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Abstract

Chromosomal fusion plays a recurring role in the evolution of adaptations and reproductive
isolation among species, yet little is known of the evolutionary drivers of chromosomal fu-
sions. Because sex chromosomes (X and Y in male heterogametic systems, Z and W in fe-
male heterogametic systems) differ in their selective, mutational, and demographic
environments, those differences provide a unique opportunity to dissect the evolutionary
forces that drive chromosomal fusions. We estimate the rate at which fusions between sex
chromosomes and autosomes become established across the phylogenies of both fishes
and squamate reptiles. Both the incidence among extant species and the establishment
rate of Y-autosome fusions is much higher than for X-autosome, Z-autosome, or W-auto-
some fusions. Using population genetic models, we show that this pattern cannot be recon-
ciled with many standard explanations for the spread of fusions. In particular, direct
selection acting on fusions or sexually antagonistic selection cannot, on their own, account
for the predominance of Y-autosome fusions. The most plausible explanation for the ob-
served data seems to be (a) that fusions are slightly deleterious, and (b) that the mutation
rate is male-biased or the reproductive sex ratio is female-biased. We identify other combi-
nations of evolutionary forces that might in principle account for the data although they ap-
pear less likely. Our results shed light on the processes that drive structural changes
throughout the genome.

Author Summary

Chromosome number is a basic feature of the eukaryotic genome that has important con-
sequences for recombination, segregation, and other processes. Despite a century of re-
search on the evolution of karyotype, however, we still have little understanding of the
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evolutionary forces that enable chromosomal fusions and fissions to become established.
Here, we compare the rates of chromosomal fusions between sex chromosomes (X, Y, Z,
and W chromosomes) and autosomes. We find that these fusions more frequently involve
the Y chromosome than other sex chromosomes in fishes and squamate reptiles. To ac-
count for these observations, we conduct theoretical analyses and find that the most likely
explanation for this pattern is that fusions have deleterious effects, and further that muta-
tion rates and/or sex ratios are biased. Improving our knowledge of the evolutionary
mechanisms driving sex chromosome-autosome fusions provides a richer understanding
of the forces that shape chromosomes generally.

Introduction

The number of chromosomes is one of the most fundamental features of a eukaryotic genome.
Chromosome number varies, both between closely related species and within species, and such
variation can contribute to divergent adaptation and speciation [1-5]. Shifts in chromosome
number typically result from a reciprocal translocation between two acrocentric chromosomes,
bringing together two linkage groups (“fusions” as reinterpreted by [6]) or by splitting a meta-
centric chromosome into two (“fissions”). Although genetic drift, selection for changes in re-
combination rate, and meiotic drive are thought to play a role [7,8], the evolutionary forces
that allow fusions and fissions to fix within a population remain obscure.

Sex chromosome evolution offers a unique glimpse into these forces. The X and Y chromo-
somes of male-heterogametic species (as in mammals) and the Z and W chromosomes of fe-
male-heterogametic species (as in birds) differ in many aspects of their evolutionary
environments. While Y and W chromosomes are often thought to be evolutionarily similar, Y
chromosomes spend all of their evolutionary history in males, while W chromosomes spend
none. X and Z chromosomes also differ: X chromosomes spend 1/3 of their evolutionary histo-
ry in males, while Z chromosomes spend 2/3 of their history in males. Consequently, the four
types of sex chromosomes vary in how selection acts on them, in their effective population
sizes, in their mutation rates, and in how meiotic drive acts on them [9-12]. All of these factors
might play a role in the evolution of chromosomal rearrangements, and so differences in rates
of rearrangement among sex chromosomes offer clues to what evolutionary conditions favor
changes in genome structure.

Structurally, sex chromosomes are the most rapidly evolving parts of the genome in many
groups of animals [2,11,13-15]. In some taxa, such as fishes and squamate reptiles, both XY
and ZW sex determination is found among closely related species (and even among popula-
tions within a species) [14,16]. Further, fusions between sex chromosomes and autosomes are
relatively easy to detect from karyotypic data, and a large number of such fusions have been
discovered [2,17]. Thus there are many phylogenetically independent events, providing the op-
portunity to test whether fusions involving the four different types of sex chromosomes are
equally likely to occur and/or establish within a species.

A fusion between a sex chromosome and an autosome is usually detected because it creates
an odd number of chromosomes in one sex (Fig 1) [2,18]. With XY sex determination, a Y-au-
tosome fusion creates an X;X,Y system, with the unfused homologue segregating as a neo-X
chromosome. Likewise, X-autosome fusions generate XYY, systems, Z-autosome fusions gen-
erate ZW; W, systems, and W-autosome fusions generate Z;Z,W systems. These neo-sex chro-
mosome systems can often be identified by light microscopy, without molecular cloning or
linkage mapping. This has enabled cytogenetic studies to identify many species with sex
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A)

Fig 1. Sex chromosome-autosome fusions create multiple sex chromosome systems. (A) In XY systems, X-autosome (X-A) and Y-autosome fusions
(Y-A) make XYYz and X;X,Y systems, respectively. (B) In ZW systems, Z-autosome (Z-A) and W-autosome fusions (W-A) make ZW;W, and Z;Z,W

systems, respectively.

doi:10.1371/journal.pgen.1005237.g001

chromosome-autosome fusions [2,19-22]. These data have yet to be used to estimate rates of
different types of sex chromosome-autosome fusions.

Three main evolutionary forces have been thought to be important to the establishment of
fusions. The first is direct selection. While chromosome rearrangements are often considered
deleterious [1,23], chromosomal translocations may alter the expression of genes near the
breakpoint [18,24], which may sometimes be beneficial [3,5]. A second mechanism that has
been proposed to establish fusions is sexually antagonistic selection at an autosomal locus [25].
A fusion with a sex chromosome can cause an allele that is beneficial in one sex to spend most
or all of its evolutionary life in that sex. Meiotic drive is a third force. During female meiosis in
animals, one of the meiotic products goes into the egg, while the others are discarded in the
polar bodies. In some species, female meiotic drive preferentially transmits fused chromosomes
to eggs, while unfused chromosomes go into polar bodies [26,27]. This situation favors X-auto-
some fusions because they experience female meiosis in two out of every three generations. In
other species, female meiotic drive preferentially transmits unfused chromosomes, which se-
lects against X-autosome fusions [21]. Limited data suggests that male meiosis in mammals
can also favor the transmission of fused chromosomes [28,29]. While these evolutionary forces
are known to affect the spread of sex chromosome-autosome fusions, it is unknown how they
shape the relative establishment rates of fusions with different sex chromosomes.

