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The evolution of chromosomal sex determination and
dosage compensation
Brian Charlesworth 

In many species, sex is determined by a system based on X
and Y chromosomes, the latter having lost much of their
genetic activity. Y chromosomes have evolved independently
many times, and the associated change in gene dosage in the
heterogametic (XY) sex is often compensated for by regulatory
mechanisms which ensure equal amounts of gene products of
X-linked loci in males and females. There have recently been
substantial advances in our knowledge of the molecular
biology and genetics of sex chromosomes and dosage
compensation, and in our understanding of the population
genetic processes which are involved in their evolution.
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Introduction
Systems of chromosomal sex determination have evolved
independently in many groups of animals and plants.
These systems have several striking characteristics (Box
1), found in a variety of taxonomic groups. This suggests
that similar evolutionary forces have operated in different
lineages. Sex chromosome evolution often produces mor-
phologically and genetically distinct X and Y chromo-
somes (with male heterogamety), or Z and W
chromosomes (with female heterogamety) [1–3]. For con-
venience, I shall mostly consider male heterogametic
systems from now on; similar considerations apply to
female heterogamety, with the appropriate change of
notation. It is generally believed that the X and Y chromo-
some were originally homologous, and have only gradually
diverged, with the end stage being the loss of active genes
from most or all of the Y (genetic erosion) [3–7].

In some (but not all) groups with XX/XY sex determina-
tion, the possession of a genetically eroded Y chromosome
is associated with dosage compensation, such that the
activity of most X-linked genes is effectively the same in
males and females [8–10] (Fig. 1). It has been suggested
that the evolution of an eroded Y chromosome and of

Box 1

Features of genetic and chromosomal sex determination.

The genetic control of sexual phenotype is frequently associated
with a locus, or set of closely-linked loci, that are homozyous in one
sex — the homogametic sex — and heterozygous in the other — the
heterogametic sex [1–3]. Male heterogamety has apparently
evolved more often than female heterogamety [3]. Elaborations of
this simple mode of sex determination have repeatedly evolved [3].
In the most primitive systems, there are no gross structural
differences between the chromosomes carrying the sex-determining
alleles. In more advanced systems, chromosomal rearrangements
are present which prevent recombination around the sex-
determining region in the heterogametic sex [1–3,5]. In the most
advanced systems, the sex chromosomes are morphologically and
genetically very different, and there is no recombinational exchange
between them for all or part of their lengths. In such advanced
systems, the chromosome that is restricted to the heterogametic
sex (Y or W) lacks most of the genes carried on its partner (X or Z)
[1–6]. In some cases, the heterogametic sex completely lacks a
homologue of the X or Z chromosome (giving XX/XO sex
determination) [2,3]. The Y or W chromosome may carry some
genes which are absent from its partner, but which provide
products that are useful for the heterogametic sex [6,24,96]. In
several lineages with XX/XY or XX/X0 sex determination, there is a
difference in gene activity between the X chromosomes in males
and females, such that the overall level of X-linked gene products in
males and females is approximately the same (dosage
compensation; see Figure 1) [8–11].
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dosage compensation are both reflections of evolutionary
forces which lead to selection for increased expression of
genes on the X chromosome in the heterogametic sex, rel-
ative to their homologues on the Y, in response to muta-
tion-driven decline in the genetic quality of Y-linked
genes [4,11–14].

Here, I shall review possible mechanisms for the evolution
of genetically eroded Y chromosomes and dosage compen-
sation, in the light of recent advances in the theoretical
understanding of relevant evolutionary forces and in our
knowledge of the molecular and genetic basis of sex deter-
mination. I shall also consider the poorly understood evo-
lution of X/autosomal balance sex determination (found in
Drosophila [15,16], the flowering plant Rumex acetosa [17]

and Caenorhabditis elegans [7,18]), and of XX/X0 sex deter-
mination. The well-known tendency for repetitive DNA
sequences to accumulate on Y chromosomes will not be
discussed, as this topic has recently been reviewed [19].

The evolution of incipient X and Y
chromosomes
The evolutionary origin of primitive sex chromosomes is
closely associated with the evolution of genetically deter-
mined separate sexes [1,3,6], and it is necessary to discuss
this briefly before turning to the main topic of this review.
The best understood path is when separation of the two
sexual functions into different individuals (dioecy) evolves
from an ancestral cosexual state, in which male or female
functions are expressed in the same individual. Cosexual-
ity is characteristic of most flowering plants, many inverte-
brate taxa and some fish species [3,6]. The simplest
method of transition from cosexuality to a fully dioecious
state is by mutations at two loci, one, f, controlling female
function, and the other, m, controlling male function
[1,20]. The selective forces causing an evolutionary transi-
tion between cosexuality and dioecy via an intermediate
stage of gynodioecy (polymorphism for male-sterile and
cosexual individuals) are outlined in Box 2, and have been
discussed in more detail elsewhere [6,20].

Although this model is undoubtedly very oversimplified,
its general outline is consistent with evidence from the
genetics of sexuality in flowering plants, where transitions
from cosexuality to dioecy are often of relatively recent
evolutionary origin [1,6,20]. It also provides a simple
explanation for the evolution of a male-determining proto-
Y chromosome, and the predominance of male hetero-
gamety [3,6,20]. A somewhat similar scenario can be
envisaged for the evolution of genetic sex determination
from environmental sex determination. Determination of
sex by the temperature during early development occurs
in many groups of lower vertebrates [3,21–23]. Alleles at
two different loci that convert individuals of labile sex
phenotype into males and females, respectively, can
invade a population with environmental sex determination
under suitable conditions on the relative fitnesses of males
and females in different environments [3,23]. It is uncer-
tain whether environmental sex determination in lower
vertebrates is ancestral or derived [3,21].

After the establishment of the proto-X/proto-Y chromo-
some system, there is selection for closer linkage of the
two sex-determining loci (Box 2). In addition, selection for
alleles which are advantageous in males but disadvanta-
geous in females will lead to further genetic differentia-
tion between the two sex chromosomes, and to selection
for suppression of recombinational exchange over most or
all of their length [3,6,24]. This sets the scene for further
evolution of the incipient Y chromosome and of dosage
compensation, which are discussed in the next section.
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Figure 1

Two different mechanisms of dosage compensation are shown. In
Drosophila (top), there is a higher rate of transcription from the X
chromosome in males than there is in females. This results in
approximately equal amounts of gene products from most X-linked
genes in males and females. In mammals (lower section), only one of
the two X chromosomes is active in females. In marsupials, it is always
the paternal X chromosome that is inactivated. In eutherians, either the
paternal or the maternal X is inactivated in different cells of the same
individual.
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Erosion of the Y chromosome and the
evolution of dosage compensation
There are two major models in the literature for the evolu-
tionary erosion of an incipient Y chromosome. One
invokes ‘Muller’s ratchet’ [13], and the other the fixation
of deleterious Y-linked mutations by ‘hitchhiking’ with
selectively favourable mutations on the Y chromosome
[14] (see below). Other models have been proposed
[4,12,25], but they suffer from various difficulties which
make them seem less plausible [13,26].

It has also been suggested that restricted recombination
between the X and Y chromosomes may have led to a
higher mutation rate for Y-linked alleles, and thereby to
the mutational decay of the Y chromosome [5]. But it is
unlikely that even a greatly elevated rate of mutation on
an incipient Y chromosome would cause the fixation of
deleterious alleles on the Y chromosome in opposition to
selection in a large population [13,26], although it could
accelerate the processes described below. Such an accel-
eration could also be caused by the higher rate of muta-
tion in males than females in mammals [27,28]. But there
is no evidence for a difference in mutation rate between
males and females in Drosophila [29], despite the lack of
crossing over in males, so that elevated mutation rates
cannot contribute to Y chromosome degeneration in this
genus.

The same evolutionary principles apply to a proto-Y chro-
mosome that has evolved restricted recombination, but
still retains most of its genetic homology to the proto-X
chromosome, and to a neo-Y chromosome that has evolved
by fixation of a reciprocal translocation or centric fusion
between a sex chromosome and an autosome (Fig. 2) [2].
All that is required is that the incipient Y chromosome be
maintained permanently heterozygous over the X in the

heterogametic sex, with no recombination over all or part
of its length. Because of their relatively recent evolutionary
origin, neo-X and neo-Y chromosomes provide very useful
model systems for studying the degeneration of Y chromo-
somes and the evolution of dosage compensation [11]. 

I shall assess the plausibility of the two major models of Y
chromosome degeneration in the light of empirical data on
the mutation rates and fitness effects of deleterious alleles
in Drosophila, and recent theoretical work on the evolu-
tionary consequences of deleterious mutations. In addi-
tion, I shall discuss an alternative model, involving the
‘background selection’ effect of deleterious mutations on
evolution at linked loci [30–36].

