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The degenerate Y chromosome – can conversion save it?
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Abstract. The human Y chromosome is running out of time. In the last 300 million years, it has lost 1393 of its
original 1438 genes, and at this rate it will lose the last 45 in a mere 10 million years. But there has been a proposal
that perhaps rescue is at hand in the form of recently discovered gene conversion within palindromes. However,
I argue here that although conversion will increase the frequency of variation of the Y (particularly amplification)
between Y chromosomes in a population, it will not lead to a drive towards a more functional Y. The forces of
evolution have made the Y a genetically isolated, non-recombining entity, vulnerable to genetic drift and selection
for favourable new variants sharing theY with damaging mutations. Perhaps it will even speed up the decline of the
Y chromosome and the onset of a new round of sex-chromosome differentiation. The struggle to preserve males
may perhaps lead to hominid speciation.

The human Y chromosome

In human beings, as in other mammals, sex is determined by a
heteromorphic pair of sex chromosomes. The X is large and
bears many genes, whereas the Y is small and heterochro-
matic and almost devoid of active genes. Normally, an XX
chromosome constitution specifies female development and
XY, male development.

Human sex chromosomes are typical for eutherian (‘pla-
cental’) mammals. Figure 1 shows the structure and gene
content of human sex chromosomes. The X is a middle-sized
chromosome (165 megabases (Mb)) with 1438 genes at the
last count, most of which have nothing to do with sex (http://
www.gdb.org/hugo/chrX/geneSummary.html, accessedApril
2004). The Y is much smaller (67 Mb), and seems to be
largely composed of repetitive sequences that give it a hetero-
chromatic appearance. Although repetitive sequences are not
necessarily junk,∼40 Mb on the long arm of the Y comprise
two simple repeats. The 25 Mb of ‘euchromatic’ Y chromo-
some are also very rich in repetitive sequences. The two
extremities of the Y chromosome are homologous with the
termini of the X chromosome and pair with them at male
meiosis. These ‘pseudoautosomal regions’ (PARs) recom-
bine just like ordinary autosomes. Outside this region, the
male-specific region of the Y chromosome (MSY) does not
recombine with the X. Therein lies its problem, because
non-recombining parts of the genome tend to decay rapidly.

Genes on the Y chromosome

The number of genes on the human Y have been counted
and recounted, and the significance of the gene content for
function and evolution has been debated for decades. Now
we have the full sequence of the Y chromosome (Skaletsky
et al. 2003), numbers are no longer controversial; however,

the significance of the Y chromosome is likely to be even
more vigorously debated.

Other than sex determination, few traits could initially be
ascribed to the Y, and gene discovery by deletion analysis
was slow and difficult. We have known for 45 years that peo-
ple with a Y chromosome are male, no matter how many X
chromosomes they have (Ford et al. 1959; Jacobs and Strong
1959). After a long search, it was discovered that the Y bears
a male-dominant gene, SRY, that switches on testis differenti-
ation in the embryo (Sinclair et al. 1990), which then churns
out powerful masculinising hormones. Thus, the most dra-
matic phenotypic difference between people is caused by a
single gene.

Several other genes on the Y chromosome have functions
in spermatogenesis, as evidenced by the effects of deletions,
and they are expressed only in the testis (Reijo et al. 1995).
This led Lahn and Page (1997) to propose that the male-
specific region of the Y was ‘functionally coherent’ in a way
that no other chromosome is. However, the Y contains some
genes that seem to have nothing to do with being male;
for instance, one codes for tooth enamel and another for a
ribosomal protein (summarised by Skaletsky et al. 2003).

Even the complete sequencing of the human genome
(Lander et al. 2001) did not solve the problem of the Y.
Its repetitive sequence content made it impossible to line up
large insert clones, let alone small shotgun fragments, by
detecting overlapping sequences that might be represented at
many different sites. However, complete sequencing of the
male-specific region has finally been accomplished: a heroic
effort led by David Page’s group at the Whitehead Institute
in Boston, MA, USA (Skaletsky et al. 2003). Thus, we now
have a nearly complete inventory of genes, pseudogenes and
transcribed units on the Y chromosome.
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This immense sequencing effort has netted a grand total
of 27 different protein-coding genes within the 23-Mb male-
specific euchromatic region of the Y (Fig. 1). The number
of protein-coding genes is swollen to 158 by the presence of
many of them in multiple copies and the inclusion of many
transcription units that do not code for protein. In addition,
there are 18 active genes crowded into the two tiny PARs
(totalling 3 Mb) at each end of the Y.

There have been arguments for years as to whether the Y
can be fairly described as a ‘genetic wasteland’(Graves 2000,
2002), or whether the Y has a gene content comparable to
other chromosomes (Lahn and Page 1999a; Skaletsky et al.
2003). However, wasteland or no, it is hard to ignore the
discrepancy between the density of active genes on theY (1/2
a gene per Mb) compared to that on the X (∼10 genes per Mb).

The peculiarities of theY chromosome may make no func-
tional sense, but are easily explained by its evolutionary
history.

Evolution of the Y chromosome

The X and Y chromosome are strikingly different in size
and gene content, but there is good evidence to support
the hypothesis that they differentiated from an ordinary
autosomal pair in an ancient mammalian ancestor.