We begin this study by analyzing a large new data set that includes information on the sex
determination system and karyotypes across the tree of life [17]. We focus on fishes and squa-
mate reptiles because these taxa include many independent origins of XY and ZW systems
[19,20], allowing us to assess differences in the rates of fusions. We find that Y-autosome fu-
sions become established at a much higher rate than any of the other three types of sex chro-
mosome-autosome fusions. This then motivates us to develop an integrated body of analytic
models that predict the relative establishment rates for the different types of fusions. The mod-
els incorporate a large number of potentially important factors: deleterious and beneficial
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fitness effects, sexually antagonistic selection, female meiotic drive, genetic drift, sex-biased
mutation rates, and biased sex ratios. We find that the data cannot be explained by models of
selection unless there is also some mechanism generating a difference between the sexes, in-
cluding sex-biased mutation rates, biased sex ratios, or sex-specific selection (including meiotic
drive). A particularly plausible explanation is that fusions are slightly deleterious, fix by drift,
and occur more frequently in males.

Results

Sex chromosome-autosome fusions often involve the Y in fishes and
squamates

We begin by analyzing the patterns of chromosome fusions in vertebrates, based on our recent
compilation of sex chromosome data [17]. Hereafter, we refer to the fusion between a Y chro-
mosome and an autosome as Y-A fusion, and similarly for other sex chromosomes. Examining
the raw counts (Table 1), two interesting patterns emerge.

First, there are more species with Y-A fusions (101 species) than with X-A fusions (27 spe-
cies). The excess of Y-A fusions over X-A fusions is particularly strong in fishes and squamate
reptiles, while the numbers are closer to equality in mammals (Table 1). Second, sex chromo-
somes in XY lineages are more often fused than those in ZW lineages (Table 1). In fishes, 41%
(45/109) of XY species have fused sex chromosomes, whereas only 5% (2/38) of ZW species do
(Fisher’s exact test P < 0.001). In reptiles, 33% (40/120) of XY species have fusions, whereas
only 3% (6/240) of ZW species do (Fisher’s exact test P < 0.001). Such counts, however, do not
take into consideration the phylogenetic relationships among species.

To assess the relative rates of the establishment of fusions, we mapped fusion status onto the
phylogenetic trees of fishes (Fig 2) and squamate reptiles (Fig 3). This resulted in datasets con-
taining 163 species of fishes and 261 species of squamate reptiles. We then estimated transition
rates between the chromosomal states using Markov chain Monte Carlo (MCMC) methods
(see Methods for details).

We first examined whether XY and ZW systems differ in the rate of fusions. In fish, 98.6%
of the posterior probability density suggests that fusions occur at a higher rate in XY than in
ZW lineages (Fig 4). In squamates, 99.9% of the posterior probability density supports this con-
clusion (Fig 4). These analyses are based on a reduced model where fissions were allowed to
occur at an equal rate in XY and ZW systems, although similar results are obtained if we allow
both fusion and fission rates to differ between sex determining systems (S1 and S2 Figs).

Table 1. Observed number of species with multiple sex chromosome systems in vertebrates.

Taxa Y-A fusion (X;XzY) X-A fusion (XY;Y2) W-A fusion (Z,Z,W) Z-A fusion (ZW,W,) XY systems§ rA'l) systems§
Fish* 42 3 o* 2% 109 38
Amphibians 1 0 0 0 29 16

Reptiles 40 0 2 4 120 240

Birds - - 0 3 0 192

Mammals 18* 24* - - 467 0

Only X1XoY, XY1Y2, Z1Z,W, and ZW, W, systems are counted here.

*Erythrinus erythrinus was counted as a Y-A fusion (B-D sub-populations), although unfused chromosomes also exist in this species [50].

*|n addition, Ancistrus sp.2 exhibits both W-A and Z-A fusions (Z1ZaW{W5)

# In addition, Ornithorhynchus anatinus (X1X>XsX4XsY1Y2Y3Y,Ys) and Tachyglossus aculeatus (X1X2XsX4XsY1Y2Y3Y,) exhibit both Y-A and X-A fusions.
$XO systems (n = 12 in fishes, n = 3 in mammals), ZO systems (n = 3 in fishes), and WO systems (n = 1 in amphibians) are not included, nor are cases
with multiple segregating sex determining mechanisms (n = 8 in mammals).

doi:10.1371/journal.pgen.1005237.t001
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Fig 2. Sex chromosome fusions (outer circle) and sex determination system (inner circle) mapped onto the phylogenetic tree of fishes. The vast
majority of fusions occur in XY systems (aqua) and involve Y-A fusions (brown).

doi:10.1371/journal.pgen.1005237.9002

We next asked if fusion rates differ for the four types of sex chromosomes (see S1 Text). We
found that Y-A fusions establish at a higher rate than other sex chromosomes, even when account-
ing for the shared evolutionary history among taxa (S3 Fig for fish and S4 Fig for squamates).

Theoretical analysis

To evaluate the plausibility of various mechanisms to explain the excess of fusions involving Y
chromosomes, we compared the rate of establishment of different sex chromosome-autosome
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Fig 3. Sex chromosome fusions (outer circle) and sex determination system (inner circle) mapped onto the phylogenetic tree of squamate reptiles.
The vast majority of fusions occur in XY systems (aqua) and involve Y-A fusions (brown).

doi:10.1371/journal.pgen.1005237.9003

fusions under various evolutionary scenarios. The core results are derived in S1 Text, where we
present expressions for the rates at which fusions with the four types of sex chromosomes are
established. These results follow the standard population genetic practice (e.g., [9]) of modeling
establishment rates as the product of the rate of appearance and fixation probability for muta-
tions of interest (here fusions), explicitly allowing for sex-biased mutation rates and biased

sex ratios.

To facilitate comparison to the data, we focus on the establishment rates for Y-A, Z-A, and
W-A fusions relative to the rate of X-A fusions. We begin by studying the neutral case, where
selection is absent. We allow, however, for sex-biased mutation rates and biased sex ratios
among breeding individuals. We then ask how these neutral results are altered by the three
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doi:10.1371/journal.pgen.1005237.9004

main evolutionary forces thought to impact the rate of fusions: direct selection, meiotic drive,
and sexually antagonistic selection.

Neutral case. We first consider the case without any selection or drive in the model. The
overall establishment rates for fusions are given by the mutation rates generating each type of
fusion (S1 Text, equation (A6)). Interestingly, the sex ratio does not enter into these results.
Among newborns, each copy of a particular sex chromosome has an equal chance of being the
progenitor of the entire population of that sex chromosome at some distant point in the future,
regardless of subsequent changes in the survival and reproductive success of males versus fe-
males, which is a standard result in population genetics.
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Sex-biased mutation alters the relative frequencies at which different types of neutral fusions
arise and become fixed. Empirically, the sexes differ in the rate at which fusions arise: data
from humans indicates that reciprocal translocations are predominantly paternal in origin
[6,30-34]. If mutation is male-biased but does not depend on the type of chromosome (that is,
the X and Y chromosomes in a male are equally likely to fuse), then Y-A fusions will become
fixed most frequently (see eq. A7 in S1 Text). In this case, however, Z-A fusions would be al-
most as common as Y-A fusions (at least 2/3 as common, see eq. A7), which is not seen in the
data (Figs 2 and 3). Thus the hypothesis that sex chromosome-autosome fusions are selectively
neutral does not appear consistent with the observed data.

