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Abstract

The Y chromosome in the XY sex-determination system is often
shorter than its X counterpart, a condition attributed to degenera-
tion after Y recombination ceases. Contrary to the traditional view
of continuous, gradual degeneration, our study reveals stabilization
within large mating populations. In these populations, we demon-
strate that both mutant and active alleles on the Y chromosome
can reach equilibrium through a mutation-selection balance. However,
the emergence of a new species, particularly through the founder
effect, can disrupt this equilibrium. Specifically, if the male founders
of a new species carry only a mutant allele for a particular Y-linked
gene, this allele becomes fixed, leading to the loss of the correspond-
ing active gene on the Y chromosome. Our findings suggest that
the rate of Y-chromosome degeneration may be linked to the fre-
quency of speciation events associated with single-male founder events.
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1 Introduction

Sex is a fundamental characteristic of life that not only contributes to the
diversity of offspring but also facilitates chromosome recombination, enabling
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the accumulation of beneficial genes. However, the suppression of recombina-
tion can lead to the degeneration of sex chromosomes (Bachtrog et al 2014;
Furman et al 2020).

Sex-determination mechanisms are incredibly diverse, with the XY system
being a notable example. In this system, females have two X chromosomes,
while males have one X and one Y chromosome. These sex chromosomes
originated from autosomes, with one evolving into the Y chromosome upon
acquiring a sex-determining gene—commonly SRY in mammals. The struc-
tural differences between the sex chromosomes contribute to the suppression of
recombination, leading to the degradation of the Y chromosome. For instance,
the human Y chromosome retains only three percent of its ancestral genes
(Skaletsky et al 2003). A similar phenomenon is observed in the ZW sex-
determination system, where the ZW genotype produces females and the ZZ
genotype produces males, and the W chromosome tends to be shorter than
the Z chromosome (Zhou et al 2014).

The mechanisms underlying the degeneration of the Y chromosome due
to recombination suppression are still a subject of investigation. This can be
examined at two levels. The first level focuses on the evolution of individual
genes on the Y chromosome, disregarding the influence of other genes. The
second level explores the interactions among different genes on the same Y
chromosome.

At the second level, several models have been proposed. Muller’s ratchet
(Muller 1964; Ohno 1967; Charlesworth 1978) suggests that each loss of the
class of Y chromosomes with the fewest deleterious mutations, known as a
click of Muller’s ratchet, is an irreversible event due to the absence of recombi-
nation (Bachtrog 2013). The background selection model suggests that the Y
chromosome loses genetic variation as neutral mutations are eliminated along
with deleterious mutations linked to them (Charlesworth et al 1993). The
genetic hitchhiking model proposes that the Y chromosome gradually loses
genetic activity as the frequency of deleterious mutations increases when they
are in close proximity to beneficial mutations, such as SRY (Rice 1987). These
mechanisms may act in combination (Bachtrog 2008).

To fully understand Y-chromosome degeneration, it is important to first
study it independently at the first level before considering its combination
with the second level. Lenormand et al. (Lenormand et al 2020) proposed
a mechanism at the first level, demonstrating that the instability and diver-
gence of cis-regulatory sequences in the non-recombining region may accelerate
Y-chromosome degeneration. The examination of a single gene on the Y chro-
mosome may also involve other models, such as the Hardy-Weinberg law
(Johnston et al 2018) and Haldane’s approach (Haldane 1935). However, these
models have not been directly associated with Y-chromosome degeneration.