Deleterious alleles in Drosophila
Information on the per-genome rate of spontaneous
mutation to deleterious alleles in Drosophila comes
mainly from experiments by Mukai, Ohnishi and cowork-
ers on egg-to-adult viability (reviewed in [37]). These
involved measurements of the rate of decline of the mean
viability, and the rate of increase in the between-line
variance in viability, for D. melanogaster lines carrying
second chromosomes that had accumulated mutations
independently for many generations, in the effective
absence of selection. A maximum likelihood reanalysis of
these data indicates that the mean number of new muta-
tions to non-lethal deleterious alleles (detrimentals)
affecting viability is probably at least 0.2 per haploid
second chromosome per generation [38]. Lethals con-
tribute an additional component of the order of 0.005
events per generation [37]. Indirect estimates of the
genomic mutation rate to deleterious alleles from the
level of heterosis in highly selfing plant species are
broadly consistent with this estimate of the mutation rate
for detrimentals in Drosophila [39].
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A male-sterility or female-sterility mutation which arises in an initially
cosexual population may be favoured by selection for two reasons:
first, avoidance of the production of unfit progeny by self-fertilization;
and second, increased fertility through reallocation of resources to
the sexual function that is retained by mutant individuals [6,20]. The
first factor favours mutants that have nearly complete effects on
fertility, as these must be fully outcrossing. In addition, male-sterility
mutations are more likely to be favoured than female-sterility
mutations, as reproduction through male gametes is of lower genetic
value than reproduction through female gametes in a population
which experiences some degree of self-fertilization [6,20]. Because
loss-of-function mutations are usually recessive, the first step in the
evolution of dioecy by this path is likely to be the establishment of a
polymorphism for females and cosexuals (gynodioecy), with
femaleness caused by a recessive mutation, ms [6,20]. This model is
supported by genetic and comparative evidence [1,6,20]. The
presence of females means that reproduction through male gametes
in a gynodioecious population is of greater value than in the original
cosexual population. This enhances the prospects for selection of a

female-sterility mutation, f S, at another locus [6,20]. If linkage
between the two loci is close, and f S is completely dominant, most of
the final population will consist of homogametic females (f f ms / f f ms)
and heterogametic males (f S mF / f f ms). If f S is incompletely
dominant, full dioecy will not be established at once, although there
will be selection for modification towards full dominance [20]. With
the opposite dominance relations for ms and f S, female heterogamety
will evolve. Clearly, if ms and f S are both recessive or both dominant,
dioecy cannot evolve, and there is nothing to explain. If the two loci
are loosely linked, recombination between them can generate
genotypes, such as f S ms / f f ms, that are completely sterile. This
means that close linkage between the m and f loci is required for the
spread of the second mutation [6,20]. Genetic factors or
chromosomal rearrangements that reduce recombination will be
favoured, leading to the two loci being inherited as a unit [20]. Under
this scenario, chromosomes carrying the combination f S mF are
proto-Y chromosomes, and chromosomes with f f ms are proto-X
chromosomes.

Box 2

Evolution of separate sexes and primitive sex-determining mechanisms.



Given that the X chromosome is approximately half the
size of the second chromosome, these data suggest a
mutation rate to deleterious alleles of ~0.1 per haploid X
chromosome in Drosophila. But a large component of the
homozygous genetic load in Drosophila is due to loci
affecting male fertility [40], which may contribute little to
the mutation rate estimated from experiments on viability.
It is therefore probable that these experiments underesti-
mate the total mutation rate for alleles affecting fitness
[41]. The observed rate of decline in fitness of a non-
recombining pair of chromosomes in a small laboratory
population of D. melanogaster also indicates a high muta-
tion rate to deleterious alleles [42]. Chromosome arms in
the genus Drosophila are of similar size, and seem to be
well conserved in evolution [43–45]. The mutation rate
both for the primeval Y and for a neo-Y formed by an
X–autosome or Y–autosome fusion (Fig. 2) should there-
fore be similar to that for the present-day X chromosome,

assuming that the primeval sex chromosome system
evolved in an ancestor with a genome structure similar to
that of present-day members of the genus. An estimate of
0.1 for the deleterious mutation rate for a proto-X or neo-Y
chromosome in Drosophila, with respect to loci affecting
the fitness of males, is likely to be quite conservative.

In an infinitely large, randomly mating population, a
balance between mutation and selection at many loci will
be established, so that there is a stable distribution of the
number of deleterious mutations per chromosome (Fig. 3),
with a mean and variance which can calculated from the
mode of selection, the mutation rate and the amount of
recombination [46–48]. The equilibrium number of muta-
tions per proto-Y or neo-Y chromosome in such an infinite
population plays a major role in the processes discussed
below.

Assume that there are m mutable sites on the proto-Y
chromosome, the mutation rate at the ith site is ui, and the
corresponding selection coefficient against a heterozygous
mutation at this site in males is ti. (Data on Drosophila
show that both lethal and detrimental mutations usually
have significant deleterious effects on fitness when het-
erozygous [37,49], so that the assumption that selection
takes place predominantly against heterozygous mutations
in a randomly mating population is well supported.) The
equilibrium mean number of deleterious mutations per
incipient Y chromosome, -nY, is given by the following
expression [46–48]:

-nY = 
m
Σ
i=1

ui
ti

(1)

If detrimental mutations with small effects on fitness are
more frequent than those with large effects, as seems
likely [37,38], then -nY >uY/ tH, where uY is the mutation
rate to deleterious alleles for the proto-Y chromosome, and
tH is the harmonic mean of the ti . The value of uY/ tH thus
provides an underestimate of the equilibrium mean
number of mutations per proto-Y chromosome. An esti-
mate of 0.02 for tH has been obtained for the heterozygous
effects of mutations on net fitness of D. melanogaster under
natural conditions, from the ratio of the reduction in mean
viability associated with homozygosity for non-lethal auto-
somes to the mutational decline in mean viability [37].
This is consistent with the apparently rather large mean
homozygous effects of spontaneous deleterious mutations
on net fitness compared with their effects on a single
fitness component [41], and the partial recessivity of most
detrimental mutations [37,39,49]. Given that uY is proba-
bly >0.1, -nY in Drosophila is therefore likely to exceed five.

Muller’s ratchet
The term Muller’s ratchet refers to the stochastic loss of
the class of chromosomes carrying the smallest number of
deleterious mutations in a population of finite size. In the
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Figure 2

The formation of a neo-X/neo-Y sex chromosome system by a
Robertsonian centric fusion between an autosome and the original X
chromosome. The original state is shown in the upper section; the
double-headed arrow indicates the chromosomes that undergo the
centric fusion. Fixation of the fusion chromosome within the population
results in males and females with the constitutions shown in the lower
part of the figure. The neo-X chromosome is formed by the autosome
that is fused to the X. The neo-Y chromosome is formed by its free
homologue, which is present only in males.
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absence of recombination and back mutation, this class of
chromosome cannot be replaced after it has been lost.
This results in a progressive increase in the mean number
of deleterious alleles per individual [50,51] (Fig. 3). In
large populations, this can occur in the absence of acceler-
ated fixation of deleterious alleles at individual loci
[51,52], an important difference from other mechanisms of
Y chromosome degeneration (see below). There has
recently been progress in the theoretical analysis of the
progress of Muller’s ratchet for strictly asexual popula-
tions, although a general analytic solution has not yet been
obtained [53–55].

The behaviour of the non-recombining portion of an
incipient Y chromosome is similar to that of the commonly
analyzed case of a haploid asexual population. As only
males bearing Y chromosomes are relevant, the number of
breeding males, Nm, replaces the population size N used in
the haploid models. The critical parameters that deter-
mine the rate of the ratchet are Nm and -nY. With multi-
plicative fitness interactions among loci, the equilibrium
frequency of chromosomes free of deleterious mutations
in an infinite population is f0 = exp(– -nY) [46]. If the equi-
librium number of individuals in the zero class, f0 Nm, is of
the order of 1 or less, the ratchet will advance rapidly, and
the mean number of deleterious mutations per chromo-
some will increase by a large amount over a short period of
evolutionary time [51–55]. If f0 Nm > 100, the ratchet will
proceed very slowly, with a rate of increase of -nY of one
every several thousand or millions of generations. The
dependence of the speed of the ratchet on f0 Nm becomes
exponential for such large values [53]. The corresponding
rate of decline of the mean fitness of males is approxi-
mately equal to the rate of change of -nY multiplied by the
mean selection coefficient [52,54,55].

With the value of -nY suggested by the Drosophila data,
f0 = 0.0067, so that f0 Nm = 670 for a male population of one
hundred thousand, and 6700 for a population of one
million. Using the parameters assumed here, and equa-
tions (14) in [53], the average time between turns of the
ratchet would be about 50 000 generations in the first case,
and 3 × 1030 generations in the second. Data on DNA
sequence variability at silent nucleotide sites suggest that
total effective sizes of Drosophila species are in the mil-
lions [56,57]. Given that population subdivision is rela-
tively weak in many species of Drosophila [58], the species
population size, rather than local population size, is likely
to be important in affecting the speed of the ratchet.