Direct fitness effects. We next ask how relative establishment rates depend on the direct fit-
ness effects of a fusion (S1 Text). We begin by assuming that the fusion has an additive effect on
fitness and that all else is equal (unbiased sex ratios and mutation rates, and equal fitness effects
for all types of fusions). The establishment rates of X-A fusions and Z-A fusions are then equal, as
are the rates of Y-A and W-A fusions (equation A.5 and A.6 in S1 Text, Fig 5). In this case, the
rate at which fusions involving a Y or W chromosome establish relative to fusions involving a X
or Zis (1 + e N + ¢72N*) /3, where N°*** is the number of reproductive adults of each sex and
s is the fitness effect of the fusion. Thus, deleterious fusions (s < 0) are much more likely to involve
the Y or W chromosome, because of the smaller population size of these chromosomes (Fig 5A
and 5C). Conversely, beneficial fusions are more likely to involve X or Z chromosomes because
they are more numerous and so more often the targets of beneficial fusions (Fig 5B and 5D).

However, direct selection alone cannot produce the observed pattern in which Y-A fusions
are more common than W-A fusions. Similarly, direct selection, on its own, cannot explain
why fusions in XY lineages are more common than in ZW lineages. To account for the ob-
served data, therefore, we must invoke a combination of direct selection and sex biases, either
in the sex ratio or in the mutation rate.

PLOS Genetics | DOI:10.1371/journal.pgen.1005237 May 20, 2015
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We use the term reproductive sex ratio to refer to the fraction of males among the adult pop-
ulation that can successfully reproduce, excluding individuals that either fail to survive or
breed (see S1 Text for further details). Sexual selection is often stronger in males, which de-
creases the number of potentially reproducing males and leads to a female-biased reproductive
sex ratio [35]. This situation will make Y-A fusions more common than any other type if fu-
sions are deleterious (Fig 5A). That is because deleterious fusions, which are established by
drift, will fix most often in sex chromosomes that have the smallest effective population size.
By contrast, if fusions are beneficial, then Y-A fusions are unlikely to be the most common
type of fusion (Fig 5B), because of their small effective population size. An exception to that
conclusion occurs when there is an extremely male-biased sex ratio, with many fewer breeding
females than males, which is considered rare in natural populations.

A second asymmetry that may account for the data is sex-biased mutation. As in the neutral
case, we find that Y-A fusions will be most common when they are deleterious if they arise
more often in males than females (blue, Fig 5B).

These results strictly apply only when the fusion has an additive effect on fitness, but more
general results for arbitrary dominance derived in the supplemental Mathematica package (S2
and S3 Texts) show that the relative frequencies of establishment for the different types of fu-
sions are robust to changes in dominance. Among other results, S2 Text shows that underdo-
minant selection on fusions cannot explain the preponderance of Y-A fusions, because Y-A
fusions always remain heterozygous and would be expected to suffer the attendant fitness dis-
advantage generated by underdominance.

In sum, the observed data are consistent with the hypothesis that fusions are deleterious and
further that sex ratios are female-biased or mutation rates are male-biased. Under this hypothe-
sis, fusions join the list of mechanisms that contribute to degeneration of Y chromosomes [36].

Meiotic drive. We next consider meiotic drive, which is thought to favor fused autosomes
in some species of mammals and unfused chromosomes in others [26,27]. If meiotic drive is
weak, we can treat it as a form of direct selection, and so equations (A4) and (A5) in SI Text
continue to apply. For clarity, we focus here on meiotic drive in females. (The results apply to
meiotic drive in males if we interchange the sexes and the sex chromosomes, e.g., drive in ZW
females becoming equivalent to drive in XY males.) For females who are heterozygous for the
fusion, we denote the relative probability that they transmit the fusion to an egg as (1 + f). If
unfused chromosomes are preferentially transmitted to the egg, f is negative. Averaging over
the sexes, the effect of weak meiotic drive on an X-A fusion is equivalent to direct selection
with a coefficient sx = 2f /3. (The factor of 2/3 appears because drive acts only when the fusion
is in a female). Thus when female meiotic drive favors fused chromosomes, the probability that
an X-A fusion fixes is higher than the probability for a Y-A fusion, which never experiences fe-
male meiotic drive (sy = 0). In ZW systems, a W-A fusion is always carried by females and so
benefits in every generation when drive favors fused chromosomes (sy = f), while Z-A fusions
enjoy that advantage only one generation out of every three (s, = f/3). Finally, to find the rela-
tive rates that these fusions establish we take into account how the numbers of each chromo-
some type affects the rate that fusions enter the population (S1 Text).

Even with unbiased mutation rates and sex ratios, Y-A fusions are expected to establish at the
highest rate, followed by W-A fusions, Z-A fusions, and finally X-A fusions if female meiotic
drive favors unfused chromosomes. The relative rankings are reversed if female meiotic drive fa-
vors fused chromosomes. Thus the observed excess of Y-A fusions can be explained by meiotic
drive in females if unfused chromosomes benefit from drive more often than fused chromosomes.

Meiotic drive in males rather than in females can also establish Y-A fusions more often than
X-A fusions, as long as drive favors fusions. Under these conditions, however, Z-A fusions will
establish even more often (because there are three times as many Z chromosomes as Y
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chromosomes, and the Z spends 2/3 of its time in males). Thus, male meiotic drive alone can-
not account for the excess of Y-A fusions over any other type of fusion, all else being equal.

These effects of meiotic drive are robust to modest sex biases in mutation rates and the re-
productive sex ratio. Large biases can, however, cause the relative order of establishment rates
to switch in a manner that is qualitatively similar to that seen previously for fusions with direct
fitness effects (see graphs in the S2 Text).

In sum, meiotic drive by itself does not seem a likely explanation for the observed excess of
Y-A fusions. Only female meiotic drive that consistently favors unfused chromosomes could
generate that pattern. Data from mammals, however, suggest that female meiotic drive favors
fused chromosomes in some lineages, but unfused chromosomes in other lineages [26,27].

Sexually antagonistic selection. To study fusions driven by sexually antagonistic selec-
tion, we developed a model that allows for sex-differences in selection (S1 Text). We assume
that an autosomal locus segregates for alleles whose frequencies are at equilibrium before the
fusion appears. This equilibrium only occurs under some fitness values [37], and the following
results apply only when those conditions are met.

The fixation probability of a newly arisen fusion depends on several factors: which chromo-
some fuses with the autosome, whether the fusion originates in a male or a female, and which of
the two alleles is captured by the fusion. We assume that fusions capture one of these two alleles
randomly, in proportion to its frequency. We also assume that, once fused, the sexually antago-
nistic locus and the sex-determining region are completely linked. When drift is weak relative
to selection, fusions establish primarily when they happen to capture the allele favored in the
sex in which the fused chromosome spends the most time, i.e., Y-A and Z-A fusions that cap-
ture a male-beneficial allele, and X-A and W-A fusions that capture a female-beneficial allele.