Traditionally, it has been assumed that Y-chromosome degeneration occurs
gradually over time or generations (Charlesworth 2021). This assumption has
led to concerns about the eventual disappearance of the human Y chromo-
some (Graves 2006). However, this assumption fails to explain the pattern
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where degeneration is rarely observed in cold-blooded vertebrates, in contrast
to birds and mammals. For example, a group of European tree frogs has shown
no divergence between the X and Y chromosomes despite evolving for mil-
lions of years (Stock et al 2011). Furthermore, the human Y chromosome has
not lost any genes since the divergence of the human and chimpanzee lineages
approximately 6 million years ago (Hughes et al 2012). These observations chal-
lenge the notion that Y-chromosome degeneration is a universal and inevitable
process. There is evidence suggesting that degeneration can be reversed period-
ically, as indicated by theories such as sex chromosome turnover (Schartl 2004;
Miura 2018) and occasional X-Y recombination (Perrin 2009; Stock et al 2013;
Rodrigues et al 2018). Furthermore, the rate of Y-chromosome degeneration
on the second level has been shown to slow down over generations and poten-
tially approach an equilibrium state. This phenomenon has been demonstrated
through simulations that incorporate Muller’s ratchet, background selection,
and genetic hitchhiking (Bachtrog 2008). It is also worth investigating the exis-
tence of equilibrium on the first level, focusing on the behavior of individual
genes.

One way to study the equilibrium for a single gene is by using the Hardy-
Weinberg law (Johnston et al 2018). This model allows for the calculation of
genotype frequencies from allele frequencies under the assumptions of a large
population, random mating, and negligible mutation, selection, and migration.
Although the Hardy-Weinberg law does not explicitly incorporate mutation
and natural selection, it can still yield reasonable results when extended to
include these factors.

Consider a locus with two alleles, G and g, and denote their equilibrium
frequencies as p and ¢, respectively. In the case of an autosomal locus, the
population frequencies of genotypes GG, Gg, and gg are given by p?, 2pq, and
q?, respectively. When the relative fitnesses of these genotypes are 1, 1, and
0, respectively, mutation-selection balance leads to ¢ = /i, where p is the
mutation rate from G to g per generation. For an X-linked locus, where males
have the genotypes G and g and their corresponding fitnesses are 1 and 0,
respectively, the equilibrium frequency ¢ is approximately 3pu.

Another approach to study the equilibrium for a single gene is through
Haldane’s approach (Haldane 1935), proposed in 1935. This approach does not
assume the Hardy-Weinberg population and allows genotype frequencies to be
determined directly by mutation-selection balance.

Y-chromosome degeneration exhibits species-specific patterns (Gschwend
et al 2012) and cannot be simply characterized as a process occurring strictly
over generations (Kratochvil et al 2021), suggesting a potential link with spe-
ciation. In large populations, genetic stability typically prevents degeneration,
but speciation may originate from founder events (Templeton 1980; Provine
2004; Joly 2011), involving only a few individuals. The founder effect, a cor-
nerstone of population genetics, emphasizes the reduction of genetic diversity
in new populations originating from small ancestral groups. This effect can
disrupt genetic equilibrium and lead to the loss of active alleles, potentially
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contributing to Y-chromosome degeneration through speciation. However,
there is a lack of study on the role of the founder effect in contributing to
Y-chromosome degeneration during speciation.

Our research delves into the dynamics between species-specific equilibrium
and speciation driven by founder effects. We begin by employing Haldane’s
approach to evaluate genetic equilibria in X-linked and autosomal alleles,
laying the groundwork for a detailed exploration of sex-linked alleles. Sub-
sequently, we shift our focus to examine the impact of population size on
Y-chromosome degeneration. This is followed by an analysis of how founder
events influence speciation, thereby providing insights into the complexities of
Y-chromosome evolution.

2 X-linked locus

Consider an X-linked locus with alleles G and g. Let p represent the mutation
rate from G to g per generation, assuming no difference between males and
females and no back mutation. Suppose the population is large and mating is
random. For females, the genotypes are GG, Gg, and gg, with relative fitnesses
of 1, 1, and 0, respectively. For males, the genotypes are G and g, with fitnesses
of 1 and 0, respectively. In other words, the allele G is the functional wild-type
allele, which is not dosage-sensitive, and the non-functional mutant allele g is
recessive lethal. Let us denote the frequency of genotype Gg in females by a.
Female reproduction is shown in Table 1, where no mutation is considered.

