspective, because what is
taking place is the down-regulation of genes in females. The only sensible
explanation for that, which I proposed a long time ago, is that dosage
compensation initially evolved in a similar way to the situation in Drosophila, but
that it was not male speci¢c. Thus, the X chromosome was up-regulated in both
sexes. Then, of course, it pays for you to restore X chromosome activity in females
back to a regular level. This is a secondary evolutionary response to what went on
in response to the decline of theY chromosome. This ismy hypothesis, but it is not
easy to test. There was one example published a few years ago about a gene that has
been transposed in one species of mouse from the X chromosome to an autosome,
and seems to be up-regulated on the X chromosome (Adler et al 1997). This is
consistent with the prediction of my model.
Graves: Are there any other examples in Drosophila of mismatches: genes that

have degenerated on the Y but are not yet dosage compensated on the X?
Charlesworth: We don’t know enough about this. The studies that have been

done have been very broad, looking at dosage compensation either in terms of
radioactive labelling of mRNA in polytene chromosomes, or in terms of the
binding of the male-speci¢c lethal gene products. So we can’t really say that there
is a one-to-one relationship.
Wilkins: I have a somewhat fuzzy and perhaps na|« ve question. Might the

patterns of degeneration on the Y be expected to be di¡erent in systems where
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the key sex determinant is on theY, as inmammals, versuswhere it is on theX, as in
Drosophila? From a population genetic standpoint would you expect di¡erences?
Charlesworth: I suspect that theDrosophila orC. elegans system, where there is this

X/autosome balance control of sex determination, almost certainly has to be a
secondary evolution. I ¢nd it di⁄cult to imagine that this was a starting point for
sex determination, in modelling the evolution of a sex determination system from
an initial hermaphrodite or ESD ancestor. You can make some tinker toy models
showing how you get from a male-determining system to an X/autosome system,
but I’m not sure I believe them.
Graves: Would you expect it to be the same with a Z and W system? If you

compare birds and mammals, would you expect the evolutionary forces on the W
to be analogous to those on the Y?
Charlesworth:There’s no reasonwhy there should bemuch di¡erence. It has been

argued that there is no dosage compensation in birds or butter£ies, but there has
recently been some evidence suggesting bird dosage compensation. I still think
there is no evidence for this in butter£ies.
Mittwoch: I have never really understood why all this interference with crossing

over is needed, andwhy sex chromosomes are needed at all. If sex is determinedby a
single gene all that would seem to be necessary is to have a recessive allele in
homozygous form and a dominant allele in heterozygous form. This would give
a permanent backcross and a 1:1 ratio. Is the evolution of sex chromosomes due to
the fact that sex is determined by more than one gene?
Charlesworth: Yes, that is almost certainly the explanation. Even if it was just a

single switch gene, there would also be the secondary phenomenon of the
accumulation of other genes that are favourable in one sex and unfavourable in
the other. I mentioned very brie£y the guppy example, which was ¢rst pointed
out by Fisher in 1931. In the guppy there are a number of loci that confer bright
colours which are advantageous to the male for sexual selection purposes but
clearly disadvantageous to females because they attract predators. Lots of
experimental work has validated this, and the bright coloured genes are closely
linked with the sex-determining locus. There are bright alleles in males and dull
alleles in females, which is what you want. Even if you have a single factor
system, it is likely that by adding on these re¢nements�genes that are bene¢cial
in one sex and disadvantageous in another�you can end upwith a suppression of
crossing overwhich spreads. There is nothing inevitable about all of this, and there
are plenty of examples where the sex-determining region is either very small or
apparently a single gene. But my suspicion is that even in the single gene cases, if
you look closely you might ¢nd a male and a female locus.
Short: Could you speculate about the relative advantages of male versus female

heterogamety? This intrigues me because it seems that there is increasing
conformation of Haldane’s idea that the testis, not the ovary, is the prime
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hotspot for germline mutation (Short 1997). If the testis is the site where most of
the germline mutations are occurring, is it an advantage to have a homogametic
testis with a pair of like sex chromosomes as in birds, or is it an advantage to have a
heterogametic testis as in mammals, where the Y-linked genes may be subjected to
high rates of mutation?
Charlesworth:The highermutation rate in themale germline has been established

reasonably clearly for mammals and birds. It is not clear that it operates in lower
vertebrates, and it certainly doesn’t seem to apply to Drosophila. My guess is that
the evolution of female versus male heterogamety in vertebrates is largely an
accident: if you are evolving from ESD, it doesn’t really matter whether your
¢rst mutation is a dominant mutation which causes you to develop as males or as
females independently of the environment. In order to get to a state where you
have sex chromosomes, you either have a ¢rst dominant mutation and then a
second recessive mutation, or the other way round. I don’t think it makes much
di¡erence. The fact that there is roughly 1:1 evolution of male versus female
heterogamety in vertebrates illustrates that it is just a random happenstance of
what mutation occurs ¢rst. I can’t see that the mutation rate could have any
in£uence on this.
Short:The only thing I can think of is that if you are a eutherianmammal and you

have your sex-determining genes on the Y chromosome, they never escape from a
testis and so are blasted by a high rate of mutagenesis. Perhaps the Y chromosome
can’t survive very long because it is in too much of a hotspot. In contrast, if you
have the avian system,where theW is con¢ned to the ovary, it might survivemuch
longer.
Charlesworth: If you imagine the accumulation of deleterious mutations, it will

go faster if the mutation rate is higher. I wouldn’t think the di¡erence in mutation
rate is necessarily so big that it is going to have an enormous e¡ect. It is still
controversial whether in rodents there is a very large male versus female germline
mutation rate di¡erence. It has been argued that the major e¡ect is that there is a
lowermutation rate forX-linked genes comparedwith autosomal genes, and that it
is not primarily a sex-speci¢c di¡erence. This may have something to do with
generation time. If there is a long generation time this means more time to
accumulate mutations in the male germline.
Graves: Is there any reason that you can’t go directly frommale heterogamety to

a female heterogamety system?
Charlesworth: You can. In Bull’s book there is a model of a single switch

mutation that would allow you to do this (Bull 1983).
Graves: For instance, if we are thinking about mole voles and where they are

going, it is assumed that they have evolved some other male heterogamety
system. I can’t see any reason to suppose that this is the case. It could equally well
be female heterogamety.
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Charlesworth: You can devise a scheme involving a modi¢er gene that will be
essentially selectively neutral. I think there can be problems if you have YY
homozygote individuals dying o¡ unless you have reproductive compensation.
This presumably exists in these mole voles, because they are producing 0/0
embryos.
Wilkins: To go back to Jenny’s question: in the work that Rolf N˛thiger,

Andrew Pomiankowski and I are doing on the evolution of the Drosophila sex
determination pathway, the scheme that we have developed involves a sequence
of switches frommale heterogamety to female heterogemety. These are single gene
changes.
Short: I was intrigued that you referred to the wood lemming and its 9:3

female:male sex ratio. I suppose one assumes that this is an adaptive advantage
for an animal living in such a highly unpredictable palaearctic environment,
where there can be massive die-o¡s and there is a need for more females to
replenish the population. Is this the explanation?
Charlesworth: No, the explanation has to do with a sel¢sh genetic advantage.

The wood lemming case involves directed non-disjunction, so the modi¢ed
X chromosome actually replicates itself more successfully. Bengtsson (1977)
showed that if you make a simple genetic model incorporating this, you
predict the observed sex ratio from the population dynamics. It is not
in any sense adaptive, except from the point of view of the X chromosome
itself.
Short: Is this still thought to be because of an X-linked Y suppressor?
Graves: As far as I know. I don’t think anyone has found out what that

suppressor is. It is not Zfy orDax1�maybe it’s Sox3?
Short: How about these other palaearctic lemmings, such asDicrostonyx, which

appear to be approaching the wood lemming in terms of a skewing of the primary
sex ratio: is there not some adaptive advantage if you are living in an extreme
environment in breaking Fisher’s law and not having a 1:1 sex ratio?
Charlesworth:You are getting into the heresy of group selection, suggesting that

selection acts at the level of the species and not the individual. That’s against my
religion! It is rather the odd that the cricetid rodents seem to go in for bizarre sex
mechanisms. I have no ideawhy this should be. There is one systemwhere there are
XX females and XXmales.
Graves: I suspect that they are not independent. There are six di¡erent systems in

some of the old world akodont rodents, but I really wonder whether they are all
that di¡erent. I think there is probably some precondition that is making it much
less stable�perhaps there has been an inversion so that Sry is now at themercy of a
position e¡ect.
Short: Brian, if you could wave a magic wand, would you have everyone in this

room still read Fisher’s Genetical theory of natural selection (1930)?
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Charlesworth:Theymightwant to do some skipping! It is amazing the number of
insights that Fisher had. However, it has been recently pointed out that his idea on
the evolution of the sex ratiowas actually published by aGerman author in the 19th
century. It is not at all clear that Fisher intended his description of the argument for
the 1:1 sex ratio to be taken as original. Fisherwas notorious for failing to cite other
people’s work, so it may be that we are wrongly assigning this to Fisher.
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Themolecular genetic jigsaw puzzle

of vertebrate sex determination and

its missing pieces

Gerd Scherer

Institute of Human Genetics and Anthropology, University of Freiburg, Breisacherstrasse 33,
D-79106 Freiburg, Germany

Abstract. Since the identi¢cation of SRY as the mammalian Y-chromosomal testis-
determining gene a decade ago, more than a dozen additional genes essential for early
gonadal development in mammals and other vertebrate classes have been identi¢ed.
The location of these known pieces of the puzzle in the sex determination pathway, and
how they interact, is brie£y outlined. Two insights emerge: except for SRY, the same
basic set of genes appears to operate during early gonadal development in all vertebrate
classes, despite the di¡erence in mechanisms; and vertebrate sex determination results
from a complex network of regulatory interactions and not from a simple hierarchical
cascade of gene actions. However, important pieces of the puzzle are still missing, such
as the molecular nature of the sex switch inmarsupials, monotremes and non-mammalian
vertebrates; the target of SRY; the upstream regulators of SOX9; and the genes in the
ovarian pathway. The enigma of SRY-positive XY gonadal dysgenesis females and
SRY-negative XX males also indicates that the picture is still far from complete. Filling
in these missing pieces is the challenge for the future.