These considerations imply that the rate of advance of the
ratchet for an incipient Drosophila Y chromosome is likely
to be exceedingly slow, in contrast to what was believed
when the ratchet was first proposed as an explanation of Y
chromosome degeneration [13]. Synergistic fitness inter-
actions — such that the selection coefficient against a new
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Figure 3

(a) The histogram shows the expected distribution of the number of
deleterious mutations per proto-Y chromosome, in a population at
equilibrium between mutation and selection with a mean number of
mutations of 5 per chromosome. As indicated by the leftward arrow,
genetic drift in a finite population causes the eventual loss of the
chromosome class with the lowest number of mutations. Mutation
pressure, indicated by the rightward arrow, causes a flow from lower to
higher numbers of mutations. In the absence of recombination, these
forces together result in the movement of the distribution to the right —
Muller’s ratchet. (b) The outcome of Muller’s ratchet operating on an
incipient Y chromosome. Incipient X and Y chromosome pairs in three
independent individuals drawn from the population are shown. The
vertical lines indicate the positions of deleterious mutations. The mean
number of mutations on the proto-X chromosome, which is freely
recombining in females, is given by the equilibrium between mutation
and selection in a large population. Because of the operation of the
ratchet on the non-recombining portion of the proto-Y, the mean
number of deleterious mutations on the Y chromosome is greater than
on the X. Note, however, that these mutations are still infrequent within
the population at any given locus, so that they are present at different
sites in different individuals.
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mutation increases with the number of deleterious muta-
tions already present in the genome — reduce the speed
of the ratchet below this estimate [52,59,60]. The ratchet
will move much faster if there is a large class of mutations
with small effects on fitness, but the rate of decline in
fitness will be greatly reduced if selection coefficients are
much smaller than 0.02 [52,54,55,60].

The selective force that drives the evolution of inactiva-
tion of the Y chromosome and dosage compensation is
related to the decline in mean fitness of carriers of the Y
chromosome. The increased abundance of Y-linked dele-
terious mutations means that it is selectively advantageous
to increase the activity of X-linked genes in males, even at
the expense of the activity of genes on the Y chromosome
(Fig. 3), provided that the total level of activity of genes
on the two sex chromosomes combined is not greatly
affected [13]. The end result of this process is a complete
shutdown of expression of genes carried on the Y (except
those which are required for function of the heterogametic
sex and lack homologues on the X), and a doubling of the
level of expression of genes on the X compared with the
original state. But the above arguments imply that it is
unlikely that this selective force will become very notice-
able until many millions of years have elapsed after the
formation of an incipient Y chromosome, unless the popu-
lation size is much smaller than is indicated by the levels
of DNA variation at silent nucleotide sites in Drosophila
[56,57]. The ratchet is much more plausible for mammals,
with their relatively small effective population sizes [61].

Hitchhiking by favourable mutations
An advantageous mutation that occurs on the non-recom-
bining portion of an incipient Y chromosome will cause
the fixation of all deleterious mutations present on the
chromosome on which it occurs [14] — a process known as
hitchhiking [62]. Successive ‘selective sweeps’ of this kind
would cause the fixation of deleterious alleles at many Y-
linked loci, leading to selection for increased activity of
the non-mutant X-linked loci relative to the Y-linked loci
that carry mutant alleles [14].

This model suffers, however, from the following difficulty.
In a large, non-recombining population which is at equilib-
rium under mutation–selection balance at many loci, a new
allele has a non-zero chance of survival only if it arises in a
mutant-free chromosome, unless it is more strongly
selected than most of the deleterious mutations [30–36].
This is because chromosomes carrying one or more delete-
rious mutations are rapidly eliminated from the population,
carrying the new variant with them, unless the latter has a
sufficiently large selective advantage to overcome the
fitness disadvantage due to the deleterious alleles with
which it is associated (a process known as ‘background
selection’ [33]). Unless the population size is so small that
Muller’s ratchet operates very rapidly, or the selective

advantage of the new variant is rather large compared with
the mean selection coefficient for deleterious mutations,
tH, only chromosomes that are free of deleterious mutations
contribute to the ancestry of future generations (Fig. 4).

In the absence of background selection, the probability of
ultimate fixation of a favourable Y-linked new mutation
with a small selective advantage, s, introduced into a pop-
ulation of Nm breeding males, is ~2 s if sNm >>1 [63]. (For
simplicity, it will be assumed here that the effective popu-
lation number, whose reciprocal measures the effective-
ness of genetic drift [63], is the same as the number of
breeding individuals.) In the presence of background
selection, and with no recombination, this probability is
reduced by a factor of f0 [31,34–36] if the favourable muta-
tion can only be established on a background free of dele-
terious alleles. The probability of fixation of a very weakly
selected Y-linked allele (sNm <1) approaches that for a
neutral mutation [34]. In either case, the favourable vari-
ants that become established have arisen in mutant-free
backgrounds, and hence do not cause hitchhiking of dele-
terious alleles. These results imply that only rather
strongly selected favourable mutations (with s of the order
of 0.02 or more), which can proceed to fixation even if
they are associated with one or more deleterious alleles
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Figure 4

The fate of weakly selected variants when introduced into a large, non-
recombining population in which strongly selected deleterious alleles
are maintained at many loci by mutation pressure. In the initial
generation, a new variant occurs either in a chromosome which is free
of deleterious alleles (above the red line), or in a chromosome which
contains one or more deleterious alleles (below the red line). As
strongly selected deleterious alleles only persist in the population for a
short time after they are created by mutation, the genetic make-up of
future generations is increasingly dominated by the descendants of
chromosomes that were mutation-free in the initial generation (blue
lines). Hence, a new variant that arises in a chromosome which carries
deleterious mutations will be ultimately lost from the population, even if
it increases in frequency within the class of mutant chromosomes as a
result of a selective advantage, unless its selective advantage is strong
enough to outweigh the selective disadvantage of the associated
deleterious mutations.
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[31,35,36], can contribute to the degeneration of the proto-
Y chromosome. This process is, therefore, almost certainly
less important than was originally envisaged [14].

Accelerated fixation of slightly deleterious mutations
because of background selection
The reduction in effectiveness of selection on relatively
weakly selected alleles because of background selection
can also cause slightly deleterious mutations to experience
an accelerated rate of substitution by drift [32,34]. With no
recombination and with f0 Nm =5000, for example, muta-
tions with a heterozygous selection coefficient of the order
of 0.0001 will be effectively neutral, and the rate of substi-
tution of new variants over evolutionary time will
approach the rate at which they originate by mutation
[63]. It is important to note that the selection coefficients
which are compatible with the fixation of slightly deleteri-
ous alleles in large populations are at least two orders of
magnitude smaller than the mean selection coefficients
against detrimental mutations detected in the Drosophila
experiments mentioned earlier. Any such alleles must
therefore form a class which is quite distinct from the
more drastic mutations responsible for background selec-
tion; in most cases of interest, these latter mutations can
safely be assumed to be held close to their equilibrium
frequencies. Recent studies of codon usage have provided
evidence for very weak selection against mutations from
preferred to less preferred codons [64]; the importance of
the fixation of slightly deleterious alleles in protein
sequence evolution is more controversial [65,66].

In Drosophila, a typical rate of substitution of silent
nucleotide changes is of the order of 1 % per nucleotide
site per million years [67]. As a result of background selec-
tion, weakly selected changes, which would otherwise be
removed by selection with high probability, can become
fixed at close to this rate on an incipient Y chromosome.
This implies that the mean fitness of carriers of the Y
chromosome will decline over evolutionary time [12], cre-
ating a selection pressure for increased activity of genes on
the X relative to their homologues on the Y, as in the other
two models discussed above [13,14].

An estimate of the size of this effect can be obtained as
follows. Consider a Y-linked locus with a selection coeffi-
cient t against slightly deleterious sequence variants, in a
population with Nm breeding males. Writing a= fo Nm t and
v for the rate of mutation to slightly deleterious variants
per nucleotide site, equation (11) of [34] yields the follow-
ing expression for the substitution rate of such variants per
site per generation:

K =     2av
(e2α − 1)

(2)

If mutant effects at different loci interact multiplicatively,
and the total mutation rate to slightly deleterious variants

on an incipient Y chromosome is vY, this result implies
that the rate of change of mean fitness, in time units of
fo Nm vY

–1 generations, is given by:

dln –w
dt

=   2α2
  

(1−e2α)
(3)

A maximal value of 0.33 for the rate of decline of log mean
fitness in these time units is attained when a=0.8. If the
modest assumption is made that the ~22 megabase
euchromatic part of the Drosophila X chromosome contains
two hundred thousand sites subject to selection of this
order of magnitude, each mutating at a rate of 10–2 per
million years, and which interact multiplicatively to deter-
mine fitness, the mean log fitness of an incipient Y
chromosome would decline at a maximal rate of
0.33 × 103/ fo Nm per million years. With fo Nm =5000, this is
equal to 0.13 per million years — that is, the mean fitness
of a Y chromosome would decline to 88 % of its initial
value over a million years. Again, this creates a selection
pressure for increasing the activity of X-linked loci at the
expense of the homologous Y-linked loci, leading eventu-
ally to the evolution of inactive Y-linked loci [13,14].

