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Genetic degeneration is an extraordinary feature of sex chromosomes, with the
loss of functions of Y-linked genes in species with XY systems, and W-linked
genes in ZW systems, eventually affecting almost all genes. Although degener-
ation is familiar to most biologists, important aspects are not yet well
understood, including how quickly a Y or W chromosome can become com-
pletely degenerated. I review the current understanding of the time-course
of degeneration. Degeneration starts after crossing over between the sex
chromosome pair stops, and theoretical models predict an initially fast
degeneration rate and a later much slower one. It has become possible to esti-
mate the two quantities that the models suggest are the most important in
determining degeneration rates—the size of the sex-linked region, and the
time when recombination became suppressed (which can be estimated using
Y-X or W-Z sequence divergence). However, quantifying degeneration is
still difficult. I review evidence on gene losses (based on coverage analysis)
or loss of function (by classifying coding sequences into functional alleles
and pseudogenes). I also review evidence about whether small genome
regions degenerate, or only large ones, whether selective constraints on the
genes in a sex-linked region also strongly affect degeneration rates, and
about how long it takes before all (or almost all) genes are lost.

This article is part of the theme issue ‘Challenging the paradigm in sex
chromosome evolution: empirical and theoretical insights with a focus on
vertebrates (Part I)".

1. Introduction

Theoretical modelling of Y chromosome degeneration suggests that rapid loss
of functional genes starts immediately after recombination becomes suppressed
across a region carrying many genes, initiating a Muller’s ratchet process [1].
However, the rate of loss should decrease as the number of functional genes
that can undergo deleterious mutations declines. After about half the genes
in the ancestral chromosome region are lost, the models require a further
very large number of generations to lose the remaining functional genes (as
in the ancient human and Drosophila Y chromosomes). The slowing is predicted
because, once few functional genes remain to cause the ratchet process,
degeneration mainly involves rare advantageous mutations spreading in the
population, dragging low-frequency deleterious mutations in the population
to higher frequencies. This occurs very infrequently as genes that might
undergo beneficial mutations are lost, or lose functions; the model therefore
predicts that hitchhiking produces the highest rate of degeneration when an
intermediate number of functional genes still remain present, and that complete
loss of genes will take many generations [1], and may never occur in small sex-
linked regions. Although this model represents an advance over earlier views of
degeneration, it too is an over-simplification, like all models, and further model
development will be valuable (see below).

It is important to test these theoretical predictions. If the prediction is upheld
that highly degenerated sex chromosomes have long histories of evolving as sex
chromosomes, without recombination, then, when an extremely degenerated Y
(or W) chromosome is found in a species, this would suggest a long evolutionary
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Box 1. Estimating the ages of strata

Estimating relative divergence times of strata requires sequence divergence estimates, ideally Kg values for synonymous sites
in coding sequences (to ensure that the sequences used can be aligned reliably and that the variants are unlikely to experience
strong selective constraints). The time when recombination became suppressed can be estimated from such divergence
between pairs of XY genes (or W-Z pairs), or from phylogenetic analyses that rely on similar sequence data [2,3]. However,
this is difficult unless the divergence is large enough that one can reliably separate (or ‘phase’) Y versus X (or W versus Z)
sequences.

The times when regions evolved complete sex linkage should ideally be expressed in terms of numbers of generations, the
scale used in the theoretical modelling of degeneration. Estimates in terms of years are less suitable, because they cannot be
translated into numbers of generations, as generation times are often not accurately known. Numbers of substitutions per
neutral site, estimated as Kg values, increase roughly linearly with evolutionary divergence times [4]. These estimates there-
fore avoid the need for an estimated molecular clock rate to infer the relative ages of strata within a species, or in
different organisms.

Fsr values are often reported, rather than divergence values. However, Fsy expresses the proportion of variability between
the two populations sampled [5]: in this case, the populations of X- and Y-linked sequences (or Z and W ones), or often
simply the two sexes. Fgr is not expected to increase in a clock-like manner with the time since the members of the sex
chromosome pair became isolated (i.e. stopped recombining). Such values are excellent for detecting the presence of strata
with different levels of differentiation between a sex chromosome pair [2,6,7], but not for estimating the time since recombi-
nation stopped.