2002 The genetics and biology of sex determination. Wiley, Chichester (Novartis Foundation
Symposium 244) p 225^239

Pieces we have

The era of themolecular genetics ofmammalian sex determination started o¡ about
a decade ago with the long-awaited identi¢cation of the Y-chromosomal testis-
determining gene, SRY1 (Sinclair et al 1990, Koopman et al 1991). With this
initial switch in hand, expectations were high that progress would be rapid to
unravel the gene cascade leading from the bipotential gonad to testicular
organogenesis. Contrary to these early hopes, progress was rather slow.
Nevertheless, positional cloning strategies, analysis of human sex reversal
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syndromes, and characterization of mouse knockout mutants resulted over the
years in a growing list of genes and molecules implicated in vertebrate sex
determination and early gonadal development (Table 1). By 1995, the list had
grown to six genes, all encoding transcription factors: WT1, SF1 and
LHX1(LIM1) being essential for the formation of the bipotential gonad from
the urogenital ridge, SOX9 joining SRY as a testis-determining factor, and
DAX1 as an ‘anti-testis’ gene antagonizing SRY action. By early 2001, a further
eight genes had been added to this list, which now contains over a dozen entries.
These newcomers include still more genes for transcription factors, a gene
(VNN1 [Vanin1]) encoding a cell surface molecule, and FGF9 andWNT4, the
¢rst genes encoding signalling molecules.
With our increasing knowledge of the players involved, the diagrams placing

them at their respective positions in the sex determination pathway have become
ever more complex. Initially only SRY could be drawn in splendid isolation at the
root of the testicular pathway, and by the mid 1990s the picture was still
comparatively simple with the then known half a dozen players (e.g. see
Ramkissoon & Goodfellow 1996). But now this picture is signi¢cantly more
elaborate. One attempt to put the pieces of the jigsaw puzzle together in a
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TABLE 1 Genes in mammalian sex determination and early
gonadal di¡erentiation known at the year indicated

1990 1995 2001

SRY SRY SRY

WT1 WT1

SF1 SF1

DAX1 DAX1

SOX9 SOX9

LHX1(LIM1) LHX1(LIM1)

EMX2

DMRT1

M33

GATA4

LHX9

VNN1

FGF9

WNT4

Genes are listed chronologically, in the order of their ¢rst implication in sex
determination during the time intervals 1991^1995 and 1996^2001. For references,
see Koopman (2001) and text.



diagram showing the cellular andmolecular interactions during gonadal induction
and early di¡erentiation is shown in Fig. 1 (for reviews, see Swain&Lovell-Badge
1999, Capel 2000, Koopman 2001). In addition to SF1,WT1 and LHX1(LIM1)
mentioned above, two more genes have been identi¢ed, in homozygous null
mutant mice, as essential for the formation of the bipotential gonad: EMX2 and
LHX9 (Birk et al 2000). The pathway from the supporting cell precursors to
functional Sertoli cells is dependent on the proper action of the ¢ve transcription
factor genes SRY, SOX9,WT1,DMRT1 andM33. Mutation in or deletion of any
of these genes results in abortive ovary development inXY individuals and in non-
functional streak gonads. In addition, recent work implicates the signalling
molecule FGF9 in Sertoli cell di¡erentiation (Colvin et al 2001). The action of
SRY as the most upstream regulator of the Sertolian pathway is antagonized, in
an as yet unknown manner, by DAX1, since a double or higher dose of DAX1
causes XY sex reversal in humans and mice. DAX1 expression itself is up-
regulated by SF1 and, as most recently shown, by the WNT4 signalling molecule
(Jordan et al 2001, Suzuki et al 2002, this volume). Interestingly, theWNT4 locus
is included in the partial 1p duplication in a humanXY sex reversal case, in striking
parallel to the dosage-sensitive XY sex reversal seen with DAX1 (Jordan et al
2001).
The ¢rst sign of Sertoli cell function is the secretion of anti-Mˇllerian hormone

(AMH, also known as Mˇllerian-inhibiting substance, MIS) that causes the
regression of the Mˇllerian ducts. Five transcription factors are known to
regulate AMH expression, four in a positive manner (SOX9, SF1, WT1 and
GATA4) and one in a negative manner (DAX1). Whereas SOX9, SF1 and
GATA4 act by binding to target sites in the AMH promoter, WT1 acts as a
stimulating cofactor by protein^protein interaction with SF1. The negative
action of DAX1 also occurs by protein^protein interaction with SF1, interfering
with SF1^WT1 heterodimerization, and by recruitment of the co-repressor NcoR
(Goodfellow & Camerino 2001). The transcription factor binding sites in the
AMH promoter are not only de¢ned by in vitro binding studies, but also by
elegant in vivo studies in mice (Arango et al 1999). AMH is thus the best
understood target gene in early gonadal di¡erentiation in terms of its regulation;
a success story due in part to the comfortably small size of theAMH promoter of
only a few hundred base pairs, making the de¢nition of functional transcription
factor binding sites relatively easy.
Figure 1 reveals that several genes act at multiple steps in the pathway, serving

di¡erent functions. As an example, SF1 function is needed at four steps: for
formation of the bipotential gonad, for up-regulation of DAX1, for AMH
expression in Sertoli cells, and for production of testosterone in Leydig cells, the
second essential embryonic testicular hormone, needed for di¡erentiation of the
Wol⁄an ducts. In addition to their roles in Sertoli cell di¡erentiation,
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homozygous nullmutantmice have revealed a role for bothDAX1 andDMRT1 in
spermatogenesis (Yu et al 1998, Raymond et al 2000). And, as the likely cause for its
involvement in Sertoli cell development, FGF9 can directly or indirectly induce
migration of mesonephric cells into XY gonads, which contribute to the
interstitial cell population, including peritubular myoid cells that stimulate
Sertoli cell di¡erentiation (Colvin et al 2001). A similar role in mesonephric cell
migration is attributed to VNN1 (Grimmond et al 2000, Koopman et al 2002,
this volume).
The diagram in Fig. 1 summarizes gene action at early steps in gonadal

development as it applies to placental mammals. The identi¢cation of these
mammalian sex determination/di¡erentiation genes has fostered comparative
studies in the non-mammalian classes of vertebrates. These studies have revealed
conservation of gene and protein structure and, to a large extent, of expression
pro¢les for most of the genes such as WT1, SF1, SOX9, DAX1 and DMRT1,
indicating that the same basic set of genes operates during early gonadal
development throughout the vertebrate phylum. One exception stands out:
SRY, which is found only in placental mammals and marsupials. Another
notable di¡erence concerns the order of SOX9 andAMH transcription. Whereas
SOX9 is expressed before AMH in mouse and human, this order is reversed in
chicken and alligator, questioning the role of SOX9 as a Sertoli cell-inducing
factor in birds and reptiles (Sinclair et al 2002, this volume).