This calculation assumes independence between substitu-
tions at separate sites on the incipient Y chromosome.
Mutual interference between the effects of selection on
alleles at closely linked loci can accelerate the rate of fixa-
tion of deleterious alleles [53,68]. The rate of decline of
mean Y chromosome fitness may therefore be substan-
tially greater than is predicted by equation (3).

Evidence on the evolution of eroded Y chromosomes and
dosage compensation
Direct experimental tests of these models are obviously
hard to conduct, given the long time-scale over which they
operate. But some useful, if only provisional, conclusions
can be drawn using indirect inferences based on compara-
tive data, and on the mechanisms of dosage compensation.
Other tests, based on features of within-population varia-
tion and between-species divergence for loci on a neo-Y
chromosome, are also feasible.

Comparative data from Drosophila provide evidence on the
rate of degeneration of neo-Y chromosomes. The neo-Y of
D. americana is the product of a centric fusion between
chromosome arm B of the basic Drosophila karyotype [43]
and the X chromosome, which are unfused in the closest
relatives of D. americana, such as D. texana and D. virilis
[69]. D. americana and D. texana are separated by a small
genetic distance, as measured by divergence of elec-
trophoretic alleles and DNA sequences [69–72], so that
the neo-Y may only be a few hundred thousand years old.
Hybridization with D. virilis strains homozygous for the
recessive mutations px or cd located on arm B indicates
that the neo-Y of D. americana carries active alleles at
these loci [73]. Similar experiments with allozyme markers
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indicate that the loci coding for enolase, phosphoglycerate
kinase and alcohol dehydrogenase are located on arm B,
and that the neo-Y chromosome carries active alleles at all
of these loci (unpublished data).

D. miranda has a neo-Y chromosome, absent from its rela-
tive D. pseudoobscura, formed by the fusion of arm C with
the Y chromosome [74]. Sequence data suggest a diver-
gence of about 2 million years between these species,
which provides an upper bound to the age of the neo-Y
[67,75]. Genetic and molecular data indicate that a sub-
stantial fraction of the genes on the neo-Y of D. miranda
have become non-functional or completely lost, and that
their homologues on the X have become dosage compen-
sated, but many loci still retain their function [74–78].
Finally, members of the pseudoobscura subgroup of the
obscura species group have an ancient X–autosome fusion,
generating a neo-Y homologous to arm D. This has com-
pletely lost genetic activity, and genes on the neo-X chro-
mosome appear to be fully dosage compensated [10,11,79].
This fusion is absent from the obscura sister clade, which is
separated from the other clade by ~13 million years [67]. 

These facts are compatible with the theoretical models
described above, which require a long period of time for Y
chromosome degeneration when the effective population
size for the whole species is in the millions or hundreds of
thousands. They shed no light, however, on which process
has been primarily responsible for the degeneration of the
neo-Y chromosome. One possible approach for investigat-
ing this question would be through DNA sequence com-
parisons of homologous neo-Y and neo-X linked loci, and
their autosomal homologues, in a related species that lacks
the fusion. If the background selection or selective sweep
models apply, one would expect to see an accelerated rate
of amino-acid replacement substitutions, and of silent-site
substitutions that change preferred to non-preferred
codons [34,64,80]. This is not a requirement of the Muller’s
ratchet model, so that detection of an accelerated rate of
substitution would support the other mechanisms. Of
course, these mechanisms are not mutually exclusive. For
example, if the ratchet is operating slowly in a moderately
large population (which requires small fo), background
selection will also take place, as the times between turns of
the ratchet are so long that the future population is mainly
descended from the currently least-loaded class [31]. The
question is then whether background selection is solely
responsible for the degeneration of the Y, or whether the
ratchet also contributes. This may be hard to determine.

The role of selective sweeps relative to the other two
mechanisms could be tested by examining the frequency
distributions within populations of silent-site variants on
the neo-Y chromosome. Recent theoretical studies have
shown that hitchhiking in chromosomal regions with little
or no crossing-over can produce a large excess of rare

variants at neutral sites over classical expectation [81,82],
whereas little departure from expectation would be likely
to result from selection against deleterious mutations
[83,84]. But a neo-Y chromosome that has recently
evolved by selection for a fusion between an autosome
and the primary Y chromosome will necessarily have
experienced a selective sweep, so that it is useless for this
purpose. A neo-Y chromosome of intermediate age, as in
D. miranda, would be likely to have recovered from its
initial selective sweep, and would thus provide suitable
material for this test. This problem does not arise in the
case of a neo-Y formed by an X–autosome fusion, as in D.
americana, as here the neo-Y chromosomes in the popula-
tion are derived from a large number of males.

It is perhaps worth noting that there is good evidence that
selective sweeps and/or background selection are operating
in Drosophila, so that these mechanisms have empirical
support in addition to the facts presented above. Several
regions of the genome of D. melanogaster exhibit greatly
reduced rates of meiotic crossing over. These include the
telomeric region of the X chromosome, the pericentric
regions of the major chromosomes, and chromosome four
(which lacks meiotic exchange under normal conditions)
[85]. DNA variability in natural populations of D.
melanogaster is lower in such regions, compared with
regions where crossing over occurs at normal frequencies
[57,86,87]. In addition, genes in regions of reduced recom-
bination seem to have a lower codon bias [80], suggesting
that natural selection is less effective in such regions. Both
selective sweeps and background selection are expected to
produce these patterns, and the extent of their relative con-
tributions is a subject of current research [33,81–84,86–89].

The mechanism of dosage compensation may also shed
light on the processes involved in the degeneration of the
Y chromosome. The selective sweep model can in princi-
ple lead to the fixation of deleterious mutations that have
sizeable effects at individual loci on an evolving Y chromo-
some, creating a selection pressure for enhancing the activ-
ity of the X-linked alleles at all loci that have experienced
such sweeps [14]. As sweeps must occur sporadically, and
will be randomly distributed over the chromosome, dosage
compensation is most likely to evolve on a locus-by-locus
basis if the selective sweep model applies [14]. 

In contrast, Muller’s ratchet in a large population involves
an increase in mean number of mutations per chromo-
some, rather than the fixation of deleterious variants at
each locus (Fig. 3). So if Muller’s ratchet applies, dosage
compensation should evolve by the modification of gene
expression over sufficiently large blocks of the chromo-
some for there to be a sizeable selective advantage to
enhancing X-activity at the expense of Y-activity [13].
The fact that compensation for experimentally produced
changes of gene dosage at autosomal loci is often observed
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in Drosophila and maize [90] suggests that it would in prin-
ciple not be difficult for a reduction in transcriptional
activity from a block of Y-linked loci to result in a corre-
sponding increase in activity from their homologues on
the X chromosome. This could lead to the evolution of a
primitive system of dosage compensation.

The enhanced rate of substitution of deleterious variants as
a result of background selection is intermediate between
the other two models in this respect. While this model
involves the fixation of deleterious variants, these will be
most likely to have minor fitness effects — of the order of
10–4 or less — so that it would take the accumulation of
several such variants at a locus before there would be much
selection for dosage compensation at the level of an indi-
vidual locus. It would therefore seem that the initial mode
of evolution of dosage compensation by this mechanism
would be at the level of blocks of loci, although gene-by-
gene evolution could occur if enough time had elapsed for
multiple substitutions at individual loci to have occurred.

In Drosophila, there is solid evidence that dosage compen-
sation is regulated by cis-acting sequences, which may be so
close to the locus itself that cloned X-linked genes remain
at least partially dosage compensated when inserted into
autosomes [79,91]. These sequences appear to respond to
proteins produced by the autosomal msl and mle loci, which
bind specifically to the X chromosome in males [91].
Dosage compensation of X-chromosome genes that have
been transferred to autosomes is often incomplete or may
even fail completely [91]. Cloned autosomal genes often
become dosage compensated when inserted into the X
chromosome [91]. These observations suggest that dosage
compensation in Drosophila is controlled by relatively
remote cis-acting regulatory sequences, as well by sequen-
ces close to, or even within [92], the genes themselves.

While not conclusive, this evidence suggests that
Drosophila dosage compensation may have evolved as a
dual process of both gene-by-gene enhancement of
X-linked gene expression in males, and regulation of X-
linked gene activity over larger chromosomal domains. It
remains obscure how the male X-chromosome specific pro-
teins and the X-chromosome specific regulatory sequences
could evolve by any of the mechanisms discussed here. But
the mechanistic difficulties of the selective sweep hypoth-
esis on the one hand, and the fact that Muller’s ratchet fails
to predict gene-by-gene dosage compensation on the other
(and is also likely to be very slow in species with large
effective population sizes), suggest that these processes
may not have caused the evolution of dosage compensation
in Drosophila. The background selection model seems to
be the most plausible explanation of this system.

