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The idea that the Dmrt1 gene provides a unifying
sex-determining mechanism in non-mammalian
vertebrates is left high and dry by recent observa-
tions in fish.

The rise to fame of Dmrt1 in the field of sex
determination reads like a classic detective story.
Tantalizing evidence obtained over the last 5 years,
albeit with intriguing twists of plot, pointed to a
conserved role for Dmrt1 in male sexual development.
The discovery of a Dmrt1 homologue on the Y chro-
mosome of the model fish medaka raised speculation
that this might be a male-determining ‘switch’ gene in
all non-mammalian vertebrates. But new work pub-
lished in this issue of Current Biology [1] shows that
this gene is absent even from closely related fish
species, reinforcing the view that sex determining
mechanisms have been reinvented many times during
animal evolution.

In the first chapter of the story, decades of elegant
genetic studies led to a clear picture of the molecular
pathways of sex determination in the model inverte-
brates Drosophila melanogaster and Caenorhabditis
elegans. Curiously, these pathways bear little resem-
blance to each other [2]. Meanwhile, efforts were being
made to piece together the pathway in mammals, with
the discovery of the mammalian Y-linked testis-deter-
mining gene Sry, and a critical downstream gene Sox9,
neither of which showed any similarity to sex-deter-
mining genes of Drosophila or C. elegans (Figure 1) [3].
All the evidence suggested that sex determination
might flout the conventional rules of evolutionary con-
servation and that, unlike in other areas of develop-
mental biology, little would be gained by taking genes
important in one metazoan taxon and isolating and
studying homologues in others.

Chapter 2 blew this idea out of the water, with the
startling discovery of a human gene homologous to the
Drosophila sex regulatory gene doublesex and the C.
elegans sex regulator mab-3 [4]. All three genes encode
proteins related by a common DNA-binding domain,
dubbed the DM domain. More intriguingly, this human
gene, DMRT1, maps to a region of chromosome 9p
that, when deleted, is responsible for XY gonadal dys-
genesis [5]. It is not possible to point the finger directly
at DMRT1 as the cause of this dysgenesis, as other
nearby genes are also deleted in affected patients [6,7].
Nevertheless, the clear implication is that some aspect
of Dmrt1 function might have been conserved from flies
and worms through to humans.

This theme is explored further in chapter 3. Not only
are chickens found to have a Dmrt1 homologue, but
also this gene maps to the Z chromosome [8]. Birds
do things differently in sex determination: unlike
mammals, females are the heterogametic sex (ZW),
while males are homogametic (ZZ). It is not clear
whether this system revolves around a dominant W-
linked female-determining gene, or a dosage-sensitive
Z-linked male-determining gene. Clearly, Dmrt1 is a
candidate in the latter scenario. 

Perhaps the most convincing evidence for an impor-
tant role of Dmrt1 in testis differentiation in vertebrates
came from expression studies. These studies showed,
in a number of species including humans, mice, chick-
ens, alligators and turtles, that Dmrt1 expression is
limited to the gonads [9-13]. This expression is consid-
erably up-regulated in developing testes compared 
to ovaries. The timing of this up-regulation varies
between species, but it generally occurs in the late
sex-determining or early testis-differentiation period.
These characteristics of Dmrt1 expression in different
species leave little doubt that this gene is specifically
involved in the early formation of testes. 

The first twist in the story comes from the observa-
tion that Dmrt1 knockout mice do not show sex
reversal or dysgenesis of fetal testes; rather, the
testes show defects in survival and differentiation of
somatic and germ cells after birth [14]. This could
mean that Dmrt1 is not involved in testis determina-
tion in mice, or in vertebrates more generally. An alter-
native explanation is that other, similar genes com-
pensate for the lack of Dmrt1 in these mice. It is now
known that a family of seven DM genes exists in
humans and mice [15]. Some of these colocalise with
DMRT1 on human chromosome 9p, and may con-
tribute to the gonadal dysgenesis phenotype of the 9p
deletion patients. The expression profiles of all family
members are being investigated to assess which gene
or genes might compensate for Dmrt1 in the knockout
mice. Until these data become available, and Dmrt1
knockout mice are crossed with mice deficient in
other DM genes, the jury is out as to what role, if any,
is played by Dmrt1 in sex determination in mice.