Missing pieces

The molecular nature of the sex switch in marsupials,
monotremes and non-mammalian vertebrates

SRY is ¢rmly established as the switch in sex determination in placental mammals.
What do we know about the molecular nature of this switch in non-placental
mammals and in the other vertebrate classes? The answer is simple: almost
nothing (Table 2). Although SRY is present in marsupials, and is even located
on the Y chromosome, its sex-determining function is uncertain. A better
candidate testis-determining gene for this group of mammals than the
ubiquitously expressed SRY gene is ATRY, which is only expressed in
developing and adult testis (Pask et al 2000). IfATRY could also be shown to be
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FIG. 1:3(Opposite). Gene action and cellular interactions during mammalian gonadal
induction and early di¡erentiation. Pathways of cellular di¡erentiation and/or migration are
indicated by thin black arrows, biosynthetic pathways by thick black arrows, and hormonal or
unknown signalling pathways by dashed arrows. E¡ector genes or gene products are shown in
boxes. DHT, dihydrotestosterone. Modi¢ed from Koopman (2001).



present on the Y in monotremes, which lack SRY, it would represent a testis-
determining candidate in this lineage as well.
Likemammals, birds also have a genetic sex-determiningmechanism, but here it

is the female that is the heterogametic sex (ZW), whereas the male is the
homogametic sex (ZZ). It is still undecided whether avian sex determination is
due to a dominantly acting ovary-determining gene on the W chromosome, or
due to a dosage mechanism, where the interaction of an autosomal factor with a
single dose (ZW) or a double dose (ZZ) of a Z-linked gene product would decide
the fate of the developing gonad.No candidate gene for the dominantmodel has so
far been identi¢ed on the W chromosome. However, DMRT1 has emerged as an
attractive ‘dosage candidate’, asmember of a group of genes showing conservation
of synteny between human chromosome 9 and the avian Z chromosome (Nanda et
al 2000). What makes DMRT1 attractive as a candidate avian sex-determining
gene, besides its Z location, is the fact that it is expressed much more strongly in
the male than in the female chick gonad (Sinclair 2002, this volume), and that it
appears to act in a dosage-dependent manner in humans, where monosomy for the
9p region including DMRT1 causes sex reversal. It still needs to be shown,
however, that avianDMRT1 is not subject to dosage compensation. Although it
was widely accepted that dosage compensation does not occur in birds, six out of
nineZ-linked genes analysed recently did showdosage compensation (McQueen et
al 2001).
Reptiles, amphibians and ¢sh show genotypic sex determination (GSD) of both

the XX/XY and ZZ/ZW type as well as environmental sex determination (ESD)
such as temperature-dependent sex determination (TSD). In ¢sh, even social
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TABLE 2 The molecular nature of the sex switch in the di¡erent vertebrate classes

Class or subclass Molecular switch

Placental mammals SRY

Marsupials SRY?ATRY?

GSD Monotremes ?

Birds DMRT1 on Z chromosome?

Ovary-determining gene on W
chromosome?

Reptiles TSD: HSP^oestrogen receptor
interaction?ESD

Amphibians ?

Fish ?

GSD, genetic sex determination; ESD, environmental sex determination; TSD, temperature-dependent sex
determination; HSP, heat shock protein.



factors can in£uence gonadal di¡erentiation (Fernald 2002, this volume). In these
classes of vertebrates, as in birds, but not inmammals, gonadal development is also
under the in£uence of sex steroids. The nature of the molecular switch in sex
determination is still elusive in all of these vertebrates, be it a species with GSD
or with ESD. An interesting hypothesis to explain how TSD in reptiles could
work has been formulated by Pieau who speculates that temperature could be
implicated in the dissociation of heat shock proteins from the oestrogen^
oestrogen receptor complex, which is then activated to induce aromatase gene
expression and ovary development (Pieau 1996).

The direct target(s) of SRY

SRY is a member of the HMG domain family of transcription factors that are
DNA-binding and bending proteins. Its most likely mode of action is therefore
that of a transcriptional regulator, binding to a recognition sequence in the
promoter of a downstream target gene. Although much has been learned about
the in vitro target sequence speci¢city of SRY, the physicochemistry of DNA
bending by normal and mutant SRY proteins, and the three-dimensional
structure of its HMG domain complexed with DNA, de¢nitive evidence as to
which gene or genes are its direct in vivo target(s) is still missing. In vitro and
transfection studies that focussed on the DNA-binding speci¢city of SRY had
implicated a number of target genes, includingAMH, but these early reports did
not stand the test of time. From our present perspective, SOX9, FGF9 and
VNN1 are attractive candidates as SRY targets, as they are already expressed in
the developing XY gonad at the Sertoli cell commitment stage when SRY is
expressed. Clearly, the de¢nitive proof for an SRY target is eagerly awaited and
would ¢ll in a major piece in the puzzle. It will then be interesting to see whether
SRY acts on that target gene as an activator or as a repressor, as implicated in the
double repressor model of sex determination (McElreavey et al 1993).

Upstream regulation of SOX9

The complete XY sex reversal caused by SOX9 mutations in human, the
expression pro¢le during early gonadal development in mammalian and non-
mammalian vertebrates, and the strong evolutionary conservation, assign SOX9
a central role in vertebrate testis development. Elucidation of the upstream
regulation of SOX9 is thus a central issue. Unfortunately, the identi¢cation of
regulatory elements in the SOX9 promoter is somewhat more demanding than
the de¢nition of such elements in the AMH promoter, for example, because the
SOX9 5’ control region extends over more than 1Mb (Pfeifer et al 1999).

THE JIGSAW PUZZLE OF VERTEBRATE SEX DETERMINATION 231



Present evidence indicates that gonadal SOX9 expression is under the control of
at least three regulatory elements. One is an element for low-level expression in the
genital ridge of both sexes, active at E10.5 during mouse development (Morais da
Silva et al 1996). Neither the location of this genital ridge enhancer, nor the factor
which binds to it, are known. A regulatory element that mediates shut-o¡ of Sox9
expression at about E11.5 in wild-type XX fetal gonads was revealed by Bishop
et al (2000)whoobserved up-regulated Sox9 expression in fetal gonads ofXXmice
carrying a 150 kb deletion caused by a transgene insertion *1Mb upstream of
Sox9, leading to dominant XX sex reversal. Under the double repressor model,
an unknown repressor (DAX1?) would bind to this element; a binding which is
antagonized by SRY. As a third regulatory element, a late enhancer must exist that
assures up-regulation of Sox9 expression after E11.5, when Sry has been switched
o¡. This up-regulation might be brought about by SOX9 itself, acting on its own
promoter in an autoregulatory loop (Swain & Lovell-Badge 1999).
My laboratory has used a comparative genomics approach to identify candidate

regulatory elements for SOX9 by way of sequence conservation during evolution,
comparing the ¢nished 2Mb 5’ intergenic sequence of human SOX9with the 68 kb
5’ intergenic sequence of the pu¡er ¢sh Fugu rubripes. This has led to the
identi¢cation of ¢ve conserved sequence blocks of about 100 bp each, with 67^
80% sequence identity, arranged in the same order and orientation in both
species. In human, these sequence elements, labelled E1^E5, are at 28, 87, 251,
261 and 290 kb 5’ to SOX9 (Bagheri-Fam et al 2001). A mouse line carrying a
transgene construct with the distant elements E3^E5 placed in front of a 200 bp
mouse Sox9 proximal promoter fragment driving a lacZ reporter gene showed
lacZ expression in E13.5 testis in a testicular cord-like fashion, besides expression
in some chondrogenic areas, while a similar construct with the proximal elements
E1+E2 showed no testis expression (S. Bagheri-Fam, M. Mallo & G. Scherer,
unpublished work 2001). If con¢rmed by independent transgenic lines to rule
out position e¡ects, this result could indicate that the late gonadal SOX9
enhancer is represented by one (or more) of the three distal elements E3^E5.
Interestingly, both E3 and E5 contain one SOX consensus binding sequence.

Human sex reversal syndromes

Through positional cloning, human sex-reversal syndromes have led the way to
the identi¢cation of several important genes in the sex-determination pathway
such as SRY, SOX9, DAX1 and DMRT1. Table 3 lists a number of syndromes
with associated defects in gonadal and/or genital development where the causative
gene has not yet been identi¢ed. Although complete XY sex reversal with gonadal
dysgenesis is documented in only a few of these syndromes, it should be
remembered that mutations in genes in the gonadal pathway such as WT1 and
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SOX9 can show pleiotropy, also leading to defects in genital development, and
sometimes only genital development is disturbed in the absence of apparent
gonadal defects. The identi¢cation of the causative gene in one or the other of
the syndromes from Table 3 could thus unravel one of the missing pieces. In fact,
in the case of 1p+ duplications, WNT4 has just been described as a candidate for
this form of dosage-sensitive sex reversal (Jordan et al 2001).
The strongest indication that important pieces of the jigsaw puzzle of sex

determination are still missing comes from the unexplained cases of the
following three categories of human sex reversal, where the primary defect is
restricted to gonadal development: XY gonadal dysgenesis (XY GD), XX
maleness, and XX or XY true hermaphroditism. Some 10^15% of XY GD
females result from SRY open reading frame mutations, another 10^15% from
SRY deletions due to aberrant X^Y interchange during paternal meiosis, while
the remaining 70^80% are a complete mystery (see Scherer et al 1998). Several
studies with large cohorts of SRY-positive XY GD females have failed to
identify mutations in SOX9 andWT1 or duplication of DAX1 (see references in
Scherer et al 1998), or mutations in DMRT1 or DMRT2 (Raymond et al 1999).
Likewise, only 80^90% of XX males are SRY-positive, as the mirror-image
outcome of aberrant paternal X^Y interchange, while the remaining 10^20% are
unexplained, except for one XX sex reversal case resulting from a partial 17q
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TABLE 3 Human syndromes with associated partial or complete sex reversal

Syndrome
MIMNo. or
Reference Location

Gonadal/Genital
phenotype

ATR-16 141750 16p13.3 hypospadias, CO

Fraser 219000 ? hypospadias, CO

Genitopalatocardiac 231060 ? GD, hypospadias

Male pseudohermaphroditism,
Verloes type

600122 ? Severe GA

Meckel type 1 249000 17q22-q23 CO, GA

Robinow 180700 ? CO, GA

SCARF 312830 X GA

Spastic paraplegia, optic atrophy,
microcephaly, XY sex reversal

603117 ? GD

1p+ Jordan et al 2001 1p22-p35 GD, hypospadias,
CO, GA

10q� Wilkie et al 1993 10q25-q26 hypospadias, CO,
GA

CO, cryptorchidism; GA, genital anomalies (ambiguous genitalia, micropenis); GD, XY gonadal
dysgenesis.



duplication that includes the SOX9 locus (Huang et al 1999). And the true
hermaphrodites? Only a handful of XX true hermaphrodites have been shown to
be SRY-positive, and there is a single report of an XY true hermaphrodite
resulting from a gonadal mosaic of cells with normal or mutant SRY (Braun et al
1993). The great majority of XX and XY true hermaphrodites still await a
molecular explanation.
How could one ¢nd the culprit(s) in these unexplained human sex reversal cases?