Dosage compensation in Caenorhabditis differs from that in
Drosophila and Sciarid flies [93], in that X chromosomal

gene activity seems to be actively turned down in XX indi-
viduals [18]. Similarly, in mammals, one X chromosome is
almost completely inactivated in females (Fig. 1) [9,94,95].
At first sight, a reduction in X chromosome activity in XX
individuals seems paradoxical, if dosage compensation has
indeed evolved concomitantly with reduced Y-chromoso-
mal gene activity in males. But this situation can be
explained in the following way [13]. If increased X-chro-
mosomal gene activity were initially not confined to males,
but affected females as well, there would be selection to
reduce gene activity in females, in order to restore the
balance between X-chromosomal and autosomal gene
products. This would eventually lead to a halving of gene
activity for the X in females, either by shutting down one
X chromosome, as in mammals, or by reducing transcrip-
tion from both X chromosomes, as in C. elegans.

The small effective population sizes of mammals, and the
fact that mammalian dosage compensation operates at a
high level of chromosomal organization, mean that the
ratchet is still a viable hypothesis for mammalian Y chro-
mosome evolution. The only serious difficulty is the fact
that not all mammalian X-linked loci that lack partners on
the Y are dosage compensated, and some that do have
partners are dosage compensated [95,96]. There is no dif-
ficulty in understanding the lack of dosage compensation
for loci in the pseudo-autosomal region, which cross-over
freely with the Y chromosome and hence are not exposed
to the forces discussed above. It is also not surprising that
some loci on the X chromosome that lack partners on the
Y are not dosage compensated; this may simply represent
the incomplete evolution of dosage compensation, for
example because of peculiarities of the chromatin configu-
ration in the region where they are located. It is harder to
understand cases of dosage compensation of loci that have
partners on the Y chromosome, such as Zfx in the mouse
[95,96]. (This difficulty applies, of course, to all explana-
tions of dosage compensation based on an evolutionary
response to the loss of Y-linked genes that originally had
homology to X-linked counterparts.) Such cases could
perhaps be explained in terms of divergence of function
between X-linked and Y-linked gene copies, leading to
selection for enhanced activity of the X-linked copy in
males, and subsequently to down-regulation in females if
the enhanced activity were not male-limited. Alterna-
tively, the dosage compensation of these loci could simply
be a by-product of their inclusion in a chromosomal region
where other loci are dosage compensated.

The XIST locus controls X inactivation in eutherian
mammals [95]. It is transcribed from the inactive but not
the active X after inactivation, but is expressed early in
development from the paternal X before being expressed
from both X chromosomes prior to X inactivation. XIST is
expressed in male meiosis before inactivation of the X in
spermatocytes [95]. These facts suggest that the original
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role of XIST may have been the control of X inactivation
in spermatocytes [95], and that X inactivation in females
may have evolved from imprinting of the XIST locus.
Carry-over by imprinting of X inactivation in the male
germ cells may have led to the marsupial system of pater-
nal X inactivation [13,97]. 

It appears likely that the eutherian mammalian system of
random maternal X inactivation evolved from the marsu-
pial system [13,97,98]. There is a clear selective advantage
to such a change, as inactivation of the paternal X chromo-
some means that every cell of an individual is hemizygous
for all deleterious mutations carried on the maternal X
chromosome. With random X inactivation, half the cells
will be hemizgygous for such mutations, and half will be
hemizygous for mutations carried on the paternal X.
There should be a fitness advantage in covering up the
expression of hemizygous recessive or partially recessive
deleterious mutations [13,97], at least for the many loci
whose expression is not cell-autonomous [94]. This would
be similar to the evolutionary advantage  of diploidy over
haploidy [99,100].

Finally, it is worth noting that the models discussed here
are compatible with the cases where the Y chromosome is
genetically inert, but dosage compensation has not evolved,
as in Lepidoptera [101] and birds [102]. If the evolution of
increased activity of X chromosomal loci is not limited to
the male sex, there may not be a large selective premium to
reducing their activity in the homogametic sex in order to
restore balance with the products of autosomal loci, particu-
larly if the X chromosome forms only a small portion of the
genome. Hence, it is possible for the Y chromosome to
become inactive without the concomitant evolution of
dosage compensation. It is even possible that parts of the X
may evolve dosage compensation while others fail to do, as
seems to be the case for the part of the X chromosome in
eutherian mammals which is autosomal in marsupials, and
hence is of a more recent evolutionary origin than the part
that is X chromosomal in both types [95]. 

Evolution of X/A sex determination and X0
sex chromosome systems
Sex determination by a Y chromosome is common but not
universal [3]. An alternative mechanism involves the speci-
fication of sex by the balance between the number of X
chromosomes and the number of autosomes, as first discov-
ered by Bridges in D. melanogaster [15]. Individuals with
two X chromosomes and two sets of autosomes develop as
females, and individuals with one X chromosome and two
sets of autosomes develop as males. Individuals with an
intermediate X/autosome (X/A) ratio are intersexes.
Recent genetic and molecular research has shown that the
control of sex differentiation by this mechanism in
Drosophila and C. elegans is achieved by regulation of the
activity of a primary sex determining ‘counter’ locus by the

products of X chromosome ‘numerator’ and autosomal
‘denominator’ loci [16,18,103,104]. Clearly, the X/A
balance mechanism must operate in the numerous groups
where one sex is XX and the other sex is X0 [2,3]. A full
understanding of the evolution of sex chromosome systems
must include X/A and XX/X0 sex determination, but this is
a problem that has hardly been tackled either theoretically
or empirically. Some tentative ideas are outlined below.

X/A balance 
Sex determination systems based on the X/A balance are
known to exist in Drosophila, C. elegans and Rumex [15–18],
and possibly also in birds [105]. There is an indication of a
role for X chromosome dosage in some aspects of sexual
differentiation in marsupials [95], but the detailed mecha-
nisms involved are obscure. It seems likely, as suggested by
Westergaard [1], that X/A balance systems have evolved
secondarily from male-determining Y chromosome systems,
as it is difficult to imagine steps by which they could evolve
from cosexual ancestors or from systems of environmental
sex determination. A scenario for such an evolutionary
transition is sketched here, based on the known mecha-
nisms of X/A balance sex determination in Drosophila and
C. elegans. I do not mean to imply that the proposed scenario
actually represents the course of evolution of sex chromo-
some systems in Drosophila or other groups. Comparative
data on the evolutionary relationships between sex chromo-
some systems and modes of sex determination in different
groups are currently inadequate to permit a reconstruction
of the history of the evolution of these systems. 

One assumption is crucial for this scenario to work: the mF

allele postulated above (Box 2) must not be required for
the development of phenotypically male cells, although it
is required for male fertility. It is thus analogous to the Y-
chromosomal loci of Drosophila needed for male fertility,
rather than the SRY gene of mammals, which acts as a
primary determinant of maleness [95,96]. Species where a
gene such as mF is required for male development are
clearly constrained to retain a male-determining Y mode
of sex determination, unless this can be overriden by other
genetic mechanisms [106]. Differences between major
taxa in mode of sex determination are thus likely to be a
product of historical accidents, reflecting the types of
mutations that arose in the early stages of the evolution of
these mechanisms in different groups, rather than the
outcome of different selective pressures.

It is also assumed that expression of f f is required for
female development, and that lack of f f product — for
example, because of the presence of a dominant female-
sterility allele fS — leads to partial or complete develop-
ment as male. There is an obvious analogy between the
postulated function of f f and the properties of Sxl in
Drosophila. Expression of Sxl gene product is required for
development as a female, at least in the soma [16,107]; its
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role in the germ line is less clear [108]. Loss-of-function
mutations in Sxl, which lead to failure of development of
female carriers, can be wholly or partially dominant,
depending on genetic background [107], which is consis-
tent with the postulated behaviour of fS.

It is useful to note here that partial development as a male
— that is, development as a cosexual biased towards male-
ness — is compatible with an extension to the scenario
discussed earlier for the evolution of proto-X and proto-Y
chromosomes. In this extension, the second stage of evo-
lution to dioecy involves partial rather than complete
maleness [20]. If this is the case, further genetic factors
suppressing femaleness in the presence of fS are needed
to complete the evolution of dioecy. This could be
achieved either by epistatically-interacting alleles that
specifically suppress female function in cosexuals carrying
fS, or by close linkage to fS of non-specific female-sup-
pressor alleles. This more gradual evolution to dioecy is
plausible from the point of view of the population genetic
mechanisms involved, and is consistent with data on the
evolution of plant sexual phenotypes [20].