Table 1 Female reproduction concerning an X-linked locus with alleles G and g,
assuming no mutation. For males, the relative fitnesses of genotypes G and g are 1 and 0,
respectively. For females, the relative fitnesses of genotypes GG, Gg, and gg are 1, 1, and
0, respectively. The frequencies of genotypes GG and Gg in the parental generation are

1 — a and a, respectively.

GG Gg gg
1—a a
G {2GG } { GG, Gg } -
1 1—-a a
g - -
0

When considering mutations, we need to make the following substitutions

GG —

Gg—>{

(1 - ‘LL)Q,
2p(1 = ),

(1—p),

(1)
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Fig. 1 Two examples of the evolving of a for an X-linked locus, with initial values of 1 and
0, respectively, where a represents the frequency of genotype Gg. Both examples converge
1+dp—148p

to the equilibrium % ~ 4u, where p is the mutation rate from allele G to allele

g per generation. We use p = 10~2 for demonstration purposes.
By plugging Egs. (1) and (2) into Table (1), we obtain

1 (1= p)?,
1200 = p) + §(1 = p),

NGG X [(1—a)+

Neg o [(1—a)+ (3)

[NIISER NS

where Ngg and Ng, are the numbers of female offspring individuals with
genotypes GG and Gg, respectively. The variable a may take different values
for different generations. Thus, we introduce a,, for the parents and a, 1 =
Ngg/(Nag + Ngg) for the offspring. Then we have the recursion equation

p+ an — 2uay,

4
24 2u — pay, )

Anp41 =

The frequency a converges over generations, as demonstrated in Fig. 1.
When the equilibrium is reached, there is an equation

_Ap+a—2pa

= )
24 2u— pa’ (5)

which reflects mutation-selection balance.
Under the constraint 0 < a < 1, the equation has only one solution,

. 1+4p— /14 8u
= o ,

which is approximately a ~ 4p when p < 1.
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If male individuals of genotype g are alive but infertile, their corresponding
frequency would be § + [% +(1- a)] W, or approximately 2u + p, where 2u
represents inherited mutations and p represents de novo mutations. This result
aligns with the findings of Haldane (Haldane 1935).

The frequency of the g allele can also be calculated and is approximately
%,u, in contrast to the result of 3y derived from the Hardy-Weinberg equilib-
rium (Johnston et al 2018). This discrepancy arises because the assumption of
a Hardy-Weinberg population does not hold when considering mutations.

3 Autosomal locus

Consider an autosomal locus with alleles G and g. Let p represent the mutation
rate from G to g per generation, assuming no difference between males and
females and no back mutation. Suppose the population is large and mating is
random. The genotypes are GG, Gg, and gg. Let their relative fitnesses be 1, 1,
and 0, respectively. Let us denote the frequency of genotype Gg by a, with no
difference between males and females. The reproduction, without considering
any mutation, is shown in Table 2.

Table 2 Reproduction concerning an autosomal locus with alleles G and g, with no
mutation considered. The relative fitnesses of genotypes GG, Gg, and gg are 1, 1, and 0,
respectively. The frequencies of genotypes GG and Gg for the parental generation are 1 —a
and a, respectively.

GG Gg 88
l1—a a
GG {4GG } { 2GG, 2Gg } -
l1-a (1—a)? (1-a)a
Gg { 2GG, 2Gg } { GG, 2Gg, gg } -
a a(l—a) a?
gg - - -

To take into account mutation, we substitute Egs. (1) and (2) into Table
(2). Thus, we obtain the following equations

2

Yoo o -0 +t1—0 +£] 0"

>

Nog o< |(1=a)? +a(l - a) + 4| 2(1 = ) )

+ [a(1_a)+§} (1—p),

where Ngg and Ng, are the numbers of offspring individuals with genotypes
GG and Gg, respectively. Let us introduce a, for the parents and a,4+1 =
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Fig. 2 Two examples of the evolving of a for an autosomal locus, with initial values of 1
and 0, respectively, where a is the frequency of genotype Gg. Both examples converge to the
VE— 1

equilibrium 2 -

~ 2\/pn. We use p = 10~2 for demonstration purposes.