Mutation screens in newly described genes in the gonadal pathway such as FGF9
or WNT4 avail themselves, but the failures with SOX9, WT1, DAX1 and
DMRT1 and 2 are a warning. Linkage analyses in familial XX or XY sex
reversal could be performed, but such families are extremely rare, the
overwhelming majority of the cases being sporadic. In view of the dosage-
sensitive nature of human sex determination, submicroscopic de novo deletions or
duplications could be sought for on a genome-wide basis, using comparative
genomic hybridization on DNA microarrays that may become available in the
near future. Finally, the mouse could come to rescue. The large-scale ENU
(ethylnitrosurea) mutagenesis screens in mice currently underway at several
centres can be used to screen for XY sex reversal phenotypes (Soewarto et al
2000) and to uncover as yet unknown genes.

The ovarian pathway

Contrary to the testicular pathway, the ovarian pathway is essentially uncharted
terrain. Attempts to identify female-speci¢c transcripts in developing mouse fetal
gonads (Grimmond et al 2000, Koopman et al 2002, this volume) hold some
promise to lead to some of the elusive genes involved in early ovarian
organogenesis and follicle cell formation.

Concluding remark

On looking back at the state of the ¢eld about a decade ago, with SRY as the single
piece of the jigsaw puzzle of mammalian sex determination in our hands, and at the
more than a dozen pieces we now have, it becomes apparent that we have come
quite some way, not only in mammalian sex determination but also in sex
determination in the other vertebrate classes. However, there is still some way to
go until we have all of the missing pieces and understand how they ¢t together.
Filling in these missing pieces is the challenge for the future.
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DISCUSSION

Harley:Did you say there was an ENU screen in Munich for XY females?
Scherer: It is a general ENU mutagenesis screen, and one of the parameters they

are testing is to look speci¢cally for XY sex reversal.
Lovell-Badge:Do you plan to look at mutations in human XX male patients for

SOX3?
Sinclair:We tried to ¢nd some, but were unsuccessful.
Vilain:We have looked in ¢ve XXmales for SOX3 and found nothing.
Wilkins: Some fraction of the mysterious cases that Gerd Scherer mentioned of

XY females and XXmales that could not be traced to particular mutations may be
so-called epigenetic cases: with stochastic switching o¡ of key genes during
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development. Many of these genes have to be expressed with speci¢c timing. If
there are methylation events or similar phenomena that could cause temporary
blockages in expression, this might produce some of these conditions. They
wouldn’t show up as mutations because they are developmental ‘accidents’ at the
chromatin level. It is hard to prove this, unfortunately, but it is a possibility.
Mittwoch: Can you give an estimate of the relative proportions of unexplained

XY females and XXmales?
Scherer: I have searchedmany times for incidence rates ofXYgonadal dysgenesis

without success. My estimate is about 1 in 20 000, which would be the XX male
¢gure. If this is true, then there are more unexplained XY females than XXmales.
The majority of XXmales are SRY-positive.
Burgoyne: Roger Short, what is the latest on horses? Mary-Jo Kent has some

pedigrees that involve X-linked mutations and sex reversal.
Short: They still seem to be a mystery. What is fascinating about horses is there

are such excellent pedigrees. Clearly there are now a number of stallions that have a
highly signi¢cantly skewed sex ratio in their progeny. This was how Mary-Jo
picked up the ¢rst intersex cases, which were the o¡spring of an Arab stallion
producing an excess of phenotypic female progeny. Many of these females were
favoured in the show ring because they looked rather male-like, with big crests.
Mary-Jo discovered that these mares had very large clitorises and ovotestes, and
when she karyotyped them they were all XY. She was then sued by the owner
of the stallion for defamation! We still do not know the cause of this XY sex
reversal.
Harley: I have a question about your 5’ regulatory SOX9 transgenics. How does

this sequence relate to Andreas Schedl’s study of his yeast arti¢cial chromosome
(YAC) transgenics?
Scherer: It is discordant. We didn’t expect to see expression in the testis.
Schedl: I was also surprised by our results. You have to keep inmind thatwe used

the human sequence, andwith ourYAC transgenicswe didn’t see any expression in
the gonads. We thought that this might be due to the fact that we were using
human constructs in the mouse.
Scherer:This is why I was a little bit cautious when I presented these data. This is

what we see; we have three other lines with the same construct and we will have to
check that it is not a position e¡ect. Unlike you, we used the mouse promoter and
used the elements in complete isolation. Remember that Robin Lovell-Badge has
had testis-speci¢c expression with his Sox9 bacterial arti¢cial chromosome
transgenics.
Lovell-Badge: We used less; only up to 70 kb. We shouldn’t have seen those

elements.
Harley: That suggests the existence of suppressors outside the 5’ region.
Lovell-Badge:Did you look in other tissues as well?
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Scherer: Yes, there was not much expression in the prospective skeleton. We
were a little surprised by this. There was much more expression with the E1/2
construct. There was no expression in the brain, which we see with E1/2.
Strangely enough, there was expression in the interdigits.
Zarkower:Could you elaborate on your concern about dosage compensation and

the lack of dosage compensation of DMRT1 in birds? I am not sure I fully
understand this. There is a dosage di¡erence in the gene between the two sexes,
and there is an expression di¡erence. At face value, this means the gene is not
dosage compensated.
Scherer: This has not been studied.DMRT1 expression has not been quanti¢ed

in birds yet. There was one recent paper showing that there is dosage
compensation, contrary to expectations, for six of the nine genes that have been
studied by quantitative PCR, but DMRT1 could not be analysed (McQueen et al
2001).
Zarkower: So you wouldn’t take the di¡erence in strength of in situ

hybridizations as an indication of expression strength.
I would have thought that ifDMRT1 were dosage compensated, its expression

would appear equivalent in the two sexes. At any rate,DMRT1has been examined
in the chicken by another group using northern blots, andZZmales are reported to
have twice the expression of ZW females.
Graves: It wouldn’t make any sense if it were dosage compensated. You would

expect it to escape.
Lovell-Badge: I thinkwhat David Zarkower is saying is that there is clearly a high

level of DMRT1 expression in males versus females, but this is not a formal
argument to say that it is escaping dosage compensation.
Green¢eld: That could be the action of a gonadal ridge enhancer.
Zarkower: It almost becomes a semantic point. If something escapes dosage

compensation by virtue of some unde¢ned mechanism (and we don’t yet know
what the mechanism of dosage compensation in the chick is), then it is not
dosage compensated. The mechanism doesn’t a¡ect the argument.
Lovell-Badge: You haven’t distinguished between more expression from one

allele, or expression from both.
Zarkower: I don’t see the point, because dosage compensation canwork either by

chromosomal inactivation or by di¡erential transcription initiation o¡ both alleles,
which is what happens in £ies and worms. Without knowing what the mechanism
is, you can’t say much.
Lovell-Badge: This would be a di¡erent mechanism from the other genes that

have been looked at.
Graves: That wouldn’t be clear. You are just measuring it with PCR.
Scherer: In the study I’m referring to (McQueen et al 2001), they looked at the

expression of several autosomal genes as a control, and correlated this with the
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expression levels of Z-linked genes from male and female embryos. It was the
relative expression of Z-linked genes from males versus females normalized for
the expression from autosomal genes that was measured.
Graves:The ratioswere between 0.7 and 1.4, but nothing like 2, except for one of

the genes that was involved in chromatin packaging. One doesn’t know whether
this is a di¡erence in regulation or a dosage compensation.
Behringer: IsFugu Sox9 expressed in testis?
Scherer: I’m not aware of any data on this. There is a report showing that SOX9 is

expressed in trout testis (Takamatsu et al 1997). In zebra¢sh, only one of the two
Sox9 genes, Sox9a, is expressed in the testis, whereas Sox9b is expressed in the
ovary (Chiang et al 2001).
Koopman: Have you hooked up the Fugu Sox9 upstream region to lacZ and put

this into transgenic mice?
Scherer:We’d like to do this, but we haven’t been able to yet.
Harley:How far away from Sox9 are the conserved elements in Fugu?
Scherer: The compression factor in the 5’ £anking region is almost exactly a

factor of 17. Each element that is separated by a particular distance in human is
17 times closer in Fugu. For example, the 290 kb element is around 18 kb away.
Harley:Did you pick up Sox8 and Sox10 in Fugu?
Scherer: I think we got some positives in the screen, but we are trying to

concentrate on the Sox9 region.
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Expression-based strategies for

discovery of genes involved in testis

and ovary development

Peter Koopman, Monica Bullejos, Kelly Lo¥er and Josephine Bowles

Institute for Molecular Bioscience, The University of Queensland, Brisbane, Queensland 4072,
Australia

Abstract. In recent years, strategies for gene identi¢cation based on di¡erential gene
expression have become increasingly popular, due in part to the development of
microarray technology. These strategies are particularly well suited to the identi¢cation
of genes involved in sex determination and gonadal development, which unlike the
development of other organ systems, proceeds along two very di¡erent alternative
courses, depending on the sex of the embryo. We have used a high-throughput, array-
based expression screen to identify several genes expressed sex-speci¢cally in developing
mouse gonads. One of these, vanin 1, appears to play a role in mediating migration of
mesonephric cells into the male genital ridge. Progress in characterizing other genes
arising from the screen is discussed.