By this route, the formation of a proto-Y chromosome car-
rying fS and mF creates individuals who are partially male
in phenotype. In order for X/A sex determination to
evolve from this state, the further step is postulated of the
evolution of a Y-chromosomal loss-of-function allele that
reduces expression of the single copy of f f in males,
leading to a higher probability of maleness (Fig. 5).
Assume that the functional allele at the locus in question
(carried initially on both the proto-X and proto-Y) is a, and
that the loss-of-function allele is a–. Assume also that a/a–

fS/f f individuals have a lower probability of expressing f f

compared with a/a fS/f f individuals, and so have a higher
probability of developing a fully male phenotype. The
replacement of a by a– on the proto-Y chromosome, but its
retention on the proto-X, produces a situation in which
the sex of a developing individual is likely to be female if
it has two doses of the proto-X chromosome (carrying two
doses of a), but to be male if it has only one dose of the
proto-X (as fS is a loss-of-function allele, its presence on
the proto-Y is irrelevant if f f expression is repressed). This
argument can easily be extended to multiple genes with a
mode of action similar to that of a. There is an obvious
analogy between the Drosophila X/A ratio signalling genes
sis-A, sis-B, sis-C and runt, which help to maintain the
activity of Sxl when present in double dose [16], and these
hypothetical regulators of f f expression.

There are two possible reasons why a– alleles might
spread through a population of proto-Y chromosomes. The
first is that the greater degree of maleness of a/a– fS/f
compared with a/a fS/f f individuals, on an mF/ms back-
ground, is selectively advantageous under conditions
when the evolution of dioecy is favoured. Conversely, any

impairment of the expression of f f on an ms/ms background
will be disadvantageous. There is therefore sexual antago-
nism between the fitness effects on males and females of
a and a–, favouring Y-linkage of a– [3,24]. The second pos-
sibility is that a– is neutral in combination with fS and mF,
although deleterious in combination with f f and ms, and so
simply drifts to fixation within the population of proto-Y
chromosomes. This seems less plausible. By analogy with
the functions of the Drosophila X/A ratio signalling genes
in developmental processes unconnected with sex deter-
mination [16], the a gene product might well serve func-
tions other than sex determination, so that a complete
loss-of-function allele could incur a fitness cost that would
prevent its spread through the population of proto-Y chro-
mosomes in the absence of a countervailing advantage. 

A slightly different scenario must be postulated to explain
the X/A balance mechanism in C. elegans, where XX indi-
viduals develop as hermaphrodites and X0 individuals as
males [18]. This system is probably a result of secondary
evolution to hermaphroditism from the XX (female), X0
(male) system found in most other species of Caenorhabditis
[7], so that XX individuals will be described here as female.
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Figure 5

A path for the evolution of X/A sex determination. It is assumed that
development as a female is promoted by the product of the f locus. If
this is above a certain threshold, individuals can develop fully or partially
as females. The product of the a locus promotes activity of the f locus.
f f/fS individuals still produce enough f product to be partially female
when sufficient a product is present (as in a/a homozygotes), but not
when the amount of a product is insufficient (as in a/a– heterozygotes). 
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In this case, the locus xol plays a role similar to that of Sxl in
Drosophila, except that xol activity represses female devel-
opment [18]. The proto-Y chromosome allele fS in an
ancestor of Caenorhabditis with X/Y sex determination
might therefore correspond to a constitutive allele of xol. In
this case, the a gene product must turn off activity of the f
locus, if present in sufficient dose. An a– mutation on the
proto-Y chromosome that enhances f expression might be
favoured because it allows fuller expression of the male
pathway. There is evidence for several X-linked loci that
control the expression of xol, consistent with this scenario
[104]. The accumulation of mutations of this kind at several
loci like a, coupled with the evolution of a general enhance-
ment of gene activity on the X chromosome at the expense
of the Y, might lead to a situation in which the activity of f
on the Y chromosome is no longer required, as sufficient f
gene product is produced on the X. This would permit the
total loss of gene activity on the Y chromosome, and pave
the way to the final loss of the Y chromosome (see below).

The further evolution of the system under both the
Drosophila and Caenorhabditis scenarios follows a similar
path. Once an a– mutation has been fixed on the proto-Y
chromosome, there is no selective pressure to maintain the
integrity of the locus on the proto-Y, and it would probably
eventually be lost through further mutation and genetic
drift, or by the evolution of reduced Y-chromosome activity
and dosage compensation. This would lead to a situation in
which only the X chromosome carries alleles that differen-
tially regulate the activity of f in males and females, as is
now the case in Drosophila and Caenorhabditis. Once this
has happened, there would no longer be a requirement for
the presence of the f locus on the Y chromosome, and null
mutations could spread by drift, or even be favoured by
selection because they lower the probability of f gene
expression in males. Eventually, all trace of the f locus (or
loci) would disappear from the Y chromosome.

X0 sex determination 
The evolution of XX/X0 sex determination systems is also
a puzzle that requires some exploration [109]. It is difficult
to see how this mechanism could be anything other than
the end product of the erosion of Y-chromosomal gene
activity that is observable in so many systems. However,
for the complete elimination of functional genes from the
Y chromosome to occur, X/A sex determination must have
evolved, and any genes required for male function must
first be removed to another chromosome or be replaced by
other loci that fulfill their functions.

It is easy to devise a scenario in which a three-break
translocation between the Y chromosome and an autosome
could result in the transposition of male-essential Y-linked
genes to an autosome. The fixation of such a translocation
by drift, or by selection for a pleiotropic position effect,
would eliminate the need to maintain the Y chromosome

[109]. Alternatively, the fact that the path to male devel-
opment is shut down in XX individuals means that muta-
tions from ms to mF on the X chromosome are neutral,
once an X/A balance system has been established, or pos-
sibly even advantageous if the product of the m locus has
functions other than male fertility. The restoration of m
activity on the X would permit the erosion of activity of
the Y-linked allele; once this has gone to completion, the
Y chromosome can be dispensed with.

Evidence on the evolution of X/A sex determination and
X0 sex chromosomes
It is hard to see how critical evidence could be obtained
on the evolution of the X/A balance mechanism from an
X/Y sex-determination system, other than by characteriz-
ing the genes concerned in a group such as Rumex, where
both mechanisms can be found in species of the same
genus [17]. This would need to be coupled with a phylo-
genetic analysis of this group, in order to establish
whether or not the X/Y system is indeed primitive, as is
widely assumed. Circumstantial evidence supporting this
assumption is provided by comparative evidence showing
that X/Y sex determination is taxonomically far more
widely distributed than X/A, especially in groups, such as
fishes and plants, with relatively poorly developed sex
chromosome systems [3].

Conclusions
If the mechanisms of sex chromosome evolution discussed
here have been important, then a widespread feature of
genomic organization in higher organisms has evolved in
response to the steady input of deleterious alleles into the
population by recurrent mutation. At first sight, this seems
contrary to the orthodox Fisherian conclusion that muta-
tion pressure plays a minor role in controlling the direction
of evolutionary change [30]. But this conclusion is based
on the demonstrable effectiveness of selection against the
very low rate of mutation to deleterious alleles at individ-
ual loci, in large sexually reproducing populations [30,110].
When the relevant conditions are not fulfilled, it should
occasion no surprise that the conclusion breaks down. If
the selection pressure is reduced to the same order of mag-
nitude as the mutation rate or the reciprocal of the effec-
tive population size, mutations that were formerly held at
low frequencies can accumulate, either deterministically
under the pressure of recurrent mutation, or stochastically
by genetic drift [111]. The accumulation of loss-of-func-
tion mutations in pseudogenes [63], and the loss of many
components of the chloroplast genome in parasitic species
of flowering plants [112], illustrate this principle.

The mechanisms for degeneration of the Y chromosome
discussed here rely on the reduction in the ability of selec-
tion either to remove deleterious mutations from the pop-
ulation or to fix beneficial mutations when genetic
recombination is absent from a sizeable portion of the
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genome, provided that the mutation rate to deleterious
alleles for this region as a whole is sufficiently large. This
is a phenomenon which was first pointed out by Fisher
himself [30]. In the light of subsequent theoretical work,
and increasingly solid evidence that there is a high muta-
tion rate per genome to deleterious alleles in higher
eukaryotes [37–39], it seems virtually certain that one or
more of the processes that involve this general principle
have played a major role in the evolutionary erosion of Y
chromosomes. It also seems likely that, as suggested by its
discoverer [113], the phenomenon of dosage compensa-
tion is an adaptive response to the loss of gene activity on
the Y chromosome. While a good deal of further research
is needed to check the validity of the assumptions of the
various theories discussed here, and to discriminate among
them by testing their predictions, there is reason to be
optimistic that we now have a useful general framework
for thinking about the evolution of sex chromosomes.

Acknowledgements
I thank Deborah Charlesworth, William Rice and Wolfgang Stephan for their
comments on the manuscript. This work was supported by grants from NIH
and NSF.