A young stratum is sometimes inferred without estimating divergence, based on higher nucleotide diversity (or SNP
density) in a sex chromosome region in the heterogametic sex; this suggests that the region still carries diverged Y (or W)
sequences, implying that sequences have not been completely lost from the Y- or W-linked regions. However, in such
cases, sequence divergence can and should be estimated. Finally, it is worth noting that sex differences in either divergence
or Fgr levels do not necessarily imply that non-recombining strata have evolved, but can indicate that the members of a sex

chromosome pair originated in different populations that have hybridized [8].

history as an XY or ZW pair, which is sometimes impossible to
determine in any other way. Quantification of ages using
sequence divergence between members of sex chromosome
pairs is described in box 1, but suitable data are often difficult
to obtain. Phylogenetic analyses can suggest ages of sex
chromosome systems, but can be inconclusive. Taxa in which
an XY or ZW system is widespread may share it because
they inherited it from a common ancestor, as has been demon-
strated in mammals [9,10] and birds [11], or they may have
evolved independently. If a homologous chromosome carries
the sex-determining locus in several species, this may suggest
that their common ancestor had a sex-determining region on
this chromosome. However, the same chromosome may
evolve sex-determining regions independently; for example,
the homologue of the medaka autosome 10 carries the sex-
determining gene in two groups of Oryzias species, and the
homologue of autosome 12 is involved in another Oryzias species
[12], and also in two Poecilia species [13,14]; similar cases are
known in cichlid fish [6].

Currently, the time course of degeneration is understood
largely based on theoretical models. The time until degener-
ation becomes very slow (see above) depends remarkably
little on the fitness effects assumed for the mutations modelled,
or on the effective population size, and even on the number of
genes initially present. More important is the gene number,
and small regions are not expected to degenerate rapidly [1].
However, empirical data are needed, both to test whether the
expected general shape of the time-course is actually seen,
and to relate it quantitatively to the values of measurable par-
ameters. Actual estimates of the times when different sex
chromosomes stopped recombining, and how degenerated
they have become over those times, are still very scarce. In
reviewing current data here, I also highlight major gaps that

exist in knowledge about degeneration and suggest promising
approaches for obtaining relevant information.

Estimates of the time when Y- or W-linked regions
evolved, and the extent to which genes within the regions
have lost their functions, will also help understand the evol-
ution of dosage compensation that may evolve in response to
hemizygosity, which often reduces expression in the hetero-
gametic sex [15]; for some genes, a departure from the
relative gene numbers needed for the proper function of
multi-protein complexes may also play a role [16]. There is
good evidence that dosage compensation can evolve rapidly
once many genes of a Drosophila chromosome become hemi-
zygous [17], but definitive tests for dosage compensation in
many organisms are hampered by the evolution of sex-
biased gene expression and enrichment of the sex chromo-
some for certain types of genes, and because dosage
compensation appears sometimes to be partial [18,19].
Changes in gene expression after the initial evolution of
dosage compensation, including the evolution of sex-biased
gene expression, cause further uncertainties, even in very
well-studied organisms, such as Caenorhabditid nematodes
[20], Drosophila [21] and the chicken [19,22,23]. X inactivation
in female mammals may also obscure an earlier dosage com-
pensation system [24]. Conclusions about less well-studied
organisms, such as snakes, are also uncertain [18,25]. T will
not review dosage compensation here, as it has recently
been comprehensively reviewed [24].

An important advance in understanding sex chromosome
evolution was the discovery that mammalian XY



Box 2. Quantifying genetic degeneration of Y and W chromosomes (or Y- and W-linked genome regions)

To describe the time-course of genetic degeneration and to ask how long it may take until a Y or W chromosome becomes
completely degenerated, one must be able to quantify degeneration. Much work to date provides evidence that degeneration
has occurred, for example documenting reduced effectiveness of purifying selection after a Y- or W-linked region stops
recombining [30-33], and distinguishing these effects from effects of selection favouring X-linked female-benefit mutations,
rather than to less effectiveness of purifying selection due to sex chromosomes’ lower effective population sizes [15,34,35].
Many interesting studies have also documented repetitive sequence accumulation [36], expanding Y- and W-linked regions;
low gene densities in such regions therefore need not reflect actual loss of genes. Transposable element (TE) insertions in non-
coding regions may, however, affect gene expression, either by directly interrupting functional sequences, or through the side
effects of epigenetic control of TE activity by the host cells [37]. Analyses of coding sequences alone therefore probably under-
estimate the extent of degeneration, although TE insertions can contribute to changes in expression, sometimes increasing it
[38]: they might therefore reduce Y-linked gene expression or sometimes cause deleterious over-expression.

However, such data do not quantify degeneration, so most studies ask what proportion of genes (out of those carried by
the X or Z chromosome) have clearly lost function, including sequences lacking the start codon, or with a premature stop
codon of frame shift mutations. Getting even this information requires well-assembled genomes and also phased sequences,
so that the alleles can be identified as X versus Y (or W versus Z), and the ability to detect genes recently transposed to the
non-recombining region, such as the two added to the human Y [28]. Care is also needed to avoid bias towards low degener-
ation values, which could arise if only genes that can be reliably detected on both members of the sex chromosome pair are
analysed. Degeneration may also be underestimated if changes in non-coding regions affecting function are not included.
Such changes might explain some degeneration rate differences. For example, in the homologous X-degenerate regions of
humans and chimpanzees, four of 16 genes have inactivating mutations in the chimpanzee, but appear to have remained
functional in humans [39].