Interestingly, if all else is equal (specifically, no sex biases in mutation rates or the reproductive
sex ratio), the establishment rate of fusions is equal for all types of sex chromosomes (equation
A10). Sexually antagonistic selection tends to favour Y-A fusions and W-A fusions more strongly
than X-A and Z-A fusions because these chromosomes are consistently found in a single sex
[25]. This advantage, however, is exactly balanced by the lower rate that such fusions originate in
the population because there are fewer Y and W chromosomes than X and Z chromosomes.
Consequently, sexually antagonistic selection alone causes no difference in establishment rates.

To explain the observed excess of Y-A fusions by sexually antagonistic selection thus re-
quires that the sexes differ in the mutation rate of fusions and/or in reproductive sex ratio (eq.
All). Again, Y-A fusions will be particularly common if fusions originate more frequently in
males. If the mutation rates are equal in males and females, however, then Y-A fusions will
only be more common than X-A fusions if the reproductive sex ratio is male-biased (that is,
more males than females reproduce), which is atypical. These conditions are illustrated in Fig
6. In general, if there is a combination of sex-biased mutation rates and biased reproductive sex
ratios, Y-A fusions become established most frequently due to sexually antagonistic selection
as long as y"N™ > 1/ N/, where ;¢ and y™ are the female and male mutation rates, and N/ and
N are the effective population sizes of females and males. When this condition is met, fusions
also arise more often in XY lineages than in ZW lineages.

Discussion

Sex chromosome-autosome fusions are Y-biased in fishes and
squamate reptiles
A major finding in our study is that Y-autosome fusions occur more frequently than other sex

chromosome fusions in vertebrates, particularly in fishes and squamate reptiles. In amphibians,
only one species in the database has multiple sex chromosomes, and it involves a Y-A fusion
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Fig 6. Establishment rates of sex chromosome-autosome fusions as a result of sexually antagonistic selection, relative to the rate for X-A fusions.
The fusion is assumed to be neutral except for the effects of the sexually antagonistic allele that it captures. The fittest allele in each sex has a 10%
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Parameters: N' + N = 10000.
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(Table 1). Because mammals and birds have only male heterogametic (XY) and female heteroga-
metic (ZW) systems, respectively, we cannot use these taxa to conduct phylogenetic tests of the
association between fusions and XY or ZW systems. We note, however, that there are many
more known mammalian species with fusions, but only three avian species (Table 1). These data
are consistent with our conclusion that fusions occur at a higher rate in XY than in ZW lineages.

Interestingly, however, mammals have roughly as many species with X-A fusions as with
Y-A fusions. This suggests that evolutionary forces acting on fusions in mammals may be dif-
ferent from those in fish and reptiles. In particular, the form of female meiotic drive appears to
vary among mammals, with drive favoring fused chromosomes in some species and unfused
chromosomes in [26,27]. This leads to a pattern in which species with X-A fusions tend to have
metacentric chromosomes (i.e., drive generally favors fused chromosomes), while species with
Y-A fusions tend to have acrocentric chromosomes (i.e., drive generally favors unfused chro-
mosomes) [21]. It is necessary to further examine the correlation between the frequencies of ac-
rocentric (or metacentric) chromosomes and the types of fusions in many taxa.

Invertebrates provide a promising system for further phylogenetic analyses, with sex chro-
mosome variation in several groups [2,13,17,38]. In Diptera there are seven ZW species 986
XY species, and 42 XO species in the Tree of Sex database [17]. Among these, there is a prepon-
derance of fusions involving the Y: six Y-A fusions, one X-A fusion, and one species with both.
Looking across all the invertebrates in the Tree of Sex database, there are many more cases of
Y-A fusions (247 species) than X-A fusions (32 species), W-A fusions (8 species), and Z-A fu-
sions (4 species); an additional 69 species have both X-A and Y-A fusions. While these data are
consistent with the idea that Y-A fusions establish at a higher rate among invertebrates, a prop-
er phylogenetic analysis is needed. A recent analysis of jumping spiders found only Y-A fusions
(involving between four and seven independent events) among species that had both X and Y
chromosomes [2,22]. Several X-A fusions were also identified, but these occurred only in spe-
cies lacking a Y. Similar analyses in other groups of invertebrates promise to shed more light
on sex chromosome evolution.
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Accounting for the high rate of Y-A fusions

Our theoretical analyses clarify the conditions under which fusions involving the Y chromo-
some are more likely to become established. Interestingly, several plausible explanations fail to
account for the data. Neutral fusions could account for an excess of Y-A over X-A fusions if fu-
sions arise more often in males, but under such conditions the theory predicts that Z-A fusions
should also be common, which contradicts the data (Table 1, Figs 2 and 3). Likewise, beneficial
fusions cannot explain the data, as they would tend to favor the accumulation of fusions involv-
ing the X or Z, which provide more abundant targets for new fusions than the Y or W. Further-
more, hypotheses in which fusions are established because they capture sexually antagonistic
alleles also fail, because the smaller population sizes of Y and W sex chromosomes decreases
the rate at which these types of fusions arise, counterbalancing the advantage they gain when
capturing sexually antagonistic alleles. To account for the preponderance of Y-A fusions thus
requires more complicated explanations, involving both selection and sex biases. We consider
three plausible explanations below.

Deleterious fusions with a sex biased mutation rate or reproductive sex ratio. Chromo-
somal fusions may often have deleterious effects because fusions can lead to the loss of genetic
material, alter gene expression, or increase the rate of segregation errors [18,23]. Because the Y
and W chromosomes have smaller effective population sizes than Z and W chromosomes, del-
eterious Y-A and W-A fusions are expected to fix more frequently than deleterious X-A and
Z-A fusions.

To account for the excess of Y-A over W-A fusions, however, requires some sort of sex bias.
One promising candidate is sexual selection, which often increases the variance in reproductive
success of males relative to females (Bateman’s principle) [35]. If fewer males than females re-
produce successfully, the effective population size would be further reduced for the Y (but not
for the W, carried by females) [10,39]. As a consequence, we expect Y-A fusions to be even
more frequent in polygynous mating systems (Fig 5A).

Another promising candidate is a male-biased mutation rate. Studies in humans suggest
that reciprocal translocations, a common route to fusions, are more often of paternal origin
than maternal [30-32]. That said, Robertsonian fusions (a translocation between two acrocen-
tric chromosomes resulting in a fused metacentric chromosome) are more often maternal in
origin [40,41], but this pattern may be confounded by female meiotic drive favoring the trans-
mission of metacentric fusions in humans [26]. While data from other species is needed, a pre-
ponderance of Y-A fusions can be explained if fusions primarily have slightly deleterious
effects and also arise more often in males (Fig 5C). Of the three hypotheses we propose here,
therefore, this appears to be most likely, given that the required conditions may be more often
found in nature than those required for the other explanations as described below.