Meanwhile, hot news came from the study of
medaka fish. Medaka, unlike many other fish, use a
simple genetic sex determination mechanism similar
to that found in mammals, with XX females and XY
males. Two groups set out to positionally identify the
male sex-determining gene from the medaka Y chro-
mosome. Schartl and colleagues [16] delimited the Y
chromosome-specific region to some 260 kilobases,
and identified a Dmrt1 homologue, Dmrt1bY, as the
only functional gene in this chromosomal segment.
Nagahama and colleagues [17] reported similar find-
ings, and went further to analyse two inbred mutant
strains, Awara and Shirone, that yield XY females. The
Awara mutant was found to carry a mutation causing
a frameshift and premature termination of the Dmrt1bY
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protein, while Shirone was found to have reduced
Dmrt1bY expression, presumably due to an unchar-
acterized regulatory defect. To date, no evidence 
has been produced by gain-of-function studies that
Dmrt1bY can induce male development in XX medaka.
However, the identification of Dmrt1bY as a gene that
maps to the sex-determining region of the medaka Y
chromosome and is necessary for male development
reawakened the notion that Dmrt1 is a fundamental
male sex-determining gene, the function of which is
conserved throughout vertebrates.

The new data from Schartl’s group [1] have thrown
the field into chaos once more. While Dmrt1bY may be
an important sex-determining gene in medaka (Oryzias
latipes), it now appears that the gene is not present in
the closely related species Oryzias curvinotus. Schartl
and colleagues [1] used Southern blotting, the poly-
merase chain reaction (PCR) and in situ hybridization
to look for Dmrt1bY in O. curvinotus, under conditions

clearly capable of detecting the gene in other species,
and conclude that it is simply not there. This prompted
the authors to look more widely. They looked at
another species from the same genus (O. celebensis),
a species from the same order (guppy), a species from
the same superorder (tilapia), and the more distantly
related zebrafish. They scoured the recently released
genome sequence of the puffer fish Fugu. Dmrt1bY
was nowhere to be found. 

It is clear that Dmrt1 does not have a widespread
role as a sex-determining switch gene among verte-
brates. But do these observations really debunk Dmrt1
as an important, conserved effector of testis develop-
ment? Probably not. It must be remembered that
Dmrt1bY is a duplicated version of Dmrt1 that found its
way onto the Y chromosome of medaka at some time
after the emergence of the genus Oryzias. Those fish
species that lack Dmrt1bY retain Dmrt1, which may
have a downstream role in testis development analo-
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Figure 1. Genetic pathways of sex determination in various metazoan model organisms.

In general, there is little obvious similarity between pathways, with the notable exception of the DM genes Dmrt1, mab-3 and Dsx.
Green arrow, positive regulation; red arrow, negative regulation; grey arrow, conditions permissive for gene expression. Dotted line,
inferred regulatory relationship.
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Figure 2. Diversity of switch mechanisms
used in vertebrate testis determination.

In most eutherian mammals, male sex is
determined by Sry on the Y chromosome,
but some eutherians lack Sry or a Y chro-
mosome altogether, while others have
Sry-like genes on both X and Y chromo-
somes. Medaka fish also use an XX/XY
system, but maleness is determined by
Dmrt1bY, not Sry. While birds and some
reptiles use a ZZ/ZW system, the nature
of the sex determining switch mechanism
remains unknown. Similarly, other groups
use temperature or social cues to deter-
mine sex, but the genetic basis of this
control is not yet known. It remains possi-
ble, however, that the different switch
mechanisms converge on a common
pathway of testis development that may
include genes such as Sox9 and Dmrt1.
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gous to its putative role in humans and mice, although
this remains to be determined experimentally. 

The studies relating to medaka Dmrt1 illustrate yet
again the vast diversity of sex-determining mecha-
nisms that have evolved in the animal kingdom (Figure
1), a diversity that thwarts almost all attempts to distil
common themes. Even if a role for Dmrt1 as a sex-
determining switch gene in chickens is established,
we will be left wondering whether the same holds true
in all bird species, and in the reptilian clades that use
a ZZ/ZW sex-determining mechanism (Figure 2). We
will also need to continue searching for the elusive
genes that underpin sex determination in mammalian
species such as monotremes [18] and various mole
voles [19] that lack Sry, and in vertebrate species that
determine sex through environmental cues such as
temperature and social situation. It seems Dmrt1 and
Sry have many accomplices in animal sex determina-
tion. So who dunnit? Be sure to read further chapters.
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