2002 The genetics and biology of sex determination. Wiley, Chichester (Novartis Foundation
Symposium 244) p 240^252

As the previous papers in this volume have demonstrated, we now know of a
number of genes that are important for the development of the gonads as testes
or ovaries, and hence the development of the organism as a male or female.
Considerable progress is being made in understanding how these genes ¢t
together to form a regulatory and signalling network. However, it is abundantly
clear that many pieces of the puzzle are missing.
In recent years, strategies for large-scale gene identi¢cation based on di¡erential

gene expression in vertebrate embryos have becomemore readily applicable, due to
advances in cDNA subtraction technologies, expansion of genetic databases and
improvements in their accessibility, and the advent of microarray technology.
Subtraction strategies are particularly well suited to the identi¢cation of genes
involved in sex determination and gonadal development, because the
development of the gonads, unlike that of other organ systems, proceeds along
two di¡erent courses, depending on the sex of the embryo. It is therefore
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possible to directly compare the transcriptional pro¢les of fetal testes and ovaries
in order to identify genes expressed preferentially in gonads of one sex or the
other� referred to in this paper for simplicity, albeit inaccurately, as ‘sex-speci¢c
genes’. We and other groups have initiated high-throughput array-based
expression screens aimed at identifying sex-speci¢c genes in developing mouse
gonads (Bowles et al 2000, Grimmond et al 2000, Wertz & Herrmann 2000).
This paper describes the logistics of our screen, summarizes our progress to date,
describes some of the pitfalls that we have encountered, and charts a course for
future work in this area.

Logistics

We have based our screen on the expectation that genes important for male or
female sexual development will be expressed di¡erently between developing
testes and ovaries in the fetus. Our overall strategy is to make subtracted probes
enriched for genes expressed in either developing testes (male-enriched probes) or
ovaries (female-enriched probes), use both types of probe to screen arrayed
libraries derived from cDNA expressed in developing gonads, and identify spots
that hybridize di¡erentiallywith the two probes, in order to yield a large number of
primary candidate genes. These are then scrutinized and prioritized by a
combination of bioinformatic analysis and wholemount in situ hybridization
screening of mouse fetal testes and ovaries. This reduces the large number of
primary candidates to a much smaller number of interesting candidate genes.
These are then subjected to in-depth physical, biochemical and functional
analysis, in order to illuminate their exact role in sex determination and/or
gonadal di¡erentiation.
In mice, the genital ridges arise at around 10 days post coitum (dpc), and remain

morphologically undi¡erentiated until around 12 dpc, after which testes begin to
di¡erentiate in the male. We have made subtracted probes corresponding to two
time points in gonadal development. Our initial e¡orts involved dissection of
gonads at around 13 dpc (Bowles et al 2000). At this stage, it is easy to obtain
su⁄cient quantities of fetal gonadal tissue, since the gonads are relatively large
and easy to dissect away from other tissue. It is also easy to distinguish testes
from ovaries under a dissecting microscope at 13 dpc. We would expect the
gonads, particularly the testes, to be transcriptionally complex at this stage, and
that many transcriptional di¡erences between testes and ovaries will exist.
Subtraction at 13 dpc is most likely to yield genes involved in the di¡erentiation,
as opposed to the initial speci¢cation, of testes and ovaries.
More recently, we have made subtracted probes corresponding to a mixture of

stages between 10.5 and 12.5 dpc, strongly biased to the 11.5 dpc time point. This
time interval is immediately after the activation ofSry transcription (Koopman et al
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1990); at this stage we might expect to identify male-speci¢c genes that are close to
Sry in the testis pathway. However, many fewer di¡erences between the
transcriptional pro¢les of male and female genital ridges might be expected at
this stage, and hence it is likely to be more di⁄cult to identify genes of interest.

Probes and libraries

Complex cDNA pools enriched for either male- or female-speci¢c transcripts were
made using the technique of suppression PCR (Diatchenko et al 1996, Gurskaya et
al 1996). This technique not only subtracts transcripts represented in one sample
from those expressed in another (by solution hybridization), but also normalizes
the representation of rare versus abundant transcripts. The enriched cDNA pools
are biased towards shorter (600 to 1000 bp) 3’ fragments that are ideal for use in in
situ hybridization experiments. Rigorous controls are employed to ensure that
subtraction and normalization has occurred e⁄ciently. The cDNA pools can be
labelled with radioactive or £uorescent tags to generate complex probes enriched
for tissue-speci¢c transcripts, or cloned into a plasmid vector to make gonad-
speci¢c cDNA libraries. We made both male- and female-enriched cDNA pools
at 13 dpc, tested the quality of these probes by hybridization to dot blots of genes
known to be expressed sex-speci¢cally in developing gonads, and made
corresponding cDNA libraries (Bowles et al 2000).
Each library was arrayed manually onto nylon ¢lters, and screened in duplicate

with male- and female-enriched probes. We also screened 2000 sequenced and
gridded clones of a normalized mouse urogenital ridge (NMUR) library
(Grimmond et al 2000). In both types of experiment, the intensity of
hybridization of each spot gives a measure of the representation of the
corresponding cDNA in the subtracted probe, while the di¡erence in
hybridization intensity of each spot with the two probes gives an indication of
the sex-speci¢city of expression (Fig. 1). These experiments generated several
hundred primary candidate genes for further study.

Evaluating primary candidate genes

Candidates derived from the suppression PCR libraries were sequenced, while
sequences corresponding to NMUR clones were either retrieved from existing
databases or determined de novo. This information was used to determine whether
each gene corresponded to a known or novel gene, and in the case of known genes,
what classes of molecules might be encoded. Searching of EST databases also
provided information regarding the expression pro¢le of each gene. On this
basis, candidates were prioritized for further screening by wholemount in situ
hybridization.

242 KOOPMAN ET AL



Labelled RNA probes were made for each gene of interest, and these were
hybridized in situ to both male and female mouse gonads at 12.5 or 13.5 dpc, in
order to verify sex-speci¢c expression, and to determine whether each gene was
expressed in the seminiferous cords, the interstitium, or the mesonephroi (Fig. 2).
Expression of sex-speci¢c genes was studied further by examining the timing of
expression in the period 10.5 to 14.5 dpc, relative to morphological events in
gonadal development and to the expression of known genes such as Sry, Sox9
and Amh (Mis). For genes expressed in seminiferous cords, the cell type
responsible for expression was determined by cutting sections of testes after
wholemount in situ hybridization, in order to associate the hybridization signal
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FIG. 1. Microarray screening of theNMURcDNA library using probes enriched formale- and
female-speci¢c transcripts. Panels show detail of the microarray. (a) Signal from the green
channel representing hybridization with the female-enriched probe; strongly hybridizing
‘female-speci¢c’ spots are arrowed. (b) Signal from the red channel representing hybridization
with the male-enriched probe; strongly hybridizing ‘male-speci¢c’ spots are circled. Spots
hybridizing strongly to both probes are boxed. (c) Merged image.

FIG. 2. Examples of in situ hybridization patterns seen with candidate genes arising in the
screen. (a) Male-speci¢c expression within the seminiferous cords; (b) male-speci¢c expression
in interstitial cells; (c) expression in themesonephroi. Each panel shows amale (left) and a female
(right) gonad and attached mesonephros at 12.5 dpc.



with either Sertoli cells or germ cells, and by analysing expression in the gonads of
We homozygous mutant fetuses, which lack germ cells (McLaren 1985). In some
cases, gene expression was analysed during gonadal development in other species
such as the chicken, to test for evolutionary conservation of sex-speci¢c expression.
Typically, gene expression was also analysed by wholemount analysis of whole
embryos, to determine whether gene expression was con¢ned to the developing
gonads, or was more widespread in the embryo.
In thisway, the large number of primary candidateswas reduced to fewer than 10

secondary candidates for further study.