The mammal XY pair is not shared by other vertebrates.
For instance, birds and snakes have a ZZ male : ZW female
system that has no homology with the XY pair (Nanda et al.
1999; Graves and Shetty 2001), and many reptiles do not have
sex chromosomes at all, relying on temperature differences
during incubation to pull the male-determining trigger. The
original chromosomes that formed the XY and ZW pairs may
still be seen in marine turtles, which have karyotypes almost
identical to those of chicken, but possess no sex chromo-
somes. The chicken Z is represented in the turtle by autosome
5, and the mammal XY by parts of turtle (and chicken) chro-
mosomes 4 and 1 (Graves and Shetty 2001). Birds and reptiles
lack an SRY gene; instead, differential dosage of a Z-borne
gene DMRT1 may determine sex (Raymond et al. 1998).

The hypothesis that sex chromosomes differentiated from
an ancestral autosomal pair was put forward to explain the
heteromorphic sex chromosomes of different snake fami-
lies (Ohno 1967), but applies equally well to humans and
other mammals. When one member of this pair acquired
a sex-determining allele, this predisposed it to accumulate
other alleles advantageous in that sex and neutral or even
disadvantageous in the other (Rice 1987). For instance, it
has been suggested that variants conferring an advantage in
males (e.g. spermatogenesis) accumulated around a male-
determining locus on a proto-Y chromosome. Once this
clustering occurred, it became advantageous to keep the male-
specific gene package together, so recombination between the
proto-X and proto-Y became reduced (Charlesworth 1991).

Suppression of recombination is detrimental to any chro-
mosome region. Once a region is genetically isolated, it can

no longer repair itself by piecing together the good bits
of two damaged chromosomes. In the Y chromosome, the
non-recombining MSY region therefore undergoes mutation,
deletion, insertion of retroposons and amplification of repet-
itive sequences (Charlesworth 1991). It rapidly degrades,
losing active genes.

It might be expected that selection would preserve the Y
chromosome in its pristine state. However, selection does not
work very well on theY.There are several possible reasons for
this, including genetic drift and genetic hitchhiking, on top
of a high rate of variation. The Y chromosome is particularly
vulnerable to mutation. Comparisons of the frequency of syn-
onymous and non-synonymous nucleotide substitutions in Y
genes and their X-borne partners in primates and mice shows
that in each case, the Y-borne copy is much more rapidly
mutated (Wyckoff et al. 2002). This may be because it, alone
in the genome, is always passed from generation to generation
through the testis. This appears to be a hazardous place for a
chromosome to be and it is now clear that most de novo muta-
tions in humans are derived from the male parent (Makova and
Li 2002). Spermatogonia must undergo many more division
cycles in the testis than do oogonia in the ovary, so the chances
of an error occurring at replication are far higher (Miyata
et al. 1987). In addition, the sperm is a hostile environment
for a gene, being a ‘hotbed’of oxidation, and devoid of repair
enzymes (Aitken and Graves 2002). For this reason, most
new human mutations turn out to have come from the male
parent. The generation of this variation speeds up the loss of
functional genes from the Y by genetic drift and hitchhiking.

In the absence of recombination, the Y is at the mercy of
genetic drift, which acts in theY chromosome in a ratchet-like
way (Charlesworth 1991). This is a particularly strong force
in small populations and is exacerbated by the 4-fold lower
frequency of Y chromosomes in the population (half the pop-
ulation have no Y and the other half have only one, whereas
the autosomes are all present in duplicate in every person).
If, in a population of Y chromosomes that cannot recombine
with each other, the class of Y chromosomes with no dam-
age is accidentally lost because its bearers have no sons, this
‘zero-hit’class can never be regained. Once lost, they are gone
forever – Muller’s ratchet has turned once. Subsequently, the
class with one hit may be randomly lost, then the 2-hit class,
and so on.

A second powerful force driving theY to degrade is genetic
hitchhiking. This occurs when a new allele with a major
effect on male fitness arises on a particular Y chromosome.
It sweeps through the population, regardless of what other
damaged genes are carried on the sameY (Rice 1987). These
two mechanisms can nullify selection for undamagedY chro-
mosomes that carry a full complement of functional genes.

Variation, drift and hitchhiking have all taken place inde-
pendently in different mammal lineages, giving rise to loss
of different subsets of genes from the Y of, for instance,
human beings, mice and dogs. This gives the Y its uniquely
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variable gene content between mammal species. Some genes
have disappeared from the Y in one lineage but not another.
For instance, the UBE1 gene, which codes for a ubiquitin-
activating enzyme, has a Y-borne as well as an X-borne copy
in mice and marsupials, but not in human beings (Graves
2002). Conversely, the RPS4 gene, which codes for a ribo-
somal subunit, has copies on the X and Y chromosome in
human beings, but has lost itsY homologue in mice (reviewed
by Graves 1995). The sex-reversing gene ATRX has a testis-
specific Y-borne homologue in marsupials, but this has been
lost in all eutherian mammals (Pask et al. 2000).

Attrition of the Y chromosome seems to have occurred in
stages, reflected by ‘geological layers’ of the X that are still
apparent in the relationship of X genes to their partners on
the Y. This suggests that the Y chromosome has undergone a
few major rearrangements that destroyed pairing and recom-
bination with the X over a considerable region (Lahn and
Page 1999b; Skaletsky et al. 2003). Though the literal use of
KA/KSA ratios has been criticised and the boundaries of the
layers have been challenged (Sandstedt and Tucker 2004),
there is independent evidence that different parts of the Y
have independent origins.