Nag/(Nca + Ngg) for the offspring. Then we have the recursion equation

8+ 4a, — 8pa, — 2a2 +2pa?  Ap+2(1 — pa,
A+ 4p—4dpay — a2 +pa2 2420+ (1 - pay,

(8)

Ap+1 =

Frequency a will converge, as demonstrated in Fig. 2, and an equilibrium
will be reached, satisfying the equation

 Ap+2(1 - pa
24+2p+ (1 —p)a

9)
Under the constraint of 0 < a < 1, the equation has only one solution,

_ VR
af2ﬁ. (10)

We can further obtain the frequency of allele g as \/1’7_;“ When p <« 1, it
approximates to /i, which is consistent with the result obtained based on the

Hardy-Weinberg law (Johnston et al 2018).

4 X-degenerate Y chromosome gene

The X chromosome may play a crucial role in Y-chromosome degeneration.
Engelstadter (Engelstadter 2008) demonstrated through simulation that muta-
tions occurring on the X chromosome exert strong selection against mutations
on the Y chromosome, thereby slowing down the process of Y-chromosome
degeneration. Hence, it is important to study the X and Y chromosomes
together.
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Table 3 Reproduction concerning an X-degenerate gene with alleles G and g, with no
mutation considered. X and Y denote sex chromosomes with G while x and y denote sex
chromosomes with g. For males, the relative fitnesses of genotypes XY, Xy, xY, and xy are
1, 1, 1, and 0, respectively. For females, the relative fitnesses of genotypes XX, Xx, and xx
are 1, 1, and 0, respectively. The frequencies of genotypes XY, Xy, and xY are 1—b — ¢, b,
and c, respectively. The frequencies of genotypes XX and Xx are 1— a and a, respectively.

XY Xy xY Xy
1-b—c b c
XX { 2XX, 2XY)} { 2XX, 2Xy } { 2Xx, 2XY } ;
1—a (I1—a)(1=b—c) (I1—a)b (I—a)c
Xx | { XX, Xx, XY, xY} | { XX, Xx, Xy, xy } | { Xx, xx, XY, xY } -
a a(l—b—c) ab ac
XX - - - -

In our analysis, we extend Haldane’s approach to a locus that is non-sex-
specific and located within a non-recombining region on both the X and Y
chromosomes. Let’s consider a locus with alleles G and g, where G represents
the allele on the X and Y chromosomes, and g represents the mutant allele.
We assume a random mating process in a large population, with a mutation
rate of u from G to g per generation. We will use the following symbols:

e X — X chromosome with G,
® x — X chromosome with g,
® Y — Y chromosome with G,
® v — Y chromosome with g,
Nx
o 1 — x
a Nxx+Nxx’
[ ) b = 7]\6{)’
Nxv+Nxy+Nxy’
®  — Nxy
c= — Nov
Nxy+Nxy+Nxy’

where Nxy refers to the number of individuals with the Xx genotype and so
on. The fitness of genotypes XX, Xx, XY, Xy, and xY is 1, while the fitness
of genotypes xx and xy is 0. The reproduction is shown in Table 3, where no
mutation is considered.

We plug the following into Table 3 to account for mutation.

XXa (1 - /1’)27
XX = {Xx, 2u(l—p), (11)

2.
xx, %
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XY7 (1 - /j/)2a
X 1-—
Xy - ¥ wl=p), (12)
XY: /J(l - M)?
Xy, p%
X _
Xx —>{ % (L= n) (13)
XX, i
X 1-—
Xy, M3
Y 1—
ay Y (A=) (15)
Xy, p-

Let us introduce ay, by, ¢, for the parents and a1, bpt1, crt1 for offspring.
Then we have

Ap~4ay, —2pan+2¢, —4pcn —2ay,Cn+2pa7 Crp,

An+1 = 242U — Uy —2UCp, — Ay, Cry + 4Gy, Cy ’
— 2p—pay+2by —20by —Anbn+pan by
b"+1 T 242u—pan—2pb,—anb,+panby, (16)