In-depth analysis of secondary candidate genes

Secondary candidate genes were prioritized for further analysis by a combination
of expression data derived fromwholemount in situ hybridization experiments, and
bioinformatic data relating to the likely class ofmolecule encoded by each gene.We
were particularly interested in genes encoding transcription factors, which might
act as cell-type-speci¢c di¡erentiation factors, and genes encoding signalling
molecules that might be considered candidates for the several signalling events
known to be important for proper development of both testes and ovaries
(reviewed in Capel 2000).
An example of a candidate thus prioritised for further study is the gene encoding

vanin 1 (vascular non-in£ammatorymolecule 1). Vanin 1 is a glycosylphosphatidyl
inositol (GPI)-anchored cell surface molecule expressed in perivascular epithelial
and non epithelial cells, known to be involved in themigration of thymocytes from
the bloodstream into the thymus (Aurrand-Lions et al 1996). It most likely plays a
role in cell adhesion and/or chemoattraction. The vanin 1 gene arose independently
several times in our screen, suggesting that it might be a genuine sex-speci¢c gene.
In viewof its possible role in chemoattraction in the context of thymocyte homing,
and data suggesting that attraction of mesonephric cells into the male genital ridge
is required for proper development of the testes (Buehr et al 1993, Martineau et al
1997, Tilmann & Capel 1999), our attention was focused on vanin 1 as likely to be
important for testis development.
Wholemount in situ hybridization analysis con¢rmed that vanin 1 is indeed

expressed male-speci¢cally during gonadal development in mice (Fig. 3). The
onset of vanin 1 expression occurs shortly after that of Sry, and persists until at
least 16.5 dpc.Vanin 1 is expressed in the seminiferous cords, and section analysis
showed it to be associated with the Sertoli cell lineage (Bowles et al 2000).
In order to test the role of vanin 1 in testis development, we employed a genital

ridge/mesonephros co-culture assay (Martineau et al 1997). In this assay, wild-type
XY genital ridges at 11.5 dpc are cultured alongside mesonephroi from a
transgenic strain of mice ubiquitously expressing green £uorescent protein
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(GFP). Migration of mesonephric cells into the genital ridge can be monitored
under UV illumination. Preliminary experiments indicate that this migration is
blocked in the presence of an antibody to vanin 1. These results suggest that vanin
1 is required for the migration of cells from the mesonephros into the XY genital
ridge, and is therefore important for the formation of seminiferous cords in the
testis.

Progress and pitfalls

To date, we have carried out extensive screening using probes and libraries from
both the 13 and 11.5 dpc stages. Several hundred primary candidate genes arising
from the screen have been analysed bioinformatically, and in situ hybridization
analysis of these candidates is continuing. A number of conclusions can be drawn
from our studies to date.
First, a high proportion of primary candidates correspond to genes that show a

genuine sex-speci¢c di¡erence in expression pattern by wholemount in situ
hybridization of fetal gonads. For example, in one batch of 41 primary positives
from a di¡erential screen of the 13 dpc male-enriched library, a total of 10 (24%)
subsequently proved to be genuinely male-speci¢c (Bullejos et al 2001). This
indicates a relatively low rate of false positives using this method, in contrast to
other methods such as di¡erential display PCR (Green¢eld et al 1996, Liang &
Pardee 1992, Nordqvist & T˛h˛nen 1997).
Second, we have found a low rate of redundancy among primary positive clones

at 13 dpc, supporting our prediction that the gonads are transcriptionally complex
at this stage. In contrast, more redundancy is seen among primary positive clones
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FIG. 3. Male-speci¢c expression of vanin 1 in mouse fetal gonads. 13.5 dpc testis (left) and
ovary (right) showing strong male-speci¢c staining in the seminiferous cords.



from the 11.5 dpc libraries, suggesting lower transcriptional complexity at this
stage.
Third, we have found that a high proportion of primary positive clones

correspond to genes expressed in germ cells. Since germ cells are not required for
sex determination, (McLaren 1985, Merchant 1975) nor for testis di¡erentiation,
we have not pursued these genes further. However, it is known that germ cells are
required for the formation of follicles in the ovary (McLaren 1985, Merchant
1975), suggesting that signalling from germ cells to somatic follicular cells is
important for the histogenesis of the ovary. We would therefore not discount
genes expressed in germ cells during ovarian folliculogenesis.
Fourth, we have found that genes expressed di¡erentially between testes and

ovaries fall into many more classes than expected. These include genes encoding
structural proteins, cytochrome P450 family members, extracellular matrix
components, enzymes, membrane components and signal transduction
components. Clearly, transcriptional di¡erences between developing testes and
ovaries are not con¢ned to genes encoding transcription factors and signalling
molecules.
Fifth, this diversity of classes of genes and the molecules they encode calls for a

much larger repertoire of functional assays than previously envisaged. While the
strategies used bymolecular developmental biologists to determine the function of
tissue-speci¢c transcription factors or signalling molecules are relatively well
established, strategies for investigating the role of, say, metabolic enzymes
represent a path less travelled.
Sixth, the entire enterprise of developing suitable probes and libraries, testing

these reagents, evaluating large numbers of primary positives bioinformatically
and by expression studies, and designing and carrying out detailed functional
assays has proven to be enormously labour-intensive and logistically challenging.
In particular, the last step has proven to be rate limiting.
Seventh, far fewermale-speci¢c genes have come fromour screening at 11.5 dpc,

compared to screening at 13 dpc. This ¢nding is in agreement with our prediction
that fewer male-speci¢c genes will be expressed at this time point, since it is
relatively soon after activation of Sry, the earliest-acting male-speci¢c gene.
Finally, despite extensive searching, we have arrived at no strong leads for genes

important for ovarian development. This is perhaps not surprising at 11.5 dpc,
since it may well be that no genes are activated female-speci¢cally at this time
point. However, histological analyses have suggested that active organizational
processes are underway in the ovary by 13.5 dpc (Fr˛jdman & Pelliniemi 1995,
Odor & Blandau 1969, and K. Lo¥er & P. Koopman, unpublished data), and
these may be under the control of female-speci¢c regulatory genes. Perhaps such
genes are much lower in number than those active in the developing testis at a
similar time point, so that ¢nding these genes is more di⁄cult than ¢nding their
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male counterparts. Alternatively, the set of genes involved in organizing the ovary
may largely overlap with that involved in organizing the testis, and hence will not
be detected in a screen based on di¡erential gene expression.

Future challenges

As discussed in previous papers in this volume, mutations in genes such as Sry,
Sox9 and Dax1 are known to a¡ect sex determination and gonadal development
in humans.However, some 80%of cases of humanXYgonadal dysgenesis, 20%of
cases of XX maleness and most cases of XX true hermaphroditism remain
unexplained at the genetic level (Lim et al 2000). This suggests that a number of
important undiscovered sex-determining genes are still at large.
Expression screens such as that described in the present paper represent an

e⁄cient, high-throughput, and unbiased means of generating large numbers of
candidates for the missing links in sex determination and gonadal development.
The rate-limiting step in studies such as this is the development of functional
assays which are themselves e⁄cient and high-throughput, and that can be
tailored to the analysis of many di¡erent classes of molecule. For example,
methods for e⁄cient delivery of genes encoding transcription factors to cultured
mouse gonads remain to be perfected, as do methods for perturbation of such
genes in organ culture. In whole animal studies, suitable cell type-speci¢c
promoters need to be developed for transgenic gain-of-function assays, as do
suitable Cre recombinase-expressing mice for tissue-speci¢c loss-of-function
(knockout) assays.
Furthermore, expression-based screens are likely to be supplemented in future

by assays for non-transcriptional events, since it is naive to assume that all
molecular genetic control of sex determination and gonadal development occurs
at the transcriptional level. Assays that detect di¡erences in protein expression or
modi¢cation between developing testes and ovaries, or post-transcriptional events
such as di¡erential splicing, are likely to form an important part of future e¡orts.
In the coming decade, we are likely to see further progress in understanding one

of the great black boxes in developmental biology, namely the molecular genetics
and cell biology of ovarian development. E¡orts to illuminate ovarian
development have been overshadowed to some extent by progress in studying
testis determination and di¡erentiation. Expression-based screens are likely to
yield at least a few genes that are important for the development of the ovary,
and it is hoped that these will act as a springboard for discovery of other genes.
At the very least, it is likely that genes will be discovered that can be used as
markers of the di¡erent cell types in the ovary, so that a better understanding of
the cellular events during ovarian di¡erentiation can be gained.
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Finally, important genes in many developmental processes have had a past
tendency to be discovered purely by chance, often in the course of studying an
unrelated process. Several genes in the sex-determining and/or gonadogenetic
pathways were discovered in this way (e.g. Birk et al 2000, Katoh-Fukui et al
1998, Vainio et al 1999, Viger et al 1998). As large-scale characterization of the
human, mouse and other vertebrate genomes progresses, it is likely that
serendipity will continue to play an important role in ¢lling in some of the gaps
in the molecular genetic network of sexual development.
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DISCUSSION