The major geological divide that distinguishes regions of
the eutherian sex chromosomes resulted from addition of an
autosomal region to both the X and Y ∼100 million years
ago (Graves 1995). Comparative gene mapping shows that
part of the human X (the long arm and pericentric region) is
present on the X in all mammals, whereas part is autosomal
in marsupials and monotremes (reviewed by Graves 1995).
This implies that the eutherian X evolved from at least two
different genome regions.The X-conserved region reflects an
ancient X present in the common ancestor of all mammals and
is represented by chicken chromosome 4. The rest was added
more recently in eutherian mammals only and is equivalent
to part of chicken chromosome 1 (Graves and Shetty 2001).

The human Y chromosome, too, is composed of a cor-
responding conserved region, whose genes are present also
on the Y in marsupials, and a recently added region, whose
genes are autosomal in marsupials. Surprisingly, nearly the
entire human Y chromosome is derived from the recently
added region (Waters et al. 2001). Only four genes (includ-
ing SRY ) within ∼10 Mb were on the original mammalian Y
chromosome.

Thus, the paucity of genes on the Y chromosome, as well
as the Y’s variability between species, reflects the unique
selective forces acting on the Y.

Evolution of Y-chromosome-borne genes

The hypothesis that the X and Y differentiated from an auto-
somal pair as the Y degraded (Ohno 1967; Charlesworth
1991) predicts that genes on the Y evolved from ancestral
genes that are still represented on the X. In line with this
expectation, most genes and many pseudogenes on theY have
X-borne homologues, from which they obviously evolved.

However, Lahn and Page (1997) suggested that all the
interesting, male-specific genes on the Y were acquired,
instead, from autosomes. This ‘selfish Y hypothesis’ (Hurst
1994) seems to account for two testis-specific genes that have
no X-homologues (Lahn and Page 1999a). DAZ is homolo-
gous to a gene DAZL, which appears to have spawned a copy
on the Y, which has since been amplified into four copies
(Reijo et al. 1995; Repping et al. 2003b). CDY lacks introns
and seems to have been derived from a retrotransposed gene
copy (Lahn and Page 1999a).

Inconsistent with this hypothesis are the observations
that at least four genes with a known male-specific func-
tion have homologues on the X from which they clearly
evolved. For instance, the multi-copy spermatogenesis gene
RBMY evolved from a ubiquitously expressed partner RBMX
on the X (Delbridge et al. 1999; Mazeyrat et al. 1999), as
did the testis-specific TSPY from a ubiquitously expressed
TSPX (Delbridge et al. in press) and USP9Y, shown to be
required for spermatogenesis in human beings (Sun et al.
1999), and Ube1y in mice (reviewed by Graves 2002). Even
SRY itself evolved from a widely expressed gene SOX3 on
the X (Foster and Graves 1994). Several genes show differ-
ent degrees of inactivity, amplification and male specificity
in different species. For instance, ZFY has a ubiquitously
expressed homologue on the X (ZFX ) in all mammals. ZFY is
single copy and ubiquitous in human beings, but is duplicated
and testis-specific in mice (reviewed by Graves 2002). It is
amplified manyfold in some wild mouse species (Nagamine
1994). Thus, the distinction between single-copy genes with
X homologues and multi-copy testis-specific genes is proba-
bly meaningless, reflecting evolutionary events after location
on the Y, rather than their evolutionary origin.

How did the Y chromosome become so specialised for
male function and retain so few genes? The process by
which genes became inactivated and lost, or acquired a male-
specific function, has been examined by comparing genes at
different stages of degradation within different evolutionary
layers of the Y chromosome (Graves 2002). The PAR con-
tains active genes that are still paired by the Y, and represent
a last hold-out againstY degradation. Genes within the male-
specific region show a spectrum of activity, from fully active
and ubiquitous, through partially active to inactive pseudo-
gene. Several genes have acquired a male-specific function.
Most of these appear to be relics of genes on the original auto-
some. They may have acquired a selectable function (as has
Zfy in mice), or they may be retained simply because they are
part of a recent inversion and have not yet had time to get lost
(the tooth enamel gene AMELY, which is represented only by
a pseudogene on the mouseY, may be an example). Within the
conserved ancient region of the human Y, only four relics of
original genes survive, including SRY and RBMY. The over-
whelming majority of genes have been completely deleted
from this region of the Y (Waters et al. 2001; reviewed by
Graves 2002).
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Fig. 1. The structure and gene content of the human sex chromosomes.
The X and Y share a small terminal pseudoautosomal region (PAR1) by
which they regularly pair and recombine, as well as a second region of
homology (PAR2). The 162-Mb X-specific region contains 1420 genes,
whereas the 23-Mb Y-specific region has only 27 genes and amplified
gene families. Most of these genes have partners on the X.

Fig. 2. Simplified structure of the humanY chromosome, showing the eight palindromes on the long arm of theY and some of the amplified genes
and transcribed sequences, with no open reading frames (NORFs), they contain.

Different stages of degradation and loss may also be shown
by the same gene in different species. For instance, UBE1Y is
pseudoautosomal in monotremes, active but male-specific in
mice and marsupials, present only as pseudogene fragments
in several primates and has been completely lost from the
human Y (Mitchell et al. 1998).