References
1. Westergaard M: The mechanism of sex determination in flowering

plants. Adv Genet 1958, 9:217–281.
2. White MJD: Animal Cytology and Evolution. Cambridge: Cambridge

University Press; 1973.
3. Bull JJ: Evolution of Sex Determining Mechanisms. Menlo Park:

Benjamin Cummings; 1983.
4. Muller HJ: Genetic variability, twin hybrids and constant hybrids in a

case of balanced lethal factors. Genetics 1918, 3:422–499.
5. Jablonka E, Lamb MJ: The evolution of heteromorphic sex

chromosomes. Biol Rev 1990, 65:249–276.
6. Charlesworth B: The evolution of sex chromosomes. Science 1991,

251:1030–1033.
7. Hodgkin J: Genetic sex determination mechanisms and evolution.

Bioessays 1992, 14:253–261.
8. Muller HJ: Further studies on the nature and causes of gene

mutations. Proc 6th Int Cong Genet 1932, 1:213–255.
9. Lyon MF: Gene action in the X-chromosome of the mouse (Mus

musculus L.). Nature 1961, 190:372–373.
10. Lucchesi JC: How widespread is dosage compensation? Sem Dev

Biol 1993, 4:107–116.
11. Lucchesi JC: Gene dosage compensation and the evolution of sex

chromosomes. Science 1978, 202:711–716.
12. Nei M: Accumulation of nonfunctional genes on sheltered

chromosomes. Am Nat 1970, 104:311–322.
13. Charlesworth B: Model for evolution of Y chromosomes and dosage

compensation. Proc Natl Acad Sci USA 1978, 75:5618–5622.
14. Rice WR: Genetic hitch-hiking and the evolution of reduced genetic

activity of the Y sex chromosome. Genetics 1987, 116:161–167.
15. Bridges CB: Sex in relation to genes and chromosomes. Am Nat

1925, 59:127–137.
16. Cline TW: The Drosophila sex determination signal: how do flies

count up to two? Trends Genet 1993, 11:385–390.
17. Löve A: Conservative sex chromosomes in Rumex. Chromosomes

Today 1969, 2:166–182.
18. Hsu DR, Meyer BJ: X chromosome dosage compensation and its

relation to sex determination in C. elegans. Semin Dev Biol 1993,
4:93–106.

19. Charlesworth B, Sniegowski P, Stephan W: The evolutionary
dynamics of repetitive DNA in eukaryotes. Nature 1994,
371:215–220.

20. Charlesworth B, Charlesworth D: A model for the evolution of dioecy
and gynodioecy. Am Nat 1978, 112:975–997.

21. Janzen FJ, Paukstis GL: Environmental sex determination in reptiles:
ecology, evolution and experimental design. Quart Rev Biol 1991,
66:149–179.

22. Pieau C, Girondot M, Desvages G, Dorizzi M, Richard-Mercier N,
Zaborski P: Environmental control of sex determination. In The
Differences Between the Sexes. Edited by Short RV, Balaban E.
Cambridge: Cambridge University Press; 1994, 433–448.

23. Janzen FJ: Experimental evidence for the evolutionary significance of
environmental sex determination. Evolution 1995, 49:864–873.

24. Rice WR: The accumulation of sexually antagonistic genes as a
selective agent promoting the evolution of reduced recombination
between primitive sex chromosomes. Evolution 1987, 41:911–914.

25. Hamilton WD: Extraordinary sex ratios. Science 1967, 156:477–488.
26. Fisher RA: The sheltering of lethals. Am Nat 1935, 69:446–455.
27. Miyata T, Hayashida H, Kuma K, Mitsuyasu K, Yasunaga T: Male-driven

molecular evolution: a model and nucleotide sequence analysis.
Cold Spring Harb Symp Quant Biol 1987, 52:863–867.

28. Charlesworth B: More mutations in males. Curr Biol 1993, 3:466–467.
29. Woodruff RC, Slatko BE, Thompson JN: Factors affecting mutation

rates in natural populations. In The Genetics and Biology of
Drosophila. Vol. 3c. Edited by Ashburner M, Carson HL, Thompson JN.
London: Academic Press; 1983:37–124.

30. Fisher RA: The Genetical Theory of Natural Selection. Oxford: Oxford
University Press; 1930.

31. Manning JT, Thompson DJ: Muller’s ratchet and the accumulation of
favourable mutations. Acta Biotheor 1984, 33:219–225.

32. Birky CW, Walsh JB: Effects of linkage on rates of molecular
evolution. Proc Natl Acad Sci USA 1988, 85:6414–6418.

33. Charlesworth B, Morgan MT, Charlesworth D: The effect of deleterious
mutations on neutral molecular variation. Genetics 1993,
134:1289–1303.

34. Charlesworth B: The effect of background selection against
deleterious alleles on weakly selected, linked variants. Genet Res
1994, 63:213–228.

35. Peck J: A ruby in the rubbish: beneficial mutations, deleterious
mutations, and the evolution of sex. Genetics 1994, 137:597–606.

36. Barton NH: Linkage and the limits to natural selection. Genetics
1995, 140:821–841.

37. Crow JF, Simmons MJ: The mutation load in Drosophila. In The
Genetics and Biology of Drosophila. Vol.3c. Edited by Ashburner M,
Carson HL, Thompson JN. London: Academic Press; 1983:1–35.

38. Keightley PD: The distribution of mutation effects on viability in
Drosophila melanogaster. Genetics 1994, 138:1–8.

39. Johnston M, Schoen DJ: Mutation rate and dominance levels of
genes affecting total fitness in two angiosperm species. Science
1995, 267:226–229.

40. Brittnacher JG: Genetic variation and genetic load due to the male
reproductive component of fitness in Drosophila. Genetics 1981,
97:719–730.

41. Houle D, Hughes KA, Hoffmaster DK, Ihara JT, Assimacopoulos S,
Charlesworth B: The effect of spontaneous mutation on quantitative
traits. I. Variances and covariances of life history traits. Genetics
1994, 138:773–785.

42. Rice WR: Degeneration of a nonrecombining chromosome. Science
1994, 263:230–232.

43. Muller HJ: Bearing of the Drosophila work on systematics. In The
New Systematics. Edited by Huxley JS. Oxford: Oxford University Press;
1940:185–268.

44. Whiting JH, Pliley MD, Farmer JL, Jeffery DE: In situ hybridization
analysis of chromosomal homologies in Drosophila melanogaster
and Drosophila virilis. Genetics 1989, 122:99–109.

45. Segarra C, Aguadé M: Molecular organization of the X chromosome
in different species of the obscura group of Drosophila. Genetics
1992, 130:513–521.

46. Kimura M, Maruyama T: The mutational load with epistatic gene
interactions in fitness. Genetics 1966, 54:1303–1312.

47. Charlesworth B: Mutation-selection balance and the evolutionary
advantage of sex and recombination. Genet Res 1990, 55:199–221.

48. Kondrashov AS: Dynamics of unconditionally deleterious mutations:
Gaussian approximation and soft selection. Genet Res 1995,
65:113–122.

49. Hughes KA: The inbreeding decline and average dominance of
genes affecting male life-history characters in Drosophila
melanogaster. Genet Res 1995, 65:41–52.

50. Muller HJ: The relation of recombination to mutational advance. Mut
Res 1964, 1:2–9.

51. Haigh J: The accumulation of deleterious genes in a population.
Theor Pop Biol 1978, 14:251–267.

52. Charlesworth D, Morgan MT, Charlesworth B: Mutation accumulation
in finite outbreeding and inbreeding populations. Genet Res 1993,
61:39–56.

53. Stephan W, Chao L, Smale JG: The advance of Muller’s ratchet in a

Review  Sex chromosome evolution 161



haploid asexual population: approximate solutions based on
diffusion theory. Genet Res 1993, 61:225–232.

54. Gabriel W, Lynch M, Bürger R: Muller’s ratchet and mutational
meltdowns. Evolution 1993, 47:1744–1757.

55. Higgs PG, Woodcock G: The accumulation of mutations in asexual
populations and the structure of genealogical trees in the presence
of selection. J Math Biol 1995, 33:677–702.

56. Kreitman M: Nucleotide polymorphism at the alcohol dehydrogenase
locus of Drosophila melanogaster. Nature 1983, 304:412–417.

57. Moriyama EN, Powell JR: Intraspecific nuclear DNA variation in
Drosophila. Mol Biol Evol 1995, in press.

58. Singh RS, Rhomberg LR: A comprehensive study of genic variation in
natural populations of Drosophila melanogaster. I. Estimates of
gene flow from rare alleles. Genetics 1987, 115:312–322.