Short: This does seem an enormously powerful technique for pulling out the
unexpected. Did you also ¢nd the expected genes such as Sry and Sox9?
Koopman: In the libraries that we made, they were not among the clones that we

picked. But when we used those libraries as probes on spots of known genes, such
as Sry and Sox9, we got a positive signal. So it is in those pools.
Green¢eld: Sox9 also came up in the NMURmicroarray screen.
Behringer: In doing these screens is chromosomal mapping an automatic thing

you are putting in? And if so, how are you doing this?
Koopman: We use existing databases to ¢nd the location of known genes; for

novel genes we map them as a matter of course once we have con¢rmed sex-
speci¢c expression.
Behringer: I didn’t really see a loss-of-function approach. You mentioned

knockouts, but it is apparently not a high priority. If I understand correctly, the
German gene trap consortium is a public database of mouse gene traps. There is a
database of sequences and these clones are freely available. Bill Skarnes at Berkeley
has agene trappublic database fromwhichyou canget yourknockouts prettymuch
for free.TerryMagnusonandJohnSchimenti haveENU-mutagenizedEmbryonic
Stem (ES) cell libraries where if your gene is expressed in ES cells you can do a 96
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wellRT-PCR,whichgoes throughamachine (called theWAVEmachine) that then
¢nds the mutations with which you can make mice. I think the loss-of-function
approach is not unwieldy. People have created resources which you can tap into
pretty easily.
Green¢eld: We have several genotype-driven programmes at Harwell. We

have approximately 5000 DNA samples from ENU-mutagenized mice. Several
groups are now using wave machines to screen for point mutations in genes of
interest. Two groups have now detected mutations causing stop codons and the
mice have been recovered. This is quite a powerful approach for generating speci¢c
alleles.
Harley: Is that available to Australians?
Green¢eld: Yes.
Capel: One of our next major hurdles is to ¢nd a way to introduce dominant

negatives, or other ways to block in organ cultures. Adenovirus is very e¡ective.
It infects with a really high incidence. But the viruses are so unwieldy to make, it
would be nice if there were ways to introduce plasmids.
Short: Peter Koopman, how early are you going to start looking?
Koopman:The earliestwe have done so far is 11.5 dpc inmice.We could go earlier

by tailoring the screen to answer di¡erent types of question.We have concentrated
on male versus female; one could do gonad versus mesonephros or stage versus
stage, for instance. The rate-limiting step in these screens is to ¢nd the needles in
the haystack.
Burgoyne: Doesn’t there need to be some sort of coordination between di¡erent

labs? There are several of you doing this sort of thing, and you are all coming up
with 800 spots each. Unless there is communication between the labs you may all
start working on the same genes.
Koopman: There is some communication, but it is more a damage control

mechanism at this stage. If someone could suggest a way that allows us to
communicate results at an early stage, and at the same time satisfy the needs of
the people doing this work� the postdocs and students whose careers are
depending on being ¢rst with the breakthroughs� then I would like to hear
about it.
Behringer: You get so many genes, one lab can’t do them all. I wonder whether

there could be some sort of consortium that just shows the in situ patterns. Then
people could contact you for collaborations.
Green¢eld: Many of us are moving away from libraries and going over to big

minimal sets, but everyone is using the same big sets. We have already screened
10 000 of the NIA set, and I know that Peter Koopman has that set. We do need
to coordinate, because we are going to ¢nd the same clones.
Josso: But if you had found a gene that is expressed in cartilage and then you

found it was also expressed in gonad, would you have gone for it or left it to the
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bone people? If a gene is not only expressed in the organ of interest, would it still
interest you?
Koopman: Certainly. If it is expressed in an interesting pattern in the gonads then

it is of interest to us. If it is also expressed in other tissues that is ¢ne. If it were only
expressed in the gonads that would make it a bit more interesting.
McLaren: How close to saturation are you? Suppose that three people each get

800 genes, what is the overlap?
Koopman: There is no way of knowing.
Green¢eld:One of the things that is quite weak at the moment is the informatics

on the gene content. We can’t even agree on how many genes there are. Most
estimates are in the range of 38 000 to 60 000. On those large sets it is fairly
certain that there isn’t one probe^one gene. When the informatics is done we’ll
see that some of those ESTs are just distinct parts of one transcript. There will be
overlap.
Schedl: I wouldn’t be too concerned about redundancy. It would be good to

¢nd a way to compare the data sets, but any kind of screen needs to be
repeated to make sure that clones are correctly expressed. If one takes three
or four screens and somehow ¢nds a way to compare the patterns, we can all
bene¢t.
Green¢eld: But when your postdoc has spent months ¢nding that beautiful little

red spot, to ¢nd out that they may have to give it away to someone who has had it
longer is pretty tough.
Burgoyne: If you can get your RNAs that you are going to use in the screens

from a situation where you are expecting very little di¡erence, so you have a
very focused question, when you put it on the screen you hopefully get six
genes and not 600. Then you are immediately focused on your question of
interest.
Koopman:But the haystack is the same size and there are far fewer needles.
Green¢eld: The other issue here is about what the source of your target is. Peter

Koopman is using a relatively simple target, the product of subtractive
hybridization. I suspect that this means it is non-quantitative but very sensitive:
there is better speci¢c activity of each labelled message. But we want to move to a
stage where we can start doing quantitative comparisons.
Burgoyne: The only way to do this is to use total RNA.
Wilkins: Peter Koopman, your approach potentially misses out genes that are

expressed similarly but are used in slightly di¡erent ways and through di¡erent
combinatorial controls. One shouldn’t forget the possibility of such genes
entirely, even though they shouldn’t be given ¢rst priority.
Koopman: The question has been raised as to whether there are any genuinely

ovarian-speci¢c genes, or whether the same set of genes is used in the ovary as are
used in testis development, but in di¡erent ways.
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Short: David Zarkower, would it be a waste of time for you to use this
technology in insects, if sex is expressed cell autonomously in every single cell?
Zarkower:Not at all. People are doing this.Do youmeanwould this be awaste of

time in terms of ¢nding things relevant to vertebrates?
Short: Yes.
Zarkower: I hope not. I am cautiously optimistic, given our experiencewithmab-

3, which acts autonomously and has no obvious role in the Caenorhabditis elegans
gonad.
Short: To put my question the other way round, Peter Koopman, are you

missing out on something because you are totally sold on the hypothesis that all
sexual dimorphisms stem from the gonad? Perhaps this is a bit of an untested
assumption for mammals. As Marilyn Renfree was telling us, there are good
examples in marsupials where there is genetic determination of secondary sexual
characteristics such as the scrotum, mammary gland and pouch. Do you think we
are going to come up with any cell autonomous sexual di¡erentiation in eutherian
mammals that is extra-gonadal and which you might miss?
Koopman: Yes, there are lots of things that we are likely to miss. For example,

any control mechanism that is not directly transcriptional will be hard to
pick up. But we still feel that we have a good chance of ¢nding a large number of
important genes for sex determination and gonadal development using screens of
this type.
Zarkower: I am not sure that the autonomy or non-autonomy of tissue speci¢city

are as much the issue as whether there is actually extensive mechanistic
conservation of things involved in sex determination.
Capel: I tried one of these screens a long time ago before the techniques were so

accurate. I found that anything in my library that was expressed at a low level was
masked by the signal from everything else expressed at a much higher level. I
wonder whether you could somehow use reassociation kinetics to eliminate the
frequent probes in your mixture.
Koopman:Essentially, that’s theway the suppression PCRworks: it subtracts and

normalizes. It enriches for rare transcripts relative to abundant ones.
Behringer: That’s the theory. In practice the libraries you get still have

background.
Koopman: We have used our type of probe, made by suppression PCR, versus

unsubtracted male and female probes. In our experience, when you put the crude,
unsubtracted male and female probes onto duplicate blots, you get a mess.
However, if you put our normalized, subtracted probes onto duplicate blots, the
results are very clean.
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Final general discussion

Short: Perhaps we should do a bit of navel gazing and think what each of us
would like to see as directions for the future. In the whole ¢eld of sex
determination, what would you really like to know?
Zarkower: Partly out of e¡ort to leave Sry for others, and partly because I would

genuinely be interested to know the answer, I would be interested to know what
determined sex in the so-called ‘urbilaterian’, the ancestor from which we and our
model organisms are descended.
Behringer: I think there should be a big push for phenotypic screens for sex

reversal and sex abnormalities, primarily in the mouse. The phenotypes are
always going to be there, whereas if you come from a gene-based approach you
may not get the phenotype you want.
Short: So experiments of nature are still a great inspiration.
Vilain: I would be very interested in understanding the tremendous phenotypic

variability, whether it is inmice or in humans.With the samemutation there can be
a whole range of sexual phenotypes. We often underestimate all manner of
in£uences, from environment to genetic background.
Mittwoch: One of the aspects that we haven’t discussed at this meeting is

pregonadal sex di¡erences. The di¡erentiation of the genital ridge may be the
pivotal act in sexual di¡erentiation, but of course we know that this is not the
¢rst phenomenon that occurs. There are sex di¡erences in the developmental rate
of early human fetuses and mouse blastocysts, and in cleaving human and mouse
embryos. Of particular signi¢cance is evidence that there is already a di¡erence in
metabolic rate in very early embryos, with males having a higher rate than females
(Mittwoch 2000). This seems to be a feature at most times in life. The question is,
what is the relationship between genes, metabolic rate and energy metabolism in
these early embryos? Could there be more mitochondria in XY embryos? This
would be particularly interesting in the developing gonad, where there is a
substantial di¡erence in developmental rate between male and female. I hope that
in this new century the relationship between genotype and energymetabolismwill
be addressed. The male^female dichotomy is an excellent system to address this
problem.
Short: This gets back to what we were discussing earlier: we mustn’t be sucked

into thinking that sex determination begins and ends with the gonads.
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Scherer: I have twowishes. First, after 11 years of knowing about the existence of
Sry, and 10 years since the paper that demonstrated that it was the Y-located testis
determinant, it would be nice to know just one target! Second, I would like to be
able to explain 30% more of the cases of XY gonadal dysgenesis.
Bujellos: I would like to know how Sry expression is regulated.
Harley: I think all mine have been done. I’d like to know the Sry targets. It is