Amplification is also a frequent occurrence on theY chro-
mosome, and occurs in genes on the added region as well
as the ancient conserved region. For instance, the candi-
date spermatogenesis gene, RBMY, was shaped by internal
exon amplification (Delbridge et al. 1999), and has also been
amplified independently in several eutherian and marsupial
lineages (Delbridge et al. 1997). Zfy, and even Sry have been
amplified in some old world mice (Nagamine 1994). It is
likely that amplification of genes on the Y is selected for to
compensate for the decrease of activity following a mutation
(Graves et al. 1998). We can conclude that genes with differ-
ent evolutionary origins are faced with the same evolutionary
forces once they are isolated on the Y chromosome.

The acquisition of a male-specific function may be inves-
tigated by comparing Y-borne male-specific genes with their
ubiquitously expressed X-borne partners. Acquisition of a
male-specific function necessitates a change in the expression
profile and perhaps in gene structure and binding partners.
Y-borne copies show many structural changes, including
internal amplification (Delbridge et al. 1999). Acquisition of
a male-specific function by a gene on the Y has been studied
by comparing the ratio of synonymous to non-synonymous
nucleotide substitutions, with the tentative conclusion that
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directional selection could explain an excess of changes that
alter an amino acid (Wyckoff et al. 2002).

SRY has also been shaped by the same evolutionary forces
(reviewed by Graves 1998). This gene appears to be a trun-
cated copy of SOX3, evolving in the first place by deletion of
sequences outside the HMG box that binds and bends DNA.
It shows a high mutation rate, typical of other genes on theY.
Differences in expression pattern, and even size and amino
acid composition between human and mouse SRY protein,
imply that in rodents this gene has undergone significant
recent variation in structure and function. In one marsupial
family, an intron has been created de novo in SRY (O’Neill
et al. 1998).

In the long-term, only those genes that contribute to male
fitness might be expected to survive on the Y. This structure
explains why more than half of the genes on the humanY, and
most of the genes on the mouseY, are expressed exclusively in
the testis, and presumably have roles in testis differentiation
or function. Thus the ‘coherence’ of the Y (Lahn and Page
1997) has an evolutionary, not a functional, explanation.

The use-by date of the Y chromosome

As discussed above, we have very strong evidence that genes
on the Y chromosome are under constant bombardment, and
are being lost at a significant rate. The humanY chromosome
retains only 45 genes of an original 1438. Thus, 1393 genes
have been lost from the Y over the last 300 million years at
most, a rate of loss of at least 4.6 genes per million years.
At this rate, the last 45 genes will all be gone within another
10 million years or so.

This may be a conservative estimate.There is an extremely
high rate of recurrent deletion of a 1.6-Mb region that contains
genes required for spermatogenesis (Repping et al. 2003a;
Tyler-Smith and McVean 2003), such that this mutation,
although conferring infertility, is maintained as a polymor-
phism in the human population. From the observation that 1%
of men are infertile because of a Y deletion, Sykes (2003)
argued that human fertility will decay to 1% of its present
level in 125,000 years. There is some evidence that as the
Y chromosome is further degraded, it becomes even more
unstable. Several male babies born from intracytoplasmic
sperm injection (ICSI) have more Y deletions than their
sub-fertile fathers (Kent-First et al. 1996). Thus the Y chro-
mosome could disappear much more rapidly than I predicted.

However, some genes on the Y are clearly essential
for male development and function. It might be thought
that genes that are essential for male reproduction cannot
disappear from the Y. This is clearly not the case, for we
have examples in which male-specific genes – including even
SRY – have been lost in one mammal species or another.

For instance, Ube1Y is testis-specific in mice and required
for spermatogenesis, but its homologue has been recently
degraded and lost from the primateY chromosome (Mitchell

et al. 1998). Its function must presumably have been taken
over by other genes, perhaps UBE1X or autosomal genes
from the same ubiquitin-binding enzyme family. In the same
way, there is a testis-specific Y-borne copy (ATRY ) of the
X-borne sex-reversing gene ATRX in marsupials, but not
eutherians (Pask et al. 2000). Its function has presumably
been taken over either by ATRX or by a related gene.

Even the sex-determining gene Sry has been lost from at
least two rodent lineages; two species of mole voles of eastern
Europe (Just et al. 1995) and the spinous country rats of Japan
(Sutou et al. 2001). The mole voles, Ellobius lutescens and
E. tancrei, both lack a Y chromosome and have no Sry gene
(Just et al. 1995). It is easy to imagine that another gene could
take over the control of testis determination, since there are
several female-to-male sex-reversal syndromes. Thus, even
genes essential for testis determination may be lost from the
Y, and presumably their function would be usurped by genes
elsewhere in the genome that act in the same sex-determining
and spermatogenesis pathways.

Conversion of the degenerate Y chromosome

Has the Y chromosome entered a terminal stage of degen-
eration and genetic impotence? The doleful prediction that
the human Y will be gone in 10 million years (Graves 2002)
has been vigorously opposed, and the recent news that the
human Y chromosome does, after all, undergo a type of
recombination (Rozen et al. 2003; Skaletsky et al. 2003) has
been greeted with some relief. The human Y, it transpires,
has unusual repetitive structures (palindromes) that permit
genetic interaction within the Y. Perhaps gene conversion
within loops formed by large palindromic sequences might
compensate for the lack of recombination between different
Y chromosomes (Rozen et al. 2003; Skaletsky et al. 2003).
Perhaps, then, genes within palindromes can withstand the
forces of degradation by making more copies of themselves,
and continually correcting their sequences.