Pseudogenization gives only a partial picture, and it is also valuable to estimate the proportions of genes that have been
lost. These are expected to increase with the age of the fully non-recombining region, as the loss of a gene is probably often
unopposed by selection after it has lost functionality, and TE accumulation can contribute to loss of genes through small
deletions of Y- or W-linked regions.

Genes with X-linked copies but no Y-linked copy can be identified in RNA-Seq data, without a complete genome assem-
bly, using sequence variants in a family [40—42]. However, this loses potentially valuable information about how the losses
occurred. For example, if multiple genes were lost in a single deletion event, the rate of loss in the lineage would accelerate.
Moreover, the sample sizes of sex-linked genes are limited by the difficulty of ascertaining them. In an XY system, for
example, hemizygous genes can be identified only when an X-linked polymorphism is detected, whereas both X polymorph-
isms and accumulated differences between the X and Y chromosomes can identify genes present on both the X and the Y,
making XY genes often much easier to detect. Estimated percentages of hemizygous genes must therefore use only sex-
linked genes that were identified from the more limited set of X polymorphisms. Genome sequencing and coverage analyses
are likely to be necessary to get more accurate estimates, although assembly errors of non-single-copy sequences may cause
problems.

chromosome pairs do not have a single ‘age’, but stopped
recombining in several events, at different times in their
evolutionary past.

The first careful and detailed examination of the
sequences of the sex chromosomes from the human genome
sequencing work revealed several Y-linked sequences that
are alleles of X-linked ones, allowing Y-X sequence diver-
gence to be estimated [26]. This showed that genes in the
X-linked region of Eutherian mammals corresponding to
the Marsupial XY pair (part of the Xp arm) have much
higher divergence than genes in regions that were added to
the sex chromosomes in a fusion event after the split from
the Marsupials [27]. Moreover, in the ‘younger’, so-called
"X-added’ region of the Eutherian XY pair, sequence diver-
gence between Y- and X-linked copies is smaller when the
X-linked gene is closer to the pseudo-autosomal region (the
PAR, which still undergoes XY recombination) than for
genes further from the PAR [26,28]. The different divergence
values indicate different times when Y-linked regions
stopped recombining with their X-linked homologues and
are classified into at least four or five so-called ‘evolutionary
strata’ [26,28]; the gene numbers in the corresponding

X-linked regions are also shown in figure 2 below. Box 1 out-
lines how divergence is estimated, and box 2 describes data
that can be used to measure genetic degeneration.

Strata have been discovered in sex chromosome systems
of several organisms, including ZW systems of birds
[11,43,44] and snakes [45], and the XY systems of the stickle-
back [29] and two plants. In Silene latifolia, strata are inferred
from the wide range of divergence values of genes between
the highly heteromorphic Y and X chromosomes [40,46—48].
In the papaya, Carica papaya, two strata were probably
created by inversions covering a small region carrying the
male-determining factor [49].

The threespine stickleback is one of the few non-mamma-
lian animals in which Y-X divergence has been estimated (see
box 1). Two evolutionary strata were revealed, with an esti-
mated 88% of 486 genes in the older stratum estimated to
have become hemizygous [50]. Although this extensive
degeneration might suggest an ancient system, the median
synonymous site divergence (K values) for 75 genes that
have not been lost from the Y is only about 1.8% [29], not
much more than the estimate (1.35%, based on 582 genes) in
the inferred younger stratum, where only 5% of 379 genes
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Figure 1. Schematic diagram of sex chromosome evolution: (a) shows a young XY pair with a fully sex-linked region (solid blue) that has not yet degenerated and a
partially sex-linked region (or pseudo-autosomal region or PAR, white); (b) shows a later stage, in a pair that has evolved a second, younger fully non-recombining
stratum that has not yet degenerated, while the older stratum has become partially degenerated, with the loss of genes symbolized by grey regions; the evolution of
this new stratum involved part of the PAR stopping recombination, so that this XY pair has a smaller PAR than the younger one. The diagram shows the Y chromo-
some as the same size as the X, but the deletion of degenerated regions might occur, and/or accumulation of repetitive sequences in the fully sex-linked strata

causing a physical expansion. (Online version in colour.)

are estimated to have become hemizygous [50]. Expression
levels of the Y-linked copies are also similar in the two
strata. Apart from this case, it is unclear what proportion of
fish and reptiles have sex-linked regions that have undergone
genetic degeneration, and the timescale of degeneration has so
far been studied in few species. Extensive Y-linked regions that
are likely to contain many genes and would be predicted to
degenerate, given enough time are, however, documented in
a number of fish, including some cichlids and reptiles [6].