Meiotic drive. Because meiotic drive is often sex specific, it can break the symmetry be-
tween Y-A and W-A chromosomes and account for the high frequency of Y-A fusions. To do
so requires female meiotic drive that selects against fused chromosomes, eliminating Z-A,
W-A, and X-A fusions as they pass through female meiosis. Several cases of meiotic drive
against fused chromosomes have been reported in mammals, for example in mice [26,27]. On
the other hand, female meiotic drive favors fused chromosomes in humans [26], while male
meiotic drive favors fused chromosomes in the common shrew [28,29].

Because the nature of meiotic drive varies among taxa, it seems unlikely that one particular
form—female meiotic drive against fusions—is sufficiently widespread to explain the prepon-
derance of Y-A fusions across vertebrates, particularly among fish (Fig 2) and squamate reptiles
(Fig 3). Nevertheless, meiotic drive likely plays an important role in some taxa and may under-
lie the variation among mammals in rates of X-A and Y-A fusions [21].
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Sexually antagonistic selection with a sex-biased mutation rate. Sexually antagonistic se-
lection is generally considered a key evolutionary factor in the turnover of sex chromosomes
[25,42,43]. Our models, however, indicate that fusions involving the Y will be no more com-
mon than those involving other sex chromosomes once we take into consideration the rate that
Y fusions appear in the population and the fitness they gain by capturing a male-beneficial al-
lele. In order to break the symmetry, we must again invoke either a male-biased mutation rate
and/or a biased reproductive sex ratio. In this case, however, the sex ratio must be male-biased.
That will cause less drift among males than females and so establish Y-A fusions more fre-
quently than W-A fusions. Sexual selection, however, typically generates the opposite sex ratio
bias. Consequently, sexually antagonistic selection requires even stronger male-biased muta-
tion to explain the preponderance of Y-A fusions, compared to an explanation based on
deleterious fusions.

Other considerations

Other evolutionary forces not considered in this study may be important to the evolution of
sex chromosome-autosome fusions. For example, we ignored inbreeding and spatial structure
in our models. We also did not consider fusions that capture alleles held polymorphic by het-
erozygote advantage, but the fate of fusions is unaffected by such loci [25] unless there is in-
breeding [44]. Furthermore, it is plausible that fusions may be more likely to involve some sex
chromosomes for reasons that are independent of sex. For example, Y and W chromosomes
often accumulate repetitive elements [13,38], which could make them more prone to fusion
through nonhomologous recombination. X-A and Z-A fusions may also appear more ephem-
eral because the neo-Y and neo-W chromosomes that they generate could be lost without sub-
stantial fitness reductions due to masking in the hemizygous sex, leading to a loss of the
multiple sex chromosome systems that we have used to detect fusions.

Alternatively, the Y and W may be less likely to be captured by a fusion when they are di-
minutive in size relative to the X and Z. Similarly, direct selection on fusions may be chromo-
some specific. For example, deletions and changes to gene expression may be less problematic
on degenerated Y and Z chromosomes. While our analytical results allow for mutation rates
and fitness effects to depend on the specific chromosome involved (S1 Text), our figures and
conclusions were drawn assuming that there were only sex-specific and not chromosome-spe-
cific effects. As more data emerge about chromosome-specific mutation rates and selection, the
analytical results can guide refinements to these conclusions.

Methods

Analysis of patterns of sex chromosome-autosome fusions in
vertebrates

We compiled lists of species with multiple sex chromosome systems (X;X,Y, XYY, ZW;W,,
and Z,Z,W systems) from the Tree of Sex database [17]. Although X;X,Y systems (or ZW;W,
systems) can also arise from species with XO (or ZO) systems through a reciprocal transloca-
tion between an X (or a Z) and an autosome [2,20], XO or ZO systems are rare in vertebrates
[17] (Table 1). In addition, although fission of sex chromosomes can also create multiple sex
chromosome systems [2,20], such fissions are also rare in vertebrates [18,20,21]. We therefore
focus this discussion on fusions, although the data analysis allowed fissions as well as fusions
(S1 Text).

We address two questions with our empirical analyses. First, do Y-A (W-A) fusions occur at
different rates than X-A (Z-A) fusions? Second, are there differences in rates of fusion between
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male and female heterogametic lineages? For both questions, we first simply tabulated the
numbers in the database and computed Fisher’s exact test. This ignores phylogenetic non-inde-
pendence but allowed us to use all of the available data.

To gain a better estimate of the rates at which fusions with different chromosomes get estab-
lished, we fit phylogenetic models to the fusion data. We first matched sex chromosome sys-
tems from the fish dataset to a recent time-calibrated phylogeny of teleosts [45], containing
7811 species (we note that a small number of species were removed from the published phylog-
eny due to errors discovered after publication; M. Alfaro, personal communication). We
matched the data of sex chromosome systems from squamates to the squamate phylogeny
[46,47] using genetic data from 4161 species. In order to maximize overlap between the trait
data and the species, we used an approximate matching algorithm for unmatched species: 1)
retain all species that occur in both the tree and the dataset; 2) replace an unmatched species in
the tree with a randomly selected unmatched species in the dataset from the same genus as
long as this did not result in more than two representatives from the genus (this assumes
monophyly of genera but avoids determining node order for nodes not in the original trees).
We then pruned down the phylogeny down to those tips with data assignments.

In a first set of analyses, we fit a four-state Markov model (following [48]): 1) male heteroga-
metic unfused; 2) male heterogametic fused; 3) female heterogametic unfused; 4) female het-
erogametic fused. We assumed that the probability of a fusion or fission event did not depend
on whether the sex chromosomes were highly differentiated (heteromorphic) or not (homo-
morphic). To reduce model complexity, we first identified parameters for which little informa-
tion exists in the data and that are similar biologically to other model parameters. We then
used likelihood ratio tests to determine whether keeping these parameters distinct significantly
improved the likelihood of the observed data (see S1 Text for details).

We fit the best supported models using a MCMC approach, as implemented in the diversi-
tree R package [49], to estimate the posterior probability that XY fusions occurred at a greater
rate of ZW fusions. We set broad exponential priors on all parameters (mean = 0.05). We ran
the MCMC for 50,000 generations and removed the first 10,000 for burn-in. To accommodate
auto-correlation between parameters, we calculated the difference between the rate of XY fu-
sion and ZW fusion across the posterior distribution.

In a second set of analyses, we repeated these procedures, considering X-A, Y-A, Z-A, and
W-A fusions separately. Code to reproduce all empirical analyses is available at https://github.
com/mwpennell/fuse.

Supporting Information

S1 Text. Details of theoretical and phylogenetic analyses.
(PDF)

$2 Text. PDF file of supplementary Mathematica file of theoretical analysis.
(PDF)

$3 Text. Supplementary Mathematica file of theoretical analysis.
(NB)

S1 Fig. Fusion rate differences between XY and ZW systems (alternate model). Posterior es-
timate of the rate difference between XY and ZW fusions (qxy xyr—qzw.zwr) in squamate rep-
tiles when we allow the fission rates gxyr xy and gzwr.zw to differ is shown.