Complete sequencing of the human Y (Skaletsky et al.
2003) revealed eight palindromic regions, some very large,
that read the same forwards and backwards (Fig. 2). The
lengths of the arms range from 9 kb to 1450 kb and pairs of
arms are separated by an unpaired spacer of 2–170 kb. Arrays
of amplified functional male-specific genes are concentrated
within these palindromes. These copies showed surprisingly
little sequence divergence given the high rate of variabil-
ity of genes on the Y, suggesting either that they amplified
very recently, or that there was some kind of homogenisa-
tion mechanism. Some of the palindromes have also been
shown to be present on chimpanzee, bonobo and gorilla
Y chromosomes (Rozen et al. 2003), so are at least a few
million years old.

Palindromes can make internal hairpin loops within a
single Y chromosome, within which internal pairing and
recombination could take place. Near identity of sequences
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on the two palindrome arms could be explained by a high
frequency of gene conversion between homologous genes
on the two arms. Gene conversion occurring between alle-
les on homologous chromosomes at meiosis non-reciprocally
replaces one allele with the other (Weaver 1999), and would
have the effect of homogenising sequences between the arms.
The frequency of conversion required to offset the high muta-
tion rate of sequences on the Y was calculated to be 600 per
Y chromosome per generation (Rozen et al. 2003). Gene con-
version within the palindromes of theY could occur at meiosis
or mitosis or both. Conversion was claimed to offer the Y
chromosome a way out of its unremitting decline and stave
off its inevitable disappearance (Rozen et al. 2003; Skaletsky
et al. 2003).

What effect will gene conversion within palindromes have
on the evolutionary forces that degrade the Y? Does the Y
chromosome engage in sexual reproduction after all, with its
capacity to renew and repair the genome?

Gene conversion occurring between gene copies on either
arm of the palindrome would non-reciprocally replace one
copy with another. So if a copy on one arm is mutated, it
could be replaced by an active copy. Clearly, if mutated copies
of a multi-locus gene are continually converted back into
active copies, the numbers of active copies will increase, and
the Y will, indeed, be saved. However, gene conversion is
not directional. The process is just as likely to substitute a
mutated copy for an active copy than it is to resurrect inactive
copies. Overall, it is hard to see how gene conversion within
palindromes could increase the number of active copies of
genes on theY. In the absence of some mechanism that biases
the direction of conversion, conversion would be expected
to negate the cushioning effect of having large numbers of
duplicates. A cluster of copies within an amplicon would be
all good, or all bad. Once the cluster was, by chance, converted
into a set of mutated copies, the whole cluster would cease to
be functional.

In fact, the numerous inactive pseudogenes, as well as the
fifteen families of transcribed but untranslateable transcripts
within palindromes, suggests that there are more casualties of
the process than successes. What we may be seeing, among
the multi-copy testis-specific genes in palindromes, are the
very few survivors of a random process that homogenises
sequences among copies – in either direction.

It is therefore left to selection to sort out the good Y chro-
mosomes from the bad – and as we have seen, drift and
hitchhiking may confound the most rigorous selection. Will
the occurrence of intra-Y gene conversion halt genetic drift or
make hitchhiking any less likely? I see no reason why intra-Y
events will affect drift or selection, other than by increasing
the amount of variation for these mechanisms to work on.
A Y chromosome will still be genetically isolated and act
as a single supergene, being lost or retained at a roll of the
genetic dice.

Thus, I would argue that gene conversion within palin-
dromes is more like genetic masturbation than real sex. It

does not offer interaction between different Y chromosomes,
which is essential for the genetic health of a region of the
genome.

Will the disappearance of the Y chromosome mean
the disappearance of men?

With the inevitable loss of the human Y, will males disap-
pear? Will humans simply become extinct, or will we adopt
some form of parthenogenesis, in which female eggs develop
without being fertilised by sperm? This Amazonian scenario,
though much touted in the popular press, simply cannot
happen in mammals.

In reality, we are locked into sexual reproduction by our
system of imprinted genes – at least a hundred of which are
active only if they come from the mother, or only if they come
from the father. Embryos constructed from two maternal
pronuclei die because they lack a developed extraembry-
onic region: cells with two paternal pronuclei die because
embryonic development doesn’t get very far (Surani et al.
1990). Whether or not genomic imprinting evolved to prevent
asexual reproduction in mammals is a moot point, but in any
event, parthenogenesis is definitely not an option for humans
and other mammals. Barring cloning, males are therefore
absolutely required for human reproduction.

Fortunately, a male-less world is not a necessary conse-
quence of losing the Y chromosome. For instance, the mole
vole manages to have males and females without the benefit
of a Y chromosome or the Sry gene (Just et al. 1995). The
presence of roughly equal proportions of male and female off-
spring implies that these creatures have invented a new form
of genetic sex determination. Somewhere in the mole vole
genome, a new sex-determining gene must have emerged.

It will be important to discover the identity and location
of this new sex-determining gene in the mole vole genome.
Is it one of the genes that we know to be involved in the
sex-determining pathway? Or a hitherto unknown gene in
the sex-determination pathway? Or is it a variant of a new
gene that has been recruited to a trigger role from a com-
pletely different pathway? The hunt is on for the new vole
sex-determining gene by looking for sex linkage among can-
didate genes (Baumstark et al. 2001). Not only is it of intrinsic
interest to see how the control of sex determination can flip
from one mode to another, but it might uncover a new gene
in the human sex-determining pathway, and one that may be
involved in human sex-reversal syndromes.