3. Detecting strata using coverage analysis and
degeneration estimates

As already mentioned, studies of species and taxa with the
ideal type of data (incompletely degenerated sex chromo-
somes, or strata whose degeneration levels and times of
recombination suppression have been estimated) are scarce,
apart from the mammal data in figure 2, which illustrate
the large loss of genes from the older strata.

Data are available from the early-branching Paleog-
nathous bird taxa. These ZW sex chromosomes are
homologous with those of the later-evolved Neognathous
birds, but have physically much larger recombining regions
that are detectable cytologically, with differing sizes in differ-
ent species [51], implying that new strata have evolved in
some taxa. Genome sequences [11] are confirming these
species’ variably sized pseudo-autosomal recombining
regions, or ‘PARs’, based on similar coverage in both sexes
(figure 1). All birds appear to share an ancient, highly degen-
erated W region (electronic supplementary material, table S1)
with female coverage values half those in males, and new
strata have subsequently evolved that have intermediate
female/male coverage ratios, indicating lesser degeneration
[11]. This analysis does not require W-linked genes to esti-
mate divergence from their Z-linked alleles, and the ancient
divergence is inferred from the sharing between bird
lineages. For example, in the group of Paleognath birds that
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Figure 2. Genetic degeneration of the human Y, based on the comprehensive
list of genes inferred to have been present on the ancestral mammalian X
chromosome, including stratum 1, which is sex-linked in marsupials [29]. The
grey bars and right-hand y axis show the estimated proportions of non-func-
tional genes in different strata. The left-hand y axis shows Y-X synonymous
site divergence estimates (K values) for each stratum. The figure also illustrates
the loss of genes, as the numbers of XY pairs remaining for estimating K; values
are much smaller for the oldest stratum. The numbers of ancestrally X-linked
genes in each stratum are also indicated (in the boxes; strata 4 and 5 are
combined, because they include few genes). The horizontal white and black
lines are the median and mean K; values, respectively.

includes the kiwi (Apteryx), coverage analysis suggests that
its fully sex-linked region includes an Apteryx-specific stra-
tum [52]. Although such regions should carry W-Z pairs
whose sequence divergence can be estimated, this appears
not yet to have been attempted for this bird. Genome
sequences are, however, starting to be used to estimate ages
of the strata, though it remains difficult to separate sequences
into their Z and W (or X and Y) haplotypes (see box 1), and
datings currently remain scarce.
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Figure 3. Currently available genetic degeneration level estimates for XY and ZW
systems with quantitative data. Except for the two dots for old and young strata in
humans, the threespine stickleback, and Silene latifolia, each dot represents a
named species. Most data, apart from those from humans, Drosophila miranda,
and the plant Carica papaya (see text), are estimates of the proportions of
genes that are hemizygous (see electronic supplementary material, table S1 for
details, including the full species names and the sources of the data).

Figure 3 summarizes degeneration data from species where
age estimates are available (electronic supplementary material,
table S1 gives full details). Within taxa where data suitable for
comparisons exist, the data are consistent with the prediction
that, other things being equal, shorter times since recombina-
tion stopped should tend to correlate with less complete
degeneration. Before describing examples in the next two sec-
tions, it is important to emphasize that most species in which
strata have been inferred lack full information. The number of
genes in an X (or Z) region corresponding to a stratum is
rarely known, and often the number remaining in the corre-
sponding Y (or W) region has not been determined.

Strata have also been detected by coverage analysis in
schistosomes [53]. Older and younger strata were inferred,
because a phylogeny suggests that one stratum evolved
after a species split, and is not found in all of the species
studied. However, the putatively younger stratum appears
highly degenerated (see electronic supplementary material,
table S1), making it difficult to determine the time-course of
degeneration in these species.

It is important to discover degenerated regions of sex
chromosomes in species other than just the ‘classical’ mamma-
lian and Drosophila systems and to obtain evidence about the
repeated evolution of completely sex-linked regions and
which species have evolved extensive regions, versus which
sex-determining systems have remained physically small
However, evolutionary strata offer opportunities to relate
the extent of genetic degeneration to the most important
factors likely to affect degeneration rates—the sizes of non-
recombining strata (or the numbers of genes they contain)
and the times since recombination was suppressed between
the pair of sex-linked regions. Such data will allow tests of
whether younger, and smaller, strata are less degenerated, as
predicted, and whether other factors also have major effects.

To understand the likely time-course of genetic degeneration,
the ideal systems are sex-linked regions with less than complete
degeneration. However, if Y and W chromosomes very quickly
lose all genes that were initially present (and are still present on

the X or Z), species with partial degeneration are unlikely to be [ 5 |

studied. This will make it difficult to estimate the time-course in
detail, and, conversely, if extensive future studies detect no, or
very few, cases of intermediate degeneration, this will suggest
that complete degeneration evolves very rapidly.