¢ _ 2ptan—pan—2pbn—anbntpanbn
n+1 242u—pan —2puby —anbp+panby,

These equations describe the change in variables (a, b, ¢) from one gener-
ation to the next. Over successive generations, the variables (a,b,¢) converge
to certain values. Equilibria exist, satisfying

dp+a—2pa+2c—4pc—2ac+2upac

a= 24+2p—pa—2puc—ac+pac ’

b= 2y—yzi+2b:2ub:ab+pab (17)
24+2pu—pa—2pub—ab+pab ?

c= 2pu+a—pa—2pb—ab+pab

242pu—pa—2pb—ab+pab”

Under the constraints 0 < a,b,c < 1, the equation has two solutions, giving
rise to two equilibria. The first equilibrium is

_(oVE—H VE—R g
(a’b’c)_(Ql—,u’ T 1—ﬂ>. (18)

Given that p < 1, the approximation is

(a,b,¢) = 2/ Vi Vi) (19)

The second equilibrium is

14+4p — /1
(a,b,c)—( e +8,u, 1, ()).

2p
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Given that p < 1, the approximation is
(a,b,c) = (4u, 1, 0). (21)

The first equilibrium corresponds to the equilibrium (10) in the scenario of an
autosomal locus, while the second equilibrium corresponds to the equilibrium
(6) in the scenario of an X-linked locus.

When the G allele is dosage-sensitive, it influences the Xy genotype and
can decrease its frequency. Nevertheless, equilibria can still be attained in such
cases. It has been proposed (Charlesworth 1978) that the presence of the Xy
genotype could trigger dosage compensation. However, dosage compensation
may benefit Xy but have negative effects on XY individuals. In the first equi-
librium scenario, the XY genotype frequency, 1 — b — ¢, is close to 1, while the
Xy genotype frequency, b, is considerably lower, roughly /i < 1. This sub-
stantial difference highlights the widespread prevalence of the XY genotype,
potentially impeding the development of dosage compensation mechanisms.
Conversely, in the second equilibrium scenario, the Xy genotype is the only
male genotype and therefore faces no competition, creating an environment
conducive to the development of dosage compensation in males.

For a given set of variables (a,, by, c,), the subsequent generations will be
determined by Eq. (16) and converge to the second equilibrium only when
b, = 1. In all other cases, regardless of the values of a, and c¢,, the population
will always converge to the first equilibrium. In other words, if the G allele is
initially present on the Y chromosome, it will persist in subsequent generations.
This conclusion is supported by both analysis and simulations using Eq. (16).
Setting u = 0 simplifies the analysis without altering the evolutionary trend.
In this case, Eq. (16) simplifies to

an+2cp—2ancy

An4+1 = 2—anCn ’
_ 2bn—anby
bpi1 = b (22)

_ an—anb,

Cnt+1 = =0, -

When a,, > 0, it is clear that b,41 consistently decreases in the range b, €
(0,1). This implies that unless the initial value of b is set to 1, i.e., by = 1, it will
inevitably converge to 0. In this scenario, reaching 0 corresponds to reaching
the first equilibrium. This pattern is also evident in Table 3, where genotype
xy, with a fitness of 0, is purged, along with the associated y. As a result, y
is unable to effectively compete with Y and consistently experiences negative
selection pressure. Thus, when p = 0, the outcome is either the exclusive
presence of y throughout the entire process or the exclusive presence of Y at
the end. However, when pu # 0, certain Y mutate into y, guaranteeing the
continual presence of at least a small fraction of y within the population.
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5 Finite population

The existence of equilibria, particularly the first equilibrium, implies that Y-
chromosome degeneration does not occur as long as the population size is
large. However, these equilibria can be easily disrupted in small populations,
potentially leading to Y-chromosome degeneration. To determine the applica-
ble population size range for our model, we examine finite populations via a
two-step analysis. In the first step, we establish the initial generation’s geno-
type distribution based on equilibrium frequencies (Eq. 18) through random
assignments. In other words, each individual of the first generation is randomly
selected from an infinitely large population at the first equilibrium. In the sec-
ond step, we use the relations in Table 3 to simulate the population’s evolution
through binomial sampling with a mutation rate of y = 1074, as detailed in
the appendix.