It is not at all hard to accept that a new gene might take over
mammal sex determination, because we know of several XY
female and XX male syndromes in humans in which a mutant
gene has short-circuited the normal testis-determining path-
way. For example, haplo-insufficiency for SOX9 or DMRT1,
deletion of ATRX and duplication of DAX1 all prevent testis
determination in XY patients. Duplication of SOX9 pro-
duces testis development in XX male patients (Huang et al.
1999) and the oddsex line of XX male mice has an alteration
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upstream of Sox9 (Bishop et al. 2000). Other mutant genes
reverse sex in beagles and goats (Meyers-Walling et al. 1995;
Pailhoux et al. 2001). Many rodent species have evolved
variant sex-determining mechanisms that suit their particular
ecology. For instance, wood lemmings have a variant X chro-
mosome that somehow suppresses male development (Fredga
1988), whereas some akodont rodents of South America
have a variant Y chromosome that is not male determining
(Hoekstra and Edwards 2000).

The only barrier to these variants taking over from SRY is
that all the sex reversal conditions are sterile. This is hardly
surprising, since XX males lack spermatogenesis genes as
well as SRY, and XY females cannot make eggs in the absence
of a second X chromosome. Obviously, then, the human Y
cannot disappear in one fell swoop, since this would require
the simultaneous creation of 27 substitute spermatogenesis
and sex-determining genes. Rather, loss must occur gradu-
ally, gene by gene. As each gene function is usurped by an
autosomal pretender, itsY-borne homologue may be lost from
the Y (Graves 2002). Gradually the Y becomes less and less
critical for male function, until just one gene remains – per-
haps (but not necessarily) the SRY gene. In theY-less Japanese
spinous country rats, the homologues of several spermatoge-
nesis genes still remain in the genome, although Sry has been
lost (Arakawa et al. 2002). Loss of this last gene makes the
Y completely redundant and permits it rapid loss.

Evolution of new hominid species?

There may be several different potential genetic solutions to
the problem of Y instability and the loss of SRY. It is inter-
esting to speculate on how different new sex-determination
mechanisms in different populations might interact.There are
likely to be intersexes or infertility among hybrids of these two
species, which may be the preconditions for establishment of
a species barrier. Maybe this is what happened to differenti-
ate the two species of Y-less mole voles that differ in having
either two X chromosomes or a single X chromosome (Just
et al. 1995). Was the evolution of alternative sex-determining
genes a speciating event?

What if different sex-determining genes take over from
SRY in different human populations? What happens if wood
lemming woman meets mole vole man (D. Fox, personal com-
munication)? Or XX SOX9 duplication man meets XY DAX1
duplication woman? Will a testis-suppressor gene on a neo-X
over-ride a testis-determining neo-Y? Or vice versa? Hybrid
intersexes or infertility in different human populations could
conceivably provide the preconditions for the creation of new
species of hominids.

References

Aitken, R. J., and Graves, J. A. M. (2002). The future of sex. Nature 415,
963. doi:10.1038/415963A

Arakawa, Y., Nishida-Umehara, C., Matsuda, Y., Sutou, S., and Suzuki,
H. (2002). X-chromosomal localization of mammalian Y-linked

genes in two XO species of the Ryukyu spiny rat. Cytogenet. Genome
Res. 99, 303–309. doi:10.1159/000071608

Baumstark, A., Makhverdyan, M., Schulze, A., Reisert, I., Vogel, W.,
and Just, W. (2001). Exclusion of SOX9 as the testis determining
factor in Ellobius lutescens: evidence for another testis determin-
ing gene beside SRY and SOX9. Mol. Genet. Metab. 72, 61–66.
doi:10.1006/MGME.2000.3105

Bishop, C. E., Witworth, D. J., Qin, Y., Agoulnik, A. I., Agoulnik, I. U.,
Harrison, W. R., Behringer, R. R., and Overvbeek, P. A. (2000).
A transgenic insertion upstream of Sox9 is associated with dom-
inant XX sex reversal in the mouse. Nat. Genet. 26, 490–494.
doi:10.1038/82652

Charlesworth, B. (1991). The evolution of sex chromosomes. Science
251, 1030–1033.

Delbridge, M. L., Harry, J. L., Toder, R., and Graves, J. A. M. (1997).
Only one human candidate spermatogenesis gene is conserved on
the marsupial Y chromosome. Nat. Genet. 15, 131–136.

Delbridge, M. L., Lingenfelter, P. A., Disteche, C. M., and
Graves, J. A. M. (1999). The candidate spermatogenesis gene RBMY
has a homologue on the human X chromosome. Nat. Genet. 22,
223–224. doi:10.1038/10279

Delbridge, M. L., Longepied, G., Depetris, D., et al. (in press). TSPY,
the candidate gonadoblastoma gene on the human Y chromosome,
has a widely expressed homologue on the X – implications for Y
chromosome evolution. Chromosome Res.

Ford, C. E., Jones, K. W., Polani, P. E., deAlmeida, J. C., and Briggs, J. H.
(1959). A sex chromosome anomaly in the case of gonadal dysgen-
esis. Lancet 273, 711–713. doi:10.1016/S0140-6736(59)91893-8

Foster, J. W., and Graves, J. A. M. (1994). An SRY -related sequence on
the marsupial X chromosome: implications for the evolution of the
mammalian testis-determining gene. Proc. Natl Acad. Sci. USA 91,
1927–1931.