(PDF)
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S3 Fig. Comparison of Y-autosome and X-/Z-autosome fusion rates (fish). Posterior esti-
mate of the rate difference between YA and XA/ZA fusions in fish is shown. When the estimate
is greater than zero, this means that the YA fusion rates are higher than those of the
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S4 Fig. Comparison of Y-autosome and W-/Z-autosome fusion rates (squamates). Posterior
estimate of the rate difference between YA and WA/ZA fusions in squamate reptiles is shown.
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APPENDIX 1: DETAILS OF THEORETICAL ANALYSES

Here we describe the theoretical models discussed in the main text. Full details of the
derivations as well as further exploration of model assumptions can be found in the
supplemental Mathematica notebook. We consider two main types of models: those that
include direct selection on fusions and those that include sexually antagonistic selection.
The direct selection models can also be used to consider the special cases of neutral
evolution, weak selection, and meiotic drive. For all cases we allow for the possibility of
differences between chromosomes in both effective population sizes and mutation rates.
Our approach follows standard procedures in population genetics for calculating the rate
of establishment as the product of appearance rates and fixation rates (see Charlesworth
et al., 1987; Charlesworth, 1994; Kirkpatrick and Hall, 2004).

Direct selection

We track the rate of appearance and fixation of a sex-autosome fusion, where the rate at
which mutation generates a fusion between a sex chromosome and an autosome is ps*
per gamete per generation for chromosome C (C = X, Y, Z,orW) in males (sex = m)
and females (sex = f). We assume that, at birth, the population is of constant total
size N, consisting of an equal number (N/2) of males and females. Not all of these
individuals survive and many will be unable to attract a mate or breed, particularly in
the presence of strong sexual selection. Considering only individuals that survive both
natural and sexual selection, there are N/ females and N males, where we assume that
the successful females or males are equivalent and expected to have a Poisson distributed
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number of offspring (we refer to these as “reproductive” individuals, although technically
some may still fail to leave offspring by chance, as described by the Poisson distribution).
We assume throughout that Nf and N are sufficiently large and stable that we can
ignore stochasticity in the sex ratio.

The effective population sizes of Y and W chromosomes are then N,y = N™ and
N, w = N/, respectively, while the effective population sizes of X and Z chromosomes
equal:

_ 9N/Nm™
X = NT 3 aN™ (A.1a)
gN/Nm
N,gj=—"— A.1b
“% " NS + Nm (A.10)

(Wright, 1933; see also Caballero, 1995 and Laporte and Charlesworth, 2002, for exten-
sions to non-Poisson distributions). Note that the above equations define the effective
number of chromosomes, not the effective number of individuals.

Once the fusion appears, we approximate its fixation rate using Kimura’s (1962) diffu-
sion approximation. In the supplemental Mathematica notebook, we allow for arbitrary
levels of dominance of the fusion (including underdominance). Dominance has little
effect on which type of fusion is expected to become established most frequently. Hence,
we focus here on the simpler additive case, where the fixation probability of a fusion is:

P - 1—exp[-2scNecp]
€T - exp[—2N, csc]

(A.2)

where s¢ is the selection coefficient acting directly upon individuals carrying the fusion
when rare (as heterozygotes), p is the initial frequency of the fusion, and N, ¢ is the
relevant effective population size of the chromosome C. (Recall that N, ¢ is the effective
number of chromosomes, not individuals, which is why ‘2’ rather than the standard ‘4’
for diploids appears in Equation A.2.) We also assume that selection on the fusion is
sufficiently weak that the selection coeflicient can be taken as the average over many
generations, accounting for the time spent in each sex:

2f 1

Sy = -8y +—s% (A.3a)
X 3 X 3 X
Sy =Sy (A.3b)
1 f 2
Sy =~—8,+—s7 (A.30)
37 37
sw =Sl (A.3d)

Below, we consider both the rate at which fusions originate and the rate at which they
fix, for fusions involving different sex chromosomes.
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Y-A FUsioNs — Y-A fusions appear in the population at rate £ u%. The probability
that the fusion fixes is the chance that the fusion survives natural and sexual selection in
the first generation to be present among the adult males of the population, N"/(N/2),
times the probability that the fusion will be the ultimate ancestor of the Y chromosomes
among the descendants after some long period of time, given by (A.2) for the C = Y
chromosome with N,y = N™ and p = 1/N™. Multiplying the mutation rate by the
fixation probability, the overall establishment probability for a Y-A fusion is

RY = Nm‘l/l¢PY
1— exp[—2sy]
1—exp[-2N"sy]

= N"u¥ (A.4)
We note that (A.4) is a standard result for the establishment of a mutation in a haploid
model (e.g., Charlesworth et al., 1987; Kirkpatrick and Hall, 2004), although we have
used (A.2) to consider the the fixation probability of either beneficial or deleterious
fusions and have used additional subscripts and superscripts to allow us to consider sex
biased mutation rates and reproductive sex ratios. For (A.4) and the following equations,
the establishment rate does not depend on the population size at birth (N), at least not
to leading order; the same is true—N cancels—if we allow the sex ratio at birth to be
biased rather than set equal to N/2.

X-A rusioNs — X-A fusions appear in the population at rate 2% y{( among females
and at rate X 4 among males, where the former expression accounts for the fact that
females carry two X chromosomes. A fusion arising in a female has a chance N//&
of surviving to reproduce. The probability that the fusion will be the ultimate ancestor
of the X chromosomes after some long period of time is then given by (A.2) for C =
X, with N, x given by (A.1a) and p = 2/(2N7) accounting for the fact that 2 of the
X chromosomes in the next generation come from these mothers, among whom the
fusion is at initial frequency 1/(2N/). A similar calculation applies to males, so that the
net establishment rate is approximately:

2 1 1 1
1 - exp[-25xNex3 557 s Nm#ml — exp[—25xNe,x} 5 ]
X

Rx = 2N/}
X Hx 1-exp[-2N, xsx]

(A.s)

1— exp[—2N, xsx]

W-A rusioNs — The establishment rate of W-A fusions, Ry, is derived as for Y-A
fusions, giving (A.4) but with m replaced by f and Y replaced by W.

Z-A FusioNs — The establishment rate of Z-A fusions, R, is derived as for X-A fusions,
giving (A.s) but with m and f interchanged and X replaced by Z.
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NEUTRAL FUSIONS — When selection is negligible, the above formulae can be simpli-
fied substantially. In the limit for neutral fusions (s¢ = 0), the net establishment rate
equals the rate at which each type of fusion arises:

RY = Uy (A6a)
2 1

Ry = =+ -pfs (A.6b)
3 3

RW = Uw, (A6C)
2 1

We note that these are also standard results (e.g., Kirkpatrick and Hall, 2004; Vicoso and
Charlesworth, 2009). Observe that the reproductive population sizes of males (N™) and
females (N/) are irrelevant to the relative rate of fusion establishment when there is no
direct selection on the fusions. A neutral fusion is less likely to survive and reproduce if
it first appears in the sex with the lower reproductive population size, but if it does, then
it has a higher chance of being the progenitor chromosome; these effects exactly cancel
out.

