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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.



APPENDICES Y FUSE?

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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