Fredga, K. (1988).Aberrant chromosomal sex-determining mechanisms
in mammals, with special reference to species with XY females. Phil.
Trans. R. Soc. Lond. Biol. 322, 83–95.

Graves, J. A. M. (1995). The origin and function of the mammalian
Y chromosome and Y-borne genes – an evolving understanding.
Bioessays 17, 311–320.

Graves, J. A. M., Disteche, C. M., and Toder, R. (1998). Gene dosage
in the evolution and function of mammalian sex chromosomes.
Cytogenet. Cell Genet. 80, 94–103.

Graves, J. A. M. (2000). The human Y chromosome, sex determi-
nation and spermatogenesis – a feminist view. Biol. Reprod. 63,
667–676. doi:10.1002/(SICI)1521-1878(199803)20:3<264::AID-
BIES10>3.0.CO;2-1

Graves, J. A. M. (2002). The rise and fall of SRY. Trends Genet. 18,
259–264. doi:10.1016/S0168-9525(02)02666-5

Graves, J. A. M., and Shetty, S. (2001). Sex from W to Z –
evolution of vertebrate sex chromosomes and sex determin-
ing genes. J. Exp. Zool. 281, 472–481. doi:10.1002/(SICI)1097-
010X(19980801)281:5<472::AID-JEZ12>3.3.CO;2-F

Hoekstra, H. E., and Edwards, S. V. (2000). Multiple origins of
XY female mice (genus Akodon): phylogenetic and chromoso-
mal evidence. Proc. R. Soc. Lond. B. Biol. Sci. 267, 1825–1831.
doi:10.1098/RSPB.2000.1217

Huang, B., Wang, S., Lamb, A. N., and Bartley, J. (1999). Autosomal
XX sex reversal caused by duplication of SOX9. J. Med. Genet.
87, 349–353. doi:10.1002/(SICI)1096-8628(19991203)87:4<349::
AID-AJMG13>3.0.CO;2-N

Hurst, L. D. (1994). Embryonic growth and the evolution of the mam-
malilan Y chromosome. I. The Y as an attractor for selfish growth
factors. Heredity 73, 223–232.

Jacobs, P. A., and Strong, J. A. (1959). A case of human intersexu-
ality having a possible XXY sex-determining mechanism. Nature
183, 302.



534 Reproduction, Fertility and Development J. A. M. Graves

Just,W., Rau,W.,Vogel,W.,Akhverdian, M., Fredga, K., Graves, J.A. M.,
and Lyapunova, E. (1995). Absence of SRY in species of the vole
Ellobius. Nat. Genet. 11, 117–118.

Kent-First, M. G., Kol, S., Muallem, A., Ofir, R., Manor, D., Blazer, S.,
and First, N. (1996).The incidence and possible relevance of Y-linked
microdeletions in babies born after intracytoplasmic sperm injection
and their infertile fathers. Mol. Hum. Reprod. 2, 943–950.

Lahn, B., and Page, D. C. (1997). Functional coherence of the human
Y chromosome. Science 278, 675–680. doi:10.1126/SCIENCE.278.
5338.675

Lahn, B. T., and Page, D. C. (1999a). Retroposition of autosomal
mRNA yielded testis-specific gene family on humanY chromosome.
Nat. Genet. 21, 429–433. doi:10.1038/7771

Lahn, B. T., and Page, D. C. (1999b). Four evolutionary strata on
the human X chromosome. Science 286, 964–967. doi:10.1126/
SCIENCE.286.5441.964

Lander, E. S., Linton, L. M., Birren, B., Nusbaum, C., Zody, M. C.,
International Human Genome Sequencing Consortium, et al. (2001).
Initial sequencing and analysis of the human genome. Nature 409,
861–921.

Makova, K. D., and Li, W. H. (2002). Strong male-driven evolution
of DNA sequences in humans and apes. Nature 416, 624–626.
doi:10.1038/416624A

Mazeyrat, S., Saut, N., Mattei, M.-G., and Mitchell, M. J. (1999). RBMY
evolved on the Y chromosome from a ubiquitously transcribed X-Y
identical gene. Nat. Genet. 22, 224–226.

Meyers-Walling, V. M., Palmer, V. L., Acland, G. M., and Hershfield, B.
(1995). Sry-negative XX sex reversal in theAmerican cocker spaniel
dog. Mol. Reprod. Dev. 41, 300–305.

Mitchell, M. J., Wilcox, S. A., Watson, J. M., Lerner, J. L., Woods, D. R.,
Scheffler, J., Hearn, J. P., Bishop, C. E., and Graves, J. A. M. (1998).
The origin and loss of the ubiquitin activating enzyme gene on
the mammalian Y chromosome. Hum. Mol. Genet. 7, 429–434.
doi:10.1093/HMG/7.3.429

Miyata, T., Hayashida, H., Kuma, K., Mitsuyasu, K., and Yasunaga, T.
(1987). Male-driven molecular evolution: a model and nucleotide
sequence analysis. Cold Spring Harb. Symp. Quant. Biol. 52,
863–867.

Nagamine, C. M. (1994). The testis-determining gene, SRY, exists in
multiple copies in Old World rodents. Genet. Res. 64, 151–159.

Nanda, I., Shan, Z., Schartl, M., Burt, D. W., Koehler, M., et al.
(1999). 300 million years of conserved synteny between chicken
Z and human chromosome 9. Nat. Genet. 21, 258–259. doi:
10.1038/6769

Ohno, S. (1967). ‘Sex Chromosomes and Sex Linked Genes.’ (Springer
Verlag: Berlin, Germany.)