intriguing that 12 of the 14 or so players in the sex-determining pathway are
transcription factors. Like Eric Vilain, I think that there is a whole range of very
subtle mutations out there that are causing partial penetrance and variation in
phenotypic background. I think the high-throughput and single nucleotide
polymorphism (SNP) technologies will reveal subtle mutations in many sex-
determining genes.
Green¢eld: I agree with Richard Behringer that phenotypes are the key. I

would like some kind of international consortium where we make a mouse
that is primed for a mutagenesis screen. Perhaps this mouse is multiply
sensitized, not just in one pathway but in many pathways that are important
for sex determination. Perhaps it is heterozygous for 20 di¡erent knockouts,
but doesn’t have a phenotype. It might have multiple reporter genes, so you
could just open up the gonads and have a quick look to see which markers it
is expressing. Then you just breed this on to a mutagenized background and
pick out the phenotypes.
Wilkins: I am intrigued by the possibility that the evolutionary genetics

literature on sex determination evolution (which Brian Charlesworth so nicely
reviewed) is coming together with the molecular genetics-type work that has
been the focus of our meeting here. For this synthesis, we need more information
about the molecular players in di¡erent organisms, andwe also need to understand
the dynamics of how genes get into pathways, and perhaps how they displace other
genes. This is a problem that real evolutionary biologists have so far given
relatively little attention to. A good example would be the fact that Sry came in
some time after the monotremes. Did it capture a pre-existing pathway, or did it
displace a gene? We will eventually have this information, but we will still need to
understand something about the evolutionary dynamics that led to this. This is a
¢eld ripe for analysis.
Burgoyne:Leaving aside the obvious issue of theSry target, I amvery interested in

the idea that Sry has to do something by a certain time in order to pre-empt a default
ovarian pathway. I’d like to knowwhat this step in the ovary is that Sry has to pre-
empt, and in which lineage this step takes place.
Morohashi: I am a newcomer to this ¢eld, but I realize that the most interesting

problem is the function of SRY for sex determination. My interests are somewhat
di¡erent: how the intermediate mesoderm di¡erentiates into a sexually indi¡erent
gonad, and how the precursor cells di¡erentiate into Leydig cells.
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Charlesworth: I would like to know a lot more about what is going on with the
degenerating genes on the Y chromosome. Is this just a passive accumulation of
deleterious mutations, or are these genes actively being turned down? What is the
role of transposable elements? We have some examples where transposable
elements are inserting in 5’ regions and in introns: are these turning the genes
down?
Swain: I would like to understand the molecular nature of the switch. Is

chromatin involved? What are the components of the protein complex that are
working together to make the decision?
Fernald: As an outsider, I guess my view is that this whole ¢eld re£ects an

interesting experiment in evolutionary discoveries. I was struck by the two
experimental directions: one is to suspect that candidate genes from other species
might instruct us across all animals, and the other is that there is quite a di¡erence in
sex-determining processes. Forme the interesting outcomewill be howmuch these
two ideas interact. Will we ¢nd three genes that are common across sex
determination in all species, and everything else is up for grabs?
Poulat:Because I did a postdoc inGerd Scherer’s lab, I was £oating for two and a

half years in the atmosphere of Sox9. Coming back to my original lab, I’m also
coming back to Sry. It is di⁄cult to choose between these two genes. For Sry, the
function will be interesting to discover, in terms of its biochemical e¡ects. For
Sox9, there are several aspects that are puzzling, including the transcriptional
regulation of this gene and why it is located in a desert with nothing 1.5Mb
upstream and 1Mb downstream. We are also very interested in its subcellular
localization. We have data showing that if it is pushed into the nucleus it can
cause male sex determination even in an XX gonad.
Schedl: I have a problem here because I am interested in almost everything.

Certainly, everyone wants to know what the Sry gene does. What Francis Poulat
has touched on is important, too. We have talked a lot about regulation, but the
M33 knockout has told us that chromatin and epigenetic modi¢cation is very
important in regulating genes. We know very little about this. I would like to see
more research done on this. I also think that the generation of gonadal anlage is
very interesting. What factors are initiating the initial proliferation?
Renfree: I guess we are such an anthropocentric species that we will always be

wanting to know more about humans. And the mouse has been such a fantastic
model we will always know a great deal about mice and men. I would like to see
us continue to study the other species and groups, and not just look at them as
curiosities, but use them and incorporate them into our work as good examples
of how to shed the spotlight on something from a di¡erent angle. We need to
embrace the lessons that evolution can give us. I would encourage people to take
a comparative evolutionary approach.
Short: Species-ism is the besetting sin of science.
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McLaren: Looking to the future I think we will see more and better methods of
controlling sex determination. Sperm sorting is a primitive method, and if there
were other methods they could be immensely important for livestock breeding.
Controlling sex determination will lead on to methods for controlling sex
reversal. As far as humans go, the methods that can be used clinically today are
quite unbelievably primitive. Looking even further into the future, who
knows?�perhaps there will be a demand for methods of sex reversal such as we
have heard of in ¢sh, rather socially based! Thiswould introduce new elements into
society.
Koopman: I am fascinated by the pivotal role of the pre-Sertoli cell, and what

makes a Sertoli cell become a Sertoli cell. What is the role of Sox9 in this process?
What is Sox9 regulating other than theAmh gene?
Sinclair:My interest is in the step just below the testis switch. This brings us back

to Sry. Forme, looking at things in a comparativewaymay be very helpful. Are the
mechanisms going be conserved or di¡erent at that point? Paul Burgoyne raised
the issue of the ovarian pathway, which I think is fascinating. This is something
that could be examined in birds more easily than by studyingmice.Whether or not
the same genes deployed in the testis pathway can be redeployed in the ovary is
another fascinating question.
Graves: I really want to know how mole voles do it! I think there are general

questions to be asked whenever a system changes. Although I endorse Adam
Wilkins’ interest in how Sry got its start, perhaps this was now too long ago to
¢nd out all the details. With the mole vole we have a real chance, looking at a
new sex-determining system which only started a few million years ago. We may
still be able to see the ¢rst stages of how a new sex-determining gene arises, and
what happens at loci close to it. Tome, one of the most interesting questions in the
world is how genes change their function. We are seeing this all the time on the Y
chromosome. We see perfectly good brain-determining genes become testis-
determining genes, and ubiquitously expressed genes become spermatogenesis
genes. This is a fertile ¢eld to ask the question of how genes may change their
structure and their function. This will help us understand how genes function in
networks.
Camerino: The main question for me is what are the driving forces in the

evolution of sex determination. For example, once you have a good sex-
determining system, why isn’t there selective pressure to maintain this? I can
understand why there is a need for a gene such as Sry, but why is an antitestis
gene necessary? One other thing that has troubled me for a while is why we are
all looking only at the level of DNA regulation. There are suggestions that RNA
processing may be very important. However, we are not really in a position to be
able to examine this.
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Josso: It will surprise no one thatmy preoccupations lie withAmh! First, I would
like to knowwhether it is a sex-determining gene or not. That is, whether it has an
e¡ect on the ovary in its own right. But if the answer is no, then I might not get
invited to sex determination meetings, which would be a pity. I would also like to
have the AMH transduction pathway straightened out so we can get down to
studying other elements, such as coactivators. Finally, we may then be able to
¢nd the aetiology of all the patients with persistent Mˇllerian duct syndrome in
whom bothAmh andAmh type 2 receptor genes are normal.
Capel: My overriding interest is in how gene expression can control

morphogenetic events. I am interested in how you can take a bipotential gonad
primordium and express one gene, Sry, and trigger a series of events that
reorganize the morphology of the organ. Can we understand this better for all
organs by looking at this system? I agree about the proteomics approaches. I
think they will be critical. Many of the genes are expressed similarly at the RNA
level, andmodi¢cations will alter their function.We need to go to the protein level
to understand this.
Lovell-Badge:Can I have three requests? The ¢rst is a speci¢c one. Apart from all

of the above, in terms ofmammalian sex determination understanding how Sox9 is
regulated will be very important. It seems to be a central gene in the process.
Perhaps the role of Sry will emerge if we ¢nd that it is only involved in activating
a high level of expression of Sox9. The second thing is phenotype-based screens.
Wehave started to do a suppressor^enhancer screen. I think this is a vital way to go,
because it doesn’t just rely on making null mutations: you can pick up subtle
mutations. It will give you any gene that is involved, in theory. Third, and
¢nally, in 10 years I would like to be able to come to another meeting like this.
Short: Perhaps I could also have a wish. I would go back toWordsworth and his

wonderful poem, ‘Ode on the intimations of immortality’, where he says, ‘The
Soul that rises with us, our life’s Star, hath had elsewhere its setting, and cometh
from afar’. To me, this is the continuity of germplasm. My wish would be that we
could learn much more about the interactions between the germ cell and the soma
in the gonad. Repeatedly, we have had to admit that we know almost nothing
about the genetic expression of the germline. If I should be invited in my post-
dotage to attend the next meeting in 10 years time, I would hope that we would
begin to have some understanding of how it is that the germ cell� especially the
female germ cell� is talking to the somatic tissue of the gonad, and how that
somatic tissue of the gonad is responding, and talking back to the germ cell.
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