Y-chromosome evolution varies with population size. Fig. 3 illustrates that
in smaller populations, fluctuations play a prominent role, and the equilib-
rium positions are less stable. Conversely, Fig. 4 reveals that in very small
populations, genetic drift can lead to the fixation of mutations, potentially
resulting in the loss of active genes on the Y chromosome. Such events may
have occurred in species with small-sized populations, as exemplified by frogs
from Caribbean islands (Ma and Veltsos 2021). However, Fig. 3 highlights that
larger populations have a greater capacity to maintain active genes on the Y
chromosome. A population size exceeding 10,000 can be considered effectively
infinite, allowing our model to be applicable. Notably, humans (Tomaszkiewicz
et al 2016), being a species with a large population, should be able to retain
their remaining genes on the Y chromosome.

6 Founder Effect and Speciation

The founder effect (Templeton 1980; Provine 2004; Joly 2011) may influence
Y-chromosome evolution. Consider a single-male founder scenario in which one
male establishes a new, large population. This population will reach one of the
two possible equilibria, either the first equilibrium, i.e., Eq. (18), or the second
equilibrium, i.e., Eq. (20). In cases of exponential population growth, geno-
type frequency fluctuations have limited time to cause mutation fixation before
the population becomes too large for their influence. Thus, reaching which
equilibrium is mainly determined by the founding male’s genotype, randomly
selected from the original population at the first equilibrium. The genotype of
the founding female, or the genotypes of founding females if there are many,
has no effect on this. If the founding male has the genotype Xy (i.e., by = 1),
the population will reach the second equilibrium; otherwise, with genotypes
XY or xY, it will default to the first equilibrium. The likelihood of a randomly
chosen male having genotype Xy—and thus the population reaching the sec-
ond equilibrium—is roughly /g (for a mutation rate yu of 10~*, this value is
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Fig. 3 Two examples of the Y chromosome evolving, with 10,000 and 2,000 males par-
ticipating in reproduction, respectively. The vertical axis represents the total number of
individuals with genotypes XY and xY. Both examples demonstrate fluctuations, but they
also exhibit equilibrium positions. The simulation employs the binomial sampling method,
which is commonly used in the Wright-Fisher model (Muirhead 2016). For illustrative pur-
poses, a mutation rate of u = 10~% is employed. It is important to note that there exists
a competition between mutation-selection balance and sampling randomness, resulting in
frequent switching between the equilibrium and fluctuation windows. One wide fluctuation
window is apparent on the lower curve near the right end. Lower mutation rates, such as
pu=10"5 or = 10~%, would result in wider fluctuation windows.

0.01). Scenarios involving multiple founding males have negligible probabili-
ties of simultaneously having the genotype Xy—and thus reaching the second
equilibrium—and are therefore not the focus of this study.

Let us focus on a single-male founder event that gives rise to a new popu-
lation at the second equilibrium. On an evolutionary timescale, such an event
has the potential to induce speciation. It is important to note that before
the completion of speciation, gene flow may occur; for example, when males
migrate from the original population to the new one. In this scenario, the
founder effect can be neutralized, allowing for the recovery of the lost active
allele and the restoration of the original equilibrium. Conversely, if speciation
is finalized before gene flow can occur, the lost active allele becomes irretriev-
able, leading to Y-chromosome degeneration. The frequency of such single-male
founder events, when associated with speciation, may influence the extent of
Y-chromosome degeneration. To illustrate, consider a series of peripatric spe-
ciation events (Colvin 2018), each initiated by a single male. After 70 such
events, the Y chromosome has approximately a 50% chance of losing the active
allele, as calculated by 0.997° ~ 0.5.