Consistent with their different ages, different evolutionary
strata in Eutherian mammals appear to have reached different
stages of genetic degeneration. The oldest mammalian stratum
has lost almost all genes from the Y chromosome; the pro-
portions of genes still present are higher in the younger
strata (figure 2), although most are non-functional [28,53].
Data from other organisms are scarce, though degeneration
is documented in lizards (electronic supplementary material,
table S1). Reptiles are particularly interesting, because ZW sys-
tems probably evolved independently in different lizard
groups [54], and in turtles ZW and XY systems are found
and both macro- and micro-chromosomes can be involved
[55-57]. Micro-chromosomes might be expected to degenerate
more slowly, but I am not aware of any studies in this area.

Flowering plants may include many species with sex-
linked regions in intermediate stages of genetic degeneration,
although degeneration may be slower than in animals due to
gene expression in the haploid pollen stage. However, the
plant studies illustrate the approaches that can be used to
study degeneration, as well as some interesting findings.

In S. latifolia, the XY pair are both large. The X may carry
around one 7th of the plant’s genes, and recombination prob-
ably occurs in only a small proportion of the chromosome. The
most recent study estimated that about half of Y-linked genes
are non-functional [58]. Out of 909 Y-linked genes analysed,
433 (47.6%) had premature stop codons and 12 (1.3%) had
lost the start codon (versus, respectively, 12 and 0 out of 945
X-linked genes). Y-X sequence divergence suggests about
7 million generations for the older stratum, and around 4
million for the younger stratum, or about 11 and 6 million
years (MY), respectively [58]. This is slightly older than pre-
vious estimates of the time when separate sexes evolved in
this Silene species and its close relatives, from a hermaphroditic
ancestor, based on sequence divergence between species [59].
The relative sizes of the two S. latifolia strata are not yet com-
pletely clear, as the current Y-X divergence estimate does
not clearly demarcate them. However, 69% of the codons
used for the divergence estimates were assigned to genes in
the older stratum. The estimated overall proportions of genes
that have lost function differ only slightly between the two
strata (figure 3), but the predicted slowing down of degener-
ation may be occurring, as the degeneration rates for the
older and younger strata are, respectively, 7% versus 10.5%
per million years, despite the latter’s smaller size [58].

The proportion of genes completely lost from this plant’s Y
chromosome has also been estimated in this species, using
RNA-Seq (see box 2). The moderately short total evolutionary
time since the older stratum evolved is consistent with the esti-
mated nearly 50% gene loss [31,32,40—42], as the theoretical
prediction outlined above is that Y chromosomes will quickly
lose many genes after Y-X recombination stops, but that
complete loss of genes from the Y will take many generations.

The papaya sex-linked region spans only about 10% of one
chromosome, and Y-X divergence is smaller than in S. latifolia.
Both these differences predict less degeneration in papaya,
whose degeneration indeed appears slight [33,49]. For 55
X/Y gene pairs with sequences available from outgroup
species, validating that they are stable elements of the plant’s



genome, 46 have apparently functional copies on both the X
and Y, and, overall, the Y carries only two more non-functional
genes than the X [33]. Purifying selection appears less effective
in papaya Y- than X-linked coding sequences, which might
eventually lead to more pronounced degeneration. Finally,
plant sex-linked regions that include few genes show little
evidence of degeneration [49,60-64].

Degeneration has been compared in two Rumex species
[65]. Both species have neo-Y chromosomes due to X-auto-
some fusions (see box 3). The recently evolved Rumex
hastatulus neo-Y yielded only slight evidence for degeneration
[67]. A new study compared the ‘ancestral’ Y of this species
(with 1686 sex-linked genes) and the non-homologous
Y-linked region of Rumex rothschildianus, with only 553 sex-
linked genes [65]. Definitive Y-X divergence estimates are
not yet available, so the times when recombination between
the sex chromosomes became suppressed, and strata have
not been detected. The existence of some highly diverged XY
pairs suggests that the R. rothschildianus fully sex-linked
region could be older than that in R. hastatulus, and the gene
loss estimates are 92% versus 18%, also suggesting an older
system in R. rothschildianus. However, excluding the many
sequences with less than 10% Y-X divergence suggested simi-
lar times when recombination stopped in the two species. The
considerably larger non-recombining region in R. hastatulus
might then be expected to generate faster degeneration of its Y.