WEAK SELECTION — The relative establishment rates also simplify substantially when
selection is very weak: |0 << 1, where 8 = 4(N™ + N/)sc. To leading order in 6, the
establishment rate for each type of fusion, measured relative to the rate of X-A fusions,
is:

Ry 3« 1—4y
Ry 2+oc(1+62(1+y)(2+y))’ (A72)
Ry 3 ([, y(@F-y)
Ry 2+oc(1 64(1+y)(2+y))’ (A.7b)
Ry 2a+1 9y(1-7v)
Ry 2+a (1+94(1+y)(2+y)(1+2y))’ (A7)

where fusions arise in males at a rate « = u”/u/ times that in females and the number
of reproductive females is y = Nf/N™ times the number of males (so that the sex ratio
N™/(N™+ Nf) =1/(y +1)). In the absence of a sex bias in the mutation rate (« = 1) or
number of reproductive individuals (y = 1), we find that

Ry

RW19
Ry Ry 4
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and
R,

Ry
This confirms that direct selection alone cannot explain the predominance of Y-A fu-
sions, because we would expect W-A fusions to establish at similar rates.
Similarly, the overall rate at which fusions arise in XY systems versus ZW systems is
the sum of the rates for the component chromosomes, keeping only leading order terms
in 6:

Rx+Ry _1+2a 0y [( 30 )( 1- 4y )+

Rz+Ry a+2 (1+y)|\2+a/\ap(2+y)
3(1+2a) 7=y |\ (1+2a)? 9(1-y)
((2+a)2)(8(2+y)) ((2+a)2)(8(2+y)(1+2y))]' (A.8)

Sex-antagonistic selection

=1.

Consider an autosomal locus with selection acting in opposite directions in males and
females, with allele A, favored in males and allele A, in females. If selection is weak, the
allele frequency g; of allele A; is approximately the same in males and females. Given
the sex-specific fitness of genotype ij, W, we can then define the selection coefficient

favoring allele A; in a particular sex as s$* = (W /W'

: )—1. Here W ¢* is the marginal
fitness of A; in that sex (W:** = goWi* + ¢, W:**),and W is the mean fitness (W =
qO Wo. + qlm)

Following similar logic used to derive equations (A.4) and (A.5), fusions bearing
allele A; arise with the Y chromosome and are found in a reproductive male at rate
qipy N™ or arise with the W and are found in a reproductive female at rate g; yJ;VNf .
Similarly, the rate at which X-A fusions or Z-A fusions bearing allele A; originate is
q: (24, NS + " N"™) or qi(‘uJZ[Nf +2u N™), respectively. If we assume selection is weak,
we can average over the time the chromosome spends in a female and a male to obtain
the strength of selection acting on a fusion bearing allele A;: sx; = 2s; + }s}" for an X-A
f

fusion, sy,; = sj" for a Y-A fusion, sz,; = Is; + 2s}" for a Z-A fusion, and sy,; = s{ for a
W-A fusion.

Because the X and W are more often found in females, the fixation probability of
an X-A or W-A fusion is much higher if it captures the female-benefit allele A, than if it
captures the male-benefit allele (and vice versa for Y-A and Z-A fusions). Using 2scN, cp
to approximate the fixation probability (A.2) for a beneficial fusion initially at frequency
p, the fixation probability of an X-A fusion is approximately Px = 2sx,N. xp when it
captures allele A, and zero otherwise. Similarly, Py = 25y ,N, wp when a W-A fusion
captures A,, Py = 2sy N, yp when a Y-A fusion captures A, and P; = 257 (N, zp when

a Z-A fusion captures A,.
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Multiplying together the rate that fusions originate in each sex times their fixation
probability (accounting for the initial frequency in that sex), we get the rate at which
fusions are expected to become established for each sex chromosome:

Ry = qopuyN"™ (2s7') » (A.92)

ONSN™ (2 fo1 2 ¢ 1
Rx =29, ———|- —ug =5 +-s"], A.9b
X =29 Nf+2Nm(3#X+3HX)(3S +3SI) (A.9b)
Ry = q.uwN/ (25{), (A.9c)

IN/N™ (1 ; 2 1, 2
Rz =2q0——F— | - -uy |- s . A.od
2= 20 NF T N (3MZ+3#Z)(3S°+35°) (A.5d)

At an autosomal locus subject to sexually antagonistic selection, each allele has spent
half of its time in males and half in females, rising in frequency in one sex and falling
in the other sex. Consequently, to remain at equilibrium over the longer term, the
selection coefficients for each allele as measured at this equilibrium must balance across
the sexes, with s{; = —sg'and sf = —s (see formal proof in the supplemental Mathematica

notebook). Furthermore, the fitness definitions imply that g,s3°* + ¢,5{** must equal zero:

sex

QoW + g, We w

qos(s)ex + qlsiex = ——sex 1= —x 1= 0.
Using these relationships to substitute for s{ and ¢,, we find:

Ry =2si'qo(puyN™), (A.10a)

n o [ G+ NN
Rx =25{"qo ( NI AN , (A.10b)
Ry =25 qo(uwN'), (A.10¢)

(7 + 245 )N/N"
Ry =25y . A.od
z 2soq0( N - (A.10d)

Thus, with equal mutation rates and equal numbers of reproductive individuals of the
two sexes, the establishment rates all equal one another. Otherwise, recalling that a =
p"[uf and y = NS/N™, the establishment rates relative to the rate of X-A fusions be-
come:

Ry a(2+y)

R o+ ) , (A.a1a)
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Rw 2+ Y (A.11b)
Ry 2+«
Ry _(1+20)(2+y) (A.110)

Rx (1+2p)(2+«a)’

Consequently, Y-A fusions are expected to predominate (with Ry > max[Ry, Ry, Rz])
ifand only if a > y.

APPENDIX 2: DETAILS OF PHYLOGENETIC ANALYSES

To investigate the relative rates of different types of fusions across our two focal groups-
teleost fishes and squamate reptiles-we fit multiple phylogenetic models to our kary-
otype dataset. We first matched the available karyotype data to the fish (Rabosky et al.,
2013) and squamate (Pyron et al., 2013; Pyron and Burbrink, 2014) phylogenies (using an
approximate matching algorithm described in the main text). This resulted in phyloge-
netic comparative datasets containing 163 species of fish and 261 squamate species. We
conducted two separate types of analyses on both groups. First, we examined differences
between XY and ZW systems; here, we treat X-autosome and Y-autosome fusions as
equivalent (see below), and likewise, Z-autosome and W-autosome fusions. Results
from this first analysis are presented in the main text. Second, we investigated auto-
somal fusion rates for all types of sex chromosomes individually (i.e., Y-, X-, W-, and Z-
autosome fusions). While the second analysis provides more detailed resolution, some of
the states are rarely observed (and in some cases, not at all). All analyses were performed
using the R package DIVERSITREE (FitzJohn, 2012), and code to reproduce all results can
be found at https://github.com/mwpennell/fuse/analysis.