Founder events, when coupled with speciation, offer a potential explanation
for the observed disparities in Y-chromosome lengths across species, includ-
ing European tree frogs (Stock et al 2011) and humans (Skaletsky et al 2003).
Similarly, bottleneck events (Weaver et al 2021), marked by significant popula-
tion reductions, can influence Y-chromosome degeneration, as potentially seen
in Caribbean island frogs (Ma and Veltsos 2021). It’s important to note that
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Fig. 4 Two examples of the Y chromosome evolving, with 1,000 and 200 males participat-
ing in reproduction, respectively. The mutation rate is u = 10~ for illustrative purposes.
Significant fluctuations are observed, and mutation fixation occurs at generations 20,360 and
49,369, respectively.

while founder effects typically align with longer evolutionary timescales and
speciation processes, bottleneck effects can manifest over much shorter dura-
tions, independent of speciation. When gene flow is effectively curtailed, the
bottleneck effect becomes equivalent to the founder effect. By designing con-
trolled environments where gene flow is eliminated, one may simulate founder
scenarios to empirically validate their impact on Y-chromosome degeneration.

In our model, the framework is extendable to scenarios involving multiple
loci. Consider a case with 1,000 non-sex-specific active alleles located in non-
recombining regions of both the X and Y chromosomes, and a mutation rate
i =10"*. A single-male founder event could result in the loss of a substantial
number of active alleles from the Y chromosome, specifically 10, as calculated
by 1000,/z. In other words, this event induces fixed mutations at 10 loci.
When the number of active alleles is reduced to 100, a single-male founder
event, on average, leads to one fixed mutation on the Y chromosome. When the
number of active alleles further decreases to 10, it takes, on average, 10 single-
male founder events to cause one fixed mutation on the Y chromosome. As
the number of active alleles decreases, the rate of Y-chromosome degeneration
experiences an exponential deceleration.

7 Conclusions

We have formulated an analytical model to scrutinize the evolution of indi-
vidual genes, emphasizing the founder effect’s impact on Y-chromosome
degeneration. We show that in large mating populations, a genetic equilibrium
can be established for non-sex-specific alleles in non-recombining regions of
both X and Y chromosomes, effectively halting Y-chromosome degeneration.
However, this stability also maintains a subset of males with inactive alleles. If
such a male becomes the founder of a new species, the species will inherit only
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the inactive Y-chromosome allele, setting the stage for Y-chromosome short-
ening. This dual nature of genetic stability—preventing degeneration within
large populations while enabling it during speciation events, especially those
with single-male founders—adds complexity to our understanding of genetic
diversity and evolution.

Statements and Declarations
Simulation code repository: https://github.com/zyjlntu/Y-degeneration
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female[N], male[N]
generation=0

only genotype Xy ?

NO

output Nyy+N,y

reproduce N females

reproduce N males

reset female[N], male[N]
generation++

YES (fixation of mutation)

stop
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Fig. A1 Flowchart of the main program (C++) for simulation. In the first generation, N
males and N females are randomly selected from the first equilibrium (18). The program
then checks if all N males have the genotype Xy. If they do, the program stops. Otherwise,
the next generation is reproduced, and the program continues. The program stops when

mutation fixation occurs. The output Nxyv+Nyy is used to generate Fig. 3 and Fig. 4.

Appendix A Simulation

Simulation is necessary when applying the relations in Table 3 to a finite
population. Fig. Al presents the flowchart of the main program, outlining the
process involved in the simulation. Fig. A2 provides a subroutine flowchart
specifically for reproducing female offspring. The process of reproducing males
follows a similar procedure.
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M
female[N], male[N]

int daughter[N]
j=0

randomly choose a chromosome from females
randomly choose a chromosome from males

each wild-type allele mutates by probability y

daughter[j]=1 or 2

YES
XX or Xx e (1:XX, 2:Xx)
j++
NO
YES j<N
NO

daughter[N]

Fig. A2 Flowchart of the program for reproducing females in the simulation. The input
consists of N females and N males, and the program generates N female offspring as the
output. The same process can be applied to reproduce males. The program utilizes the
binomial sampling method, which is commonly used in the Wright-Fisher model to study
fluctuations in the absence of mutation and selection.
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