59. Kondrashov AS: Muller’s ratchet under epistatic selection. Genetics
1994, 136:1469–1473.

60. Butcher D: Muller’s ratchet, epistasis and mutation effects. Genetics
1995, 141:431–437.

61. Nei M, Graur D: The extent of protein polymorphism and the neutral
mutation theory. Evol Biol 1984, 17:73–118.

62. Maynard Smith J, Haigh J: The hitch-hiking effect of a favourable
gene. Genet Res 1974, 23:23–35.

63. Kimura M: The Neutral Theory of Molecular Evolution. Cambridge:
Cambridge University Press; 1983.

64. Akashi H: Inferring weak selection from patterns of polymorphism
and divergence at “silent” sites in Drosophila DNA. Genetics 1995,
139:1067–1076.

65. Ohta T: The nearly neutral theory of molecular evolution. Annu Rev
Ecol Syst 1992, 23:263–286.

66. Gillespie JH: Alternatives to the neutral theory. In Non-neutral
evolution: theories and molecular data. Edited by Golding B. London:
Chapman and Hall; 1994:1–17.

67. Russo CAM, Takezaki N, Nei M: Molecular phylogeny and divergence
times of Drosophilid species. Mol Biol Evol 1995, 12:391–404.

68. Li W-H: Models of nearly neutral mutations with particular
implications for nonrandom usage of synonymous codons. J Mol
Evol 1987, 24:337–345.

69. Throckmorton LH: The virilis species group. In The genetics and
biology of Drosophila. Vol. 3b. Edited by Ashburner M, Carson HL,
Thompson JN. London: Academic Press; 1982:227–296.

70. Spicer GS: Molecular evolution and phylogeny of the Drosophila
virilis group as inferred by two-dimensional electrophoresis. J Mol
Evol 1991, 33:379–394.

71. Tominga H, Shiba T, Narise S: Structure of Drosophila virilis glycerol-
3-phosphate dehydrogenase gene and a comparison with the
Drosophila melanogaster gene. Biochim Biophys 1992,
1131:233–238

72. Nurminsky DI, Moriyama EN, Lozovskaya ER, Hartl DL: Molecular
phylogeny and genome evolution in the Drosophila virilis group:
duplications of the Alcohol dehydrogenenase gene. Mol Biol Evol
1995, in press.

73. Stalker HD: Chromosome homologies of two sub-species of
Drosophila virilis. Proc Natl Acad Sci USA 1940, 26:575–578.

74. MacKnight RH: The sex-determining mechanism of Drosophila
miranda. Genetics 1939, 24:180–201.

75. Norman RA, Doane WW: Dosage compensation and dietary glucose
repression of larval amylase activity in Drosophila miranda. Biochem
Genet 1990, 28:601–613.

76. Strobel E, Pelling C, Arnheim N: Incomplete dosage compensation in
an evolving Drosophila sex chromosome. Proc Natl Acad Sci USA
1978, 75:931–935.

77. Krishnan R, Swanson KD, Ganguly R: Dosage compensation of a
retina-specific gene in Drosophila miranda. Chromosoma 1991,
100:125—133.

78. Steinemann M, Steinemann S, Lottspeich F: How Y chromosomes
become genetically inert. Proc Natl Acad Sci USA 1993,
90:5737–5741.

79. Lucchesi JC, Manning JE: Gene dosage compensation in Drosophila
melanogaster. Adv Genet 1987, 24:371–429.

80. Kliman RM, Hey J: Reduced natural selection associated with low
recombination in Drosophila melanogaster. Mol Biol Evol 1993,
10:1239–1258.

81. Braverman JM, Hudson RR, Kaplan NL, Langley CH, Stephan W: The
hitchiking effect on the site frequency spectrum of DNA
polymorphism. Genetics 1995, 140:783–796.

82. Simonsen KL, Churchill GA, Aquadro CF: Properties of statistical tests
of neutrality for DNA polymorphism data. Genetics 1995,
141:413–421. 

83. Hudson RR, Kaplan NL. Gene trees with background selection.

In Non-neutral Evolution: Theories and Molecular Data. Edited by
Golding B. London: Chapman and Hall; 1994:140–153.

84. Charlesworth D, Charlesworth B, Morgan MT: The pattern of neutral
molecular variation under the background selection model. Genetics
1995, 141:1619–1632. 

85. Ashburner M: Drosophila. A Laboratory Handbook. Cold Spring Harbor,
NY: Cold Spring Harbor Laboratory Press; 1989.

86. Aguadé M, Langley CH: Polymorphism and divergence in regions of
low recombination in Drosophila. In Non-neutral Evolution: Theories
and Molecular Data. Edited by Golding B. London: Chapman and Hall;
1994:67–76.

87. Aquadro CF, Begun DJ, Kindahl EC: Selection, recombination, and
DNA polymorphism in Drosophila. In Non-neutral Evolution: Theories
and Molecular Data. Edited by Golding B. London: Chapman and Hall;
1994:46–56.

88. Stephan W: An improved method for estimating the rate of fixation
of favorable mutations based on DNA polymorphism data. Mol Biol
Evol 1995, 12:959–962.

89. Hudson RR, Kaplan NL: Deleterious background selection with
recombination. Genetics 1995, 141:1605–1617. 

90. Guo M, Birchler JA: Trans-acting dosage effects on the expression of
model gene systems in aneuploids. Science 1994, 266:1999–2002.

91. Baker BS, Gorman M, Marín I: Dosage compensation in Drosophila.
Annu Rev Genet 1994, 28:491–522.

92. Cooper MK, Hamblen-Coyle MJ, Liu X, Rutila JE, Hall JC: Dosage
compensation of the period gene in Drosophila melanogaster.
Genetics 1994, 138:721–732.

93. Da Cunha PR, Granadino B, Perondino ALP, S‡nchez L: Dosage
compensation in Sciarids is achieved by hypertranscription of the
single X chromosome in males. Genetics 1994, 138:787–790.

94. Migeon BR: X chromosome inactivation: molecular mechanisms and
genetic consequences. Trends Genet 1994, 10:230–235.

95. Graves JAM, Foster JW: Evolution of mammalian sex chromosomes
and sex-determining genes. Int Rev Cyt 1994, 154:191–259.

96. Graves JAM: The origin and function of the mammalian Y
chromosome and Y-borne genes- an evolving understanding.
Bioessays 1995, 17:311–320.

97. Brown SW, Chandra H: Inactivation system of the mammalian X
chromosome. Proc Natl Acad Sci USA 1973, 70:195–199.

98. Cooper DW: Directed change model for X chromosome inactivation
in eutherian mammals. Nature 1971, 230:292–294.

99. Crow JF, Kimura M: Evolution in sexual and asexual populations. Am
Nat 1965, 99:439–450.

100. Jenkins CD, Kirkpatrick M: Deleterious mutation and the evolution of
genetic life-cycles. Evolution 1995, 49:512–520.

101. Johnson MS, Turner JRG: Absence of dosage compensation for a sex-
linked enzyme in butterflies (Heliconius). Heredity 1979, 43:71–77.

102. Baverstock PR, Adams M, Polkinghorne RW, Gelder M: A sex-linked
enzyme in birds- Z-chromosome conservation but no dosage
compensation. Nature 1982, 296:763–766.

103. Barbash DA, Cline TW: Genetic and molecular analysis of the
autosomal component of the primary sex determination signal of
Drosophila melanogaster. Genetics 1995, 141:1451–1471.

104. Akerib CC, Meyer BJ: Identification of X chromosome regions in
Cenorhabditis elegans that contain sex-determination signal
elements. Genetics 1994, 138:1105–1125.

105. Abdel-Hameed F, Shoffner RN: Intersexes and sex determination in
chickens. Science 1971, 172:963–964.

106. Fredga, K. Bizarre mammalian sex-determining mechanisms. In The
Differences Between the Sexes. Edited by Short RV, Balaban E.
Cambridge, UK: Cambridge University Press; 1994:397–418.

107. Cline TW: Two closely linked mutations in Drosophila melanogaster
that are lethal to opposite sexes and interact with daughterless.
Genetics 1978, 90:683–698.

108. Horabin JI, Bopp D, Waterbury J, Schedl P: Selection and
maintenance of sexual identity in the Drosophila germline. Genetics
1995, 141:1521–1535.

109. White MJD: Are there no mammal species with X0 males — and if
not, why not? Am Nat 1960, 94:301–304.

110. Haldane JBS: A mathematical theory of natural and artificial
selection. Part V. Selection and mutation. Proc Camb Philos Soc
1927, 23:838–844.

111. Wright S: The distribution of gene frequencies under irreversible
mutation. Proc Natl Acad Sci USA 1938, 24:253–259.

112. Wolfe KH, Morden CW, Palmer JD: Function and evolution of a
minimal plastid genome from a nonphotosynthetic parasitic plant.
Proc Natl Acad Sci USA 1992, 89:10648–10652.

113. Muller HJ: Evidence of the precision of genetic adaptation. The
Harvey Lectures 1950, 43:165–229.

162 Current Biology 1996, Vol 6 No 2