O’Neill, R. J. W., Brennan, F. E., Delbridge, M. L., and Graves, J. A. M.
(1998). De novo insertion of an intron into the mammalian sex
determining gene SRY. Proc. Natl Acad. Sci. USA 95, 1653–1657.
doi:10.1073/PNAS.95.4.1653

Pailhoux, E.,Vigier, B., Chaffaux, S., Servel, N.,Taourit, S., et al. (2001).
A 11.7-kb deletion triggers intersexuality and polledness in goats.
Nat. Genet. 29, 453–458. doi:10.1038/NG769

Pask, A., Renfree, M. B., and Graves, J. A. M. (2000). The human
sex-reversing gene ATRX has a homologue on the marsupial
Y chromosome. Proc. Natl Acad. Sci. USA 97, 13198–13202.
doi:10.1073/PNAS.230424497

Raymond, C. S., Shamu, C. E., Shen, M. M., Seifert, K. J., Hirsch, B.,
Hodgkin, J., and Zarkower, D. (1998). Evidence for evolution-
ary conservation of sex-determining genes. Nature 391, 691–695.
doi:10.1038/35618

http://www.publish.csiro.au/journals/rfd

Reijo, R., Lee, T.-Y., Salo, P., Alagappan, R., Brown, L. G., et al. (1995).
Diverse spermatogenic defects in humans caused byY chromosome
deletions encompassing a novel RNA-binding protein gene. Nat.
Genet. 10, 383–393.

Repping, S., Skaletsky, H., Brown, L., van Dalen, S. K. M.,
Korver, C. M., et al. (2003a). Polymorphism for a 1.6-Mb dele-
tion of the human Y chromosome persisits through balance between
recurrent mutation and haploid selection. Nat. Genet. 35, 247–251.
doi:10.1038/NG1250

Repping, S., de Vries, J. W. A., van Daalen, S. K. M., Korver, C. M.,
Leschot, N. J., and van derVeen, F. (2003b).The use of sperm HALO-
FISH to determine DAZ gene copy number. Mol. Hum. Reprod. 9,
183–188. doi:10.1093/MOLEHR/GAG032

Rice, W. R. (1987). The accumulation of sexually antagonistic genes as
selective agent promoting the evolution of reduced recombination
between primitive sex chromosomes. Evolution 41, 911–914.

Rozen, S., Skaletsky, H., Marzalek, J. D., Minx, P. J., Cordum, H. S.,
Waterston, R. H., Wilson, R. K., and Page, D. C. (2003). Abundant
gene conversion between arms of palindromes in human and ape Y
chromosomes. Nature 423, 873–876. doi:10.1038/NATURE01723

Sandstedt, S. A., and Tucker, P. K. (2004). Evolutionary strata on the
mouse X chromosome correspond to strata on the human X chromo-
some. Genome Res. 14(2), 267–272. doi:10.1038/NATURE01723

Sinclair, A. H., Berta, P., Palmer, M. S., Hawkins, J. R., Griffiths, B. L.,
Smith, M. J., Foster, J. W., Frischauf, A. M., Lovell-Badge, R.,
and Goodfellow, P. N. (1990). A gene from the human sex-
determining region encodes a protein with homology to a conserved
DNA-binding motif. Nature 346, 240–244. doi:10.1038/346240A0

Skaletsky, H., Kuroda-Kawaguchi, T., Minx, P. J., Cordum, H. S.,
Hillier, L., et al. (2003). The male-specific region of the human Y
chromosome is a mosaic of discrete sequence classes. Nature 423,
825–837. doi:10.1038/NATURE01722

Sun, C., Skaletsky, H., Birren, B., Devon, K., Tang, Z., Silber, S., Oates,
R., and Page, D. C. (1999). An azoospermic man with a de novo
point mutation in the Y-chromosomal gene USP9Y. Nat. Genet. 23,
429–432. doi:10.1038/70539

Surani, M. A., Kothary, R., Allen, N. D., Singh, P. B., Fundele, R.,
Ferguson-Smith, A. C., and Barton, S. C. (1990). Genomic imprint-
ing and development on the mouse. Development Suppl., 89–98.

Sutou, S., Mitsui, Y., and Tsuchiya, K. (2001). Sex determination with-
out the Y chromosome in two Japanese rodents Tokudaia osimensis
osimensis and Tokudaia osimensis spp. Mamm. Genome 12, 17–21.
doi:10.1007/S003350010228

Sykes, B. (2003). ‘Adam’s Curse. A Future Without Men.’ (Transworld
Publishers: London, UK.)

Tyler-Smith, C., and McVean, G. (2003). The comings and goings of aY
polymorphism. Nat. Genet. 35, 201–202. doi:10.1038/NG1103-201

Waters, P., Duffy, B., Frost, C. J., Delbridge, M. L., and Graves, J. A. M.
(2001). The human Y chromosome derives largely from a single
autosomal region added 80–130 million years ago. Cytogenet. Cell
Genet. 92, 74–79. doi:10.1159/000056872

Weaver, R. (1999). ‘Molecular Biology.’ (McGraw Hill: Boston,
MA, USA.)

Wyckoff, G. J., Li, J., and Wu, C.-I. (2002). Molecular evolution of func-
tional genes on the mammalian Y chromosome. Mol. Biol. Evol. 19,
1633–1636.

Manuscript received 8 October 2003; revised and accepted 15 April
2004.