The degeneration rate appears to be slower in R. rothschildia-
nus than in R. hastatulus [65]. This might reflect different
functional categories of genes being present, which could occur
by chance ‘sampling’ of genes in non-homologous regions
(although sampling effects could be minor, as the sex-linked
regions in both species carry many genes). Interestingly,
R. rothschildianus appears to have lost many genes showing
evidence of being under low selective constraint, unlike the
R. hastatulus Y [65]; the remaining R. rothschildianus Y genes
show several features indicating stronger purifying selection
than the lost genes (including enrichment for fundamental
functional categories, higher expression levels and greater fre-
quencies of pollen expression). This is consistent with
predictions that genes with important functions in males are
especially likely to be retained [69]. Deleterious mutations may
thus now be accumulating more slowly than in the R. hastatulus
Y, suggesting a further reason for a slowing down of genetic
degeneration. The R. rothschildianus results also suggest male-
specific adaptation of some genes, with higher expression of Y-
than X-linked alleles, which could have resulted in selective
sweeps [65], as predicted in the later stages of Y chromosome
evolution.

Slowing of degeneration is also inferred in humans [70].
This study compared 16 human-chimpanzee Y-linked gene
sequences in the 9.5 Mb of the chimpanzee genome where
X-linked genes have degenerated or become pseudogenes;
all 11 pseudogenes in the region were shared by the chimpan-
zee and humans, and no chimpanzee-specific transcription
units, without human Y counterparts, were found. Therefore,
whereas it is estimated that the human Y has lost, on average,
about five genes per million years, no human gene appears to
have been lost or become non-transcribed during the six
million years since these species separated. However, some
chimpanzee genes have lost functionality since the split,
due to point mutations that either disrupted splice sites or
introduced stop codons, illustrating the possibility of differ-
ent degeneration rates in different species.

Fusions and reciprocal translocations can potentially stop
recombining, creating new strata and so-called ‘neo-Y’ or
‘neo-W’ chromosomes (box 3). Such newly non-recombining
regions may give information about the time course of
genetic degeneration. In the Eutherian mammals, as described
above, the “X-added’ region is less degenerated than the ances-
tral part [26,28]. Y-linked sequences are recognizable for about
half the ancestral X genes in strata 2 and 3, and almost all in
strata 4 and 5, allowing Y-X divergence estimates, but very
few genes remain functional [53], even though these strata
include few ancestral genes (figure 2). Species with rearrange-
ments more recent than that in the Eutherian mammals can be
more informative about the time course over which some func-
tional genes remain.

In organisms where one sex does not undergo crossing
over in meiosis, such as Drosophila males, fusions between
sex chromosomes and autosomes immediately suppress
recombination with the sex-determining locus (box 3,
Figure A). Drosophila miranda underwent Y-autosome fusion
about 1.5 million years, or roughly 4 million generations
ago, based on estimates of divergence of neo-Y-linked
sequences from their alleles on the former autosome [71],
and about half of its genes are estimated to have lost their
functions; consistent with the prediction that shorter times
since recombination stopped should correlate with less
degeneration, this neo-Y is much less degenerated than the
older-established neo-Y of Drosophila pseudo-obscura, which
is highly degenerated and has lost most ancestral genes
(figure 3). On the other hand, Drosophila busckii is an intri-
guing example in which the prediction is not upheld;
greater degeneration has occurred, in a shorter evolutionary
time, in the D. busckii neo-Y than that of D. miranda [72].
This may perhaps be because (like the R. rothschildianus Y dis-
cussed above) a high proportion of genes on the former
autosome (the D. busckii neo-Y was formed from the small
‘dot’ chromosome, with less than 100 genes) evolve under
unusually low selective constraint [72]. It is well-established
that genes with high expression levels (suggesting that they
are likely to be under strong selective constraint), and/or
dosage sensitive genes are preferentially retained on
mammal Y chromosomes [9,10] and on the D. miranda neo-
Y [73], and that genes on the dot chromosomes have lesser
constraint levels [74].

An X-autosome fusion (or Z-autosome fusion in a ZW
system) in a species that lacks crossing over in one sex also
immediately causes suppressed crossing over of the neo-sex
chromosome with its autosomal homologue, because the
non-fused chromosome becomes confined to the heteroga-
metic sex. Such fusions are known in several Drosophila
lineages (reviewed in [75]). Many of them occurred much
longer ago than in D. miranda, and, as expected, the neo-
Y-chromosomes appear to be extremely degenerated,
having lost most genes that were carried on the ancestral
autosomes involved (figure 2).

Achiasmate meiosis is known from a few other sexually
reproducing taxa, including the well-studied Lepidoptera
(with WZ systems) and some related taxa [76,77]. Autosomes
that have fused to a butterfly or moth sex chromosome are
reported to be degenerated, but proportions of genes lost
have not been estimated (electronic supplementary material,



Box 3. Fusions between sex chromosomes and autosomes and new evolutionary strata

Another situation potentially informative about degeneration arises when an autosomal region stops recombining after being
translocated to or fused with a fully sex-linked region. Rapid degeneration is predicted whenever substantial non-recombin-
ing regions (strata) are added to a Y or W chromosome. In organisms where one sex is achiasmate and does not undergo
crossing over in meiosis, a fusion between an autosome and either sex chromosome immediately suppresses recombination
with the sex-determining locus (Box 3 Figure A).