Fusion rates in XY vs. ZW systems

Using a Markov model (Pagel, 1994), we considered transitions among the following
states:

o XY: Male heterogametic unfused

o XYg: Male heterogametic fused (XXY or XYY)

o ZW: Female heterogametic unfused

o Z W;g: Female heterogametic fused (ZZW or ZWW)

allowing transitions between all states with g4 5 representing the transition rate between
states A and B. We then used likelihood ratio tests to restrict the model in order to
improve our ability to estimate the parameters of interest.
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We first imposed the biologically reasonable constraint that prior to becoming XYx
(or ZWp), a lineage must first be XY (or ZW); e.g., the transition rate from female
heterogametic unfused to male heterogametic fused qzw xy, would be zero. These re-
strictions did not lead to a significant decline in likelihood for either squamates or fish
and was accepted.

Next, we proposed a model in which the rate of switching the heterogametic sex,
going from a XY to a ZW system and vice versa, did not depend on whether the lineage
contained a fused sex chromosome or not (e.g., gxv,zw = qxy.zw). In both fish and
squamates, this restriction was acceptable using likelihood ratio tests.

In the next step, we proposed a model in which the rate of chromosomal fission, go-
ing from a fused sex chromosome system to an unfused system of the same type, was the
same for XY and ZW systems. In fish, a likelihood ratio test favored the more restricted
model, whereas in squamates, the more general model (where qxy, xy # qzw,.zw) was
favored (p = o.012). The support for the more general model in squamates stems from
the scarcity of ZW fusions in the data; there is little information to reliably estimate
the transition rate from fused female heterogametic to unfused female heterogametic
(qzw,.zw) using maximum likelihood (see below). We therefore took slightly different
approaches when analyzing the two clades.

For fish, we compared the resulting model (gxy, xy = qzw. zw> 9zw xv; = 9xv.zw; =
0,qxvy.zw = qdxv,zw>qzwsxy = qzw.xy) to an even more reduced model in which the
XY and ZW fusion rates were set to be equal (qxy.xyv, = gzw.zw,). We found the rate
difference to be highly significant (p = 0.014) using a likelihood ratio test. To better
accomodate uncertainty in the estimate, we ran a Bayesian analysis (described in the
text), and this too supported our conclusion that XY fusions occur at a higher rate than
ZW fusions (98.6% of the posterior probability supported this and the 95% credibility
interval for the difference in rates did not overlap with zero; Figure 4 in the main text).

For the squamate data, we took two approaches. First, we assumed that the ‘equal
fission rates model’ was indeed reasonable and performed the same analysis as in fish.
Using a likelihood ratio test, the difference in fusion rates for XY and ZW was found to
be highly significant (p = 0.003). The same was true for the Bayesian analysis (99.9%
of the posterior probability distribution supported this conclusion; Figure 4 in the main
text). Second, we used a Bayesian MCMC to fit a model in which the fission rate gz, zw
was estimated independently of qxy, xy. For this model the support for the difference
between XY and ZW fusion rates was not as strong (92.0% of the posterior probability
supported gxy xv; > qzw.zws; Figure A.1).

As mentioned above, the squamate data contain very little information about fission
rates, especially from Z Wg to ZW. The likelihood approach has difficulty distinguishing
between two explanations for the lack of fused ZW chromosomes: rare ZW fusions or
common ZW fissions. Nevertheless, there is a strong signal that ZW fusions should
be less common, which we confirmed by considering residency times tz, the average
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evolutionary duration of a fused state. For XY fusions,

XY.XY,
tR,XYF = 1 il (A.IZ)
qxy.xyr t 9Xve.XY
and for ZW fusions g
ZW.ZW,
trRzwy = . (A.13)

Qzw.zwy T QzwWe.zW
Using a Bayesian analysis, we found very strong support for the residency time being
greater for XY fusions than ZW fusions (99.8% of the posterior probability supported
trxv; > trzw,; Figure A.2). In the absence of direct information about fission rates for
fused ZW chromosomes, we conclude that the data is more parsimoniously explained
by rare ZW fusions, while acknowledging that rapid ZW fission rates may also explain
the data for squamates.

Comparing fusion rates between chromosomes

Rather than classifying the states as male/female heterogametic unfused/fused, we sepa-
rated out the different types of fusions (e.g., classifying X-autosome [XA] and Y-autosome
[YA] fusions as different states). This allowed us to assess whether the patterns we ob-
served were driven by an overabundance of autosomal fusions with the Y chromosome.
After matching the data to the tree, we did not have any records of WA fusions in fish

while in squamates, XA fusions were absent. We thus considered models with only three

fused states (for fish: XA, YA, and ZA; for squamates: YA, WA, and ZA)

For both the fish and the squamates, we again restricted the model via a nested
series of likelihood ratio tests. For both clades, we found it to be statistically justifiable
to assume that: a) transitions from one fused state directly to another fused state were
impossible; b) prior to becoming fused, alineage had to be in the corresponding unfused
state; and c) fission rates were constrained to be equal (qxy, xy = gzw,.zw). This allowed
us to reliably evaluate whether the fusion rates differed by chromosome.

For the fish, using likelihood ratio tests, we found YA fusions to be significantly
higher than XA fusions (p = 0.016) and ZA fusions (p = 0.035), but that XA and ZA
fusion rates were not significantly different (p = 0.658). Again, WA fusions did not exist
in the fish analysis so we could not compare them to other classes. We then performed
a Bayesian MCMC analysis to gain a better estimate of the relevant parameters. For the
purposes of this analysis, we fixed XA and ZA fusions to occur at the same rate and
then compared this rate to that for YA fusion. We found that YA fusions occur at a
much higher rate than XA/ZA fusions (Figure A.3; 99.5% of the posterior distribution
supported this conclusion).

For the squamate analysis, YA fusions also occured at a higher rate than WA fusions
(p < 0.001) and ZA fusions (p < 0.001). WA and ZA fusions rates were not significantly
different from one another (p ~ 1). As with the fish, for the Bayesian analysis we set
WA and ZA fusion rates to be equal and estimated the difference between YA fusions
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and other type of fusions. 99.9% of the posterior probability distribution supported YA
fusions occuring at a higher rate than fusions on other chromosomes (Figure A.4).

Taken together, these results strongly suggest that the difference between XY and
ZW fusion rates is driven almost entirely by the very high rates of autosomal fusions
involving the Y chromosome relative to the other sex chromosomes.

10
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