Y-A translocation

X — ————= X

enlargedY —mMmm—————

X—A translocation

enlarged X -

Y, ——— —S——— Y

Box 3 Figure A. Diagram of fusions between an autosome (dashed lines) and the Y or X of an XY sex chromosome system in
a species in which males are achiasmate. Clearly, fusion to the Y (shown the top diagram) creates a neo-Y that cannot recombine
with the former autosome because it is inherited only by males, along with the ancestral Y. In the X-A case (the lower diagram),
despite the former autosome having no physical attachment to the Y, a non-recombining neo-Y is again created, because it seg-
regates from the fused chromosome attached to the X, and is therefore again inherited only by the male lineage.

However, the formation of a new fully sex-linked stratum is not inevitable. In many organisms, including mammals, crossing
over occurs in meiosis of both sexes. When an autosomal region fuses to a sex chromosome, it can continue to recombine with its
unfused autosomal homologue becoming partially sex-linked, not a fully sex-linked region that is expected to start degenerating.
Rearrangements are known in many XY and ZW species where both sexes undergo crossovers, including in fish, lizards [66] and
plants (e.g. [67]), producing systems where an autosome is physically attached to an ancestral X or Y (see Box 3 Figure B).

1. ancestral state before translocation

PAR
Xm0 e —— =
> > autosome
Y —————
2. Y-A translocation onto non-PAR end l
x| == crossovers continue to occur
> X on the former autosome,
enlarged Y - except near the breakpoint
3. fusion to the other sex chromosome l'

enlarged Y ———

=< autosomal (portion)

enlarged X _———

Box 3 Figure B. Diagram of fusions between an autosome and the Y or X of an XY sex chromosome system in a species in
which crossing over occurs in both sexes. The figure shows the case when the autosome is added to the end of the Y that is
non-recombining in males (rather than to the PAR end). The autosome is nevertheless expected to continue to pair with its
homologue and undergo recombination, except possibly in a region near the breakpoint (see §5). If the free autosome sub-
sequently fuses to the X, this restores an equal chromosome number in both sexes, making it less easy to detect that a fusion
has occurred, though the number is reduced by one.

The unfused chromosome may later fuse with the other sex chromosome, or recombine onto it, if the fusion occurs onto the
PAR. Whether this occurs or not, the former autosome pair can often continue to recombine, and no new stratum need arise.

A fusion in such a species may, however, directly cause failure of pairing in the region adjoining the pre-existing sex
chromosome and stop crossing over, leading to this part differentiating in sequence between the sexes, like the original
sex chromosome. It may be difficult to determine whether suppressed recombination in part of the former autosome is a
direct effect of the rearrangement, or evolved subsequently, perhaps involving a sexually antagonistic polymorphism in
the added arm near the fusion breakpoint that creates an advantage for close linkage with the sex-determining gene [68].
Such selection may explain the subsequent loss of recombination that led to the strata detected within the X-added region
of Eutherian mammal sex chromosomes (see Box 1 and §3 above).
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table S1). The extent of degeneration is thus mostly unknown,
except when it is extremely high and the W chromosome is
heterochromatic. The times when some rearrangements
occurred have mostly been inferred from phylogenies of
related species whose chromosome arrangements differ
[78]. Although most studied cases of rearrangements
appear to have occurred long ago and involve highly degen-
erated W chromosomes, younger systems suitable for
studying the time taken for lesser degeneration may exist
(see electronic supplementary material, table S1). Dosage
compensation of the neo-W chromosome appears to have
evolved after the rearrangement in the monarch butterfly,
implying that the former autosome had degenerated; interest-
ingly, however, it appears to have evolved de novo, as the
mechanism differs from that of the ancestral W [79].

Rearrangements in other taxa in which one sex is achias-
mate [80] have so far been little studied. Caddis flies
(Trichoptera, with 11 000 species), the sister group to the Lepi-
doptera, also have female heterogamety and are apparently Z0
[81], but no further information appears to be available. In
species with achiasmy in one sex, fusions involving the X of
an XX/X0 system, or the Z of a ZZ/Z0 system, can also lead
to a non-recombining neo-sex chromosome that would be pre-
dicted to start degenerating. I am not aware of studies of the
degeneration of such chromosomes. In some taxa, achiasmatic
male meiosis appears to have evolved independently several
times, including in the sister group to the Diptera (Scorpion
or hang flies, Mecoptera) [80], which includes one X;X,Y
species [82]. It remains uncertain whether fusions exist in
any achiasmatic species of this group, or in the mantid order.

In most organisms, however, both sexes undergo crossing
over, and recombination will continue, even if an autosome
fuses to a Y or W chromosome with a large completely non-
recombining region (box 3, Figure B). Currently, there appear
to be few data concerning degeneration from the many species
in which such rearrangements have been reported [66]. It is
rarely clear whether the former autosome has acquired, or
(as in Eutherian mammals) subsequently evolved, suppressed
recombination. Examples are known in which the former auto-
some is heterochromatic, such as some fish [83,84] and a
grasshopper [85], suggesting rapid degeneration; however,
gene loss has not yet been quantified, and the heterochromatin
might represent repetitive sequence accumulation without
major gene loss. Genome sequencing may in the future
quantify both neo-sex chromosome degeneration and estimate
the times since recombination between them stopped.

As explained in box 3, a rearrangement might
directly suppress recombination near the breakpoint. Little
information is currently available about the extent of
degeneration in such regions. Threespine stickleback
(Gasterosteus aculeatus) populations from the Japan Sea show
high differentiation between males and females for sequences
within a 7 Mb region of a 20 Mb neo-Y chromosome (auto-
some 9) that became attached to the older evolutionary
stratum of the XY pair. This region therefore appears to
have formed a new stratum at the opposite end from the pre-
viously established younger stratum adjacent to the PAR.
None of the 24 loci examined in this region were hemizygous
in a male sample, so the region has probably not undergone
major degeneration, consistent with the fairly short time
involved—estimated to be about 2 million years [2]. As far
as I am aware, all genes studied within these regions of
other species with such rearrangements, such as lark species

[86,87], appear to be diploid, with no evidence of degener- [ 8 |

ation, despite the estimated fusing being dated to at least
37 million years ago.

6. Discussion and future prospects

The examples reviewed here show how existing molecular
evolutionary analyses can detect degenerated regions of sex
chromosomes, and how some theoretical predictions about
degeneration might be tested. However, estimating Y-X and
W-Z divergence remains difficult, because this requires
assembling separate Y and X (or W and Z) haplotypes. If
the sex chromosomes are ancient, and sequence divergence
is high, as in humans (figure 1), it is possible to infer the
sequences carried by the two haplotypes, especially if
parent—offspring sets are available for studying segregation
of sequence variants. Long-read sequencing promises to
make it possible to construct phased haplotypes in more
species without the need for genetic studies (e.g. [69]).
Genome sequence data will probably reveal non-recombining
regions in many more organisms with genetic sex-determi-
nation, along with their gene contents and densities, and
will probably reveal evolutionary strata in some of them, clar-
ifying the time-course of degeneration.

Further theoretical modelling will also be valuable, as the
present conclusions about the time-course of degeneration
involve several simplifying assumptions. Although the models
discussed in §1 can explain degeneration during the history of
the Therian mammal sex chromosome evolutionary strata [1],
including the stratum shared by Eutherians and Marsupials
[1], the time involved is estimated to be between 180 and 220
million years [9,10]. Changes in some of the assumptions can
increase or decrease the predicted rates [1]. In the well-studied
mammals, the Muller’s ratchet could be responsible for between
40% and 75% of the observed degeneration. Clearly, more
empirical data are needed from other organisms, including
ones with fully sex-linked regions carrying only a few genes. If
these are found to degenerate, this may suggest mechanisms
other than those discussed here. Evidence from plants suggests
that such physically small sex-linked regions show little
degeneration [49,60-64], though they may have evolved too
recently for this to have evolved yet.

As discussed above, differences in the genes carried in a
fully sex-linked region could sometimes have important
effects on degeneration rates. Genes important for male func-
tions may be retained on Y chromosomes, for example, as
may genes evolving under stronger constraint. However,
degeneration rate differences due to such effects are most
likely to arise when the fully sex-linked region or sex chromo-
some includes just a small number of genes, for instance in
the case of a bird or lizard micro-chromosome, or a dot
chromosome of Drosophila. A similar situation may arise in
a sex chromosome region that has already lost most genes;
given enough time, the only remaining genes will be ones
that degenerate slowly, even if the region (and its X counter-
part) initially contained many genes. This may have
contributed to reducing the degeneration rate in the plant
genus Rumex. However, since Y chromosomes in diverse
taxa have lost almost all the ancestral genes (figure 3), such
effects probably cannot prevent eventual complete genetic
degeneration. However, it remains unclear how much
evolutionary time is required for such complete degeneration.
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Another particularly interesting question is whether dosage
compensation evolves independently for individual genes, or is
acquired across Y-linked regions carrying multiple genes. In the
latter situation, an X- (or W-) linked gene or genes must experi-

ence selection for increased expression that outweighs any
deleterious effects of changing the other genes’ expression,

allowing dosage compensation to evolve. The selection might
then favour reduced expression from functional Y-linked
genes in the region. If this can occur, degeneration might not
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