INDIAN FERTILITY SOCIETY

%ﬁcq«*

)y
v FERTILITY so¢

SIG

Newsletter

December 2024
Andrology

f;

4

Dr Prof (Col) Pankaj Talwar, Dr (Prof) Shweta Mittal Gupta, Dr Rupali Bassi Goyal Dr Nymphaea Walecha
VSM, MD, PhD. MD, DNB, FNB, MNAMS Editor, IFS Joint Editor, IFS
President, IFS Secretary General, IFS

’4

Dr P M Gopinath Dr Gaurav Kant Dr Vineet Malhotra Dr Sarabjeet Singh
Mentor SIG Convenor SIG Co convenor SIG Co convenor SIG

Men are Slowly Losing Their Y Chromosome:
A Comprehensive Examination of Degeneration

Authors:

Gaurav Kant, Chief Embryologist Akanksha IVF Centre, Mata Chanan Devi Hospital,
Janakpuri Delhi.

Tejaswini Sahare, Embryologist First Step IVF, Vikaspuri Delhi.




Abstract

The human Y chromosome, unique to males and responsible for determining sex, has been
shrinking and degenerating over evolutionary time. Once similar in size and gene content to the
X chromosome, the Y chromosome now contains far fewer genes, leading to concerns about its
long-term viability. This article explores the phenomenon of Y chromosome degeneration by
examining the biological and evolutionary mechanisms responsible, such as genetic drift,
mutations, and recombination suppression. The Y chromosome, responsible for male sex
determination and critical functions related to male fertility, has been undergoing a process of
degeneration over millions of years. Recent studies suggest that while the Y chromosome is
deteriorating, other genetic mechanisms may compensate for its functions. This gradual
degeneration raises questions about the long-term future of male fertility and the role of
alternative sex-determination systems in human evolution. This article explores the
evolutionary origins, the mechanisms of its degeneration, and the potential consequences of its
gradual loss for human biology and reproduction. Drawing from comparative genomics,
population genetics, and molecular biology, this paper aims to provide a comprehensive review
of the current understanding of Y chromosome attrition and its long-term implications.
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Introduction

The human Y chromosome has been a focal point of evolutionary biology for decades, due to its
unique properties and its significance in determining male sex(1). Unlike the X chromosome or
autosomes, the Y chromosome has experienced significant gene loss and structural shrinkage
over the course of evolution. Today, it is much smaller than the X chromosome and contains
only about 50-200 functional genes, compared to the roughly 1,000 genes on the X
chromosome. The reduction in the size and gene content of the Y chromosome has sparked
discussions about whether men might eventually lose the Y chromosome altogether(2). Recent
studies in both humans and other species have suggested that this process of Y chromosome
degeneration is ongoing and could have important consequences for male fertility and the
future of human reproduction.



Y Chromosome Origins and Evolution

The Y chromosome is thought to have originated about 180 million years ago, when a common
ancestor of placental mammals and marsupials acquired a mutation that led to the
differentiation of the sex chromosomes(3). Initially, the X and Y chromosomes were almost
identical, and they recombined during meiosis. However, over time, recombination between the
X and Y chromosomes was suppressed, leading to the Y chromosome’s isolation and its slow
degeneration(4).

e Evolutionary Split

The cessation of recombination between X and Y allowed the Y chromosome to begin
accumulating mutations without the opportunity for repair through recombination(5).

o Genetic Drift and Muller’s Ratchet

The accumulation of deleterious mutations without recombination led to the gradual loss of
genes from the Y chromosome, a process known as Muller’s ratchet(6). The Y chromosome does
not undergo recombination with the X chromosome in most of its length, it cannot efficiently
eliminate harmful mutations through genetic shuffling. As a result, once mutations occur, they
tend to persist and accumulate(7). With each "click” of the ratchet, the overall genetic fitness of
the Y chromosome declines, leading to a gradual degradation of functional genes. This
accumulation of irreversible mutations contributes to the ongoing degeneration and shrinkage
of the Y chromosome(8).

Mechanisms of Y Chromosome Degeneration

1. Recombination Suppression

Recombination between homologous chromosomes is one of the main mechanisms througq};>'ﬁ
which genetic material is repaired. On the Y chromosome, recombination with the X

chromosome is suppressed in most of its regions, leading to the gradual accumulation of

mutations. Without recombination, deleterious mutations accumulate and are passed down to

subsequent generations(9).




e Pseudogenes and Gene Loss:

e Over time, many Y chromosome genes have become pseudogenes—non-
functional remnants of once-active genes. The loss of these genes contributes to
the shrinking gene pool on the Y chromosome.

2. Accumulation of Repetitive DNA Elements

A substantial portion of the Y chromosome is made up of repetitive DNA sequences. These
sequences are prone to errors during DNA replication, leading to structural abnormalities such
as deletions, duplications, and inversions. The Y chromosome has accumulated a significant
number of repetitive DNA elements over time, contributing to its degeneration. These repetitive
sequences, including satellite DNA, transposable elements, and palindromic structures, make up
a large portion of the Y chromosome's non-coding regions(10). Their accumulation limits the
functional gene content of the chromosome and hampers genetic diversity. Additionally, the
absence of recombination between the X and Y chromosomes accelerates the build-up of these
repetitive elements, reducing the chromosome's ability to eliminate harmful mutations. This
process further drives Y chromosome shrinkage and threatens its long-term genetic stability.

Impact of Transposable Elements (TE)

Transposable elements, or “jumping genes,” are mobile genetic elements that can insert
themselves into various parts of the genome. On the Y chromosome, the absence of
recombination builds the gathering of TEs, as there is no system to productively dispense with
them. This development of TEs decreases the chromosome's practical quality substance and
advances genomic flimsiness (11). After some time, TEs can speed up quality misfortune and
further debase the Y chromosome, influencing its job in male fertility and overall genetic health.

3. Genetic Drift and Small Effective Population Size

Because of its tiny effective population size, genetic drift is a major factor in the Y chromosome's
deterioration. Compared to autosomes, which recombine between both parents, the Y
chromosome's genetic variety is limited since it is solely passed down from father to son.
Because there are fewer Y chromosomes in the pool, it is more vulnerable to erratic variations
in allele frequencies, which facilitates the accumulation of deleterious mutations through
genetic drift. This may result in the fixation of harmful alleles and the loss of advantageous ones
across several generations (12). This process is made worse by the absence of recombination,
which decreases the genetic fitness of the Y chromosome and speeds up its degeneration.
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Pie Chart 1:-Effect on Y chromosome gene loss over time.

Here is the pie chart illustrating the effects of genetic drift in small populations on Y
chromosome gene loss over time. The chart highlights the major factors such as gene loss,
mutation accumulation (Muller's ratchet), lack of recombination, loss of diversity, and
bottleneck events, along with other smaller contributing factors.

4. Selection for Male-Specific Functions

The genes that remain on the Y chromosome are primarily related to male reproduction. As
non-essential genes degenerate, the Y chromosome becomes more streamlined, retaining only
those genes crucial for male fertility.

SRY and Spermatogenesis Genes:

The most critical gene on the Y chromosome, SRY, triggers the development of testes in the
early embryo, setting off the cascade of male sexual development. Other remaining genes are
involved in sperm production, and mutations in these genes are often associated with male
infertility.

Comparative Genomics: Insights from Other Species

The study of Y chromosome degeneration is not limited to humans. By comparing the Y
chromosomes of different species, scientists can gain insights into the mechanisms driving
degeneration and predict the future of the Y chromosome.




Rodents and the Rapid Decay of the Y Chromosome

Some species of rodents, such as the Ryukyu spiny rat and the mole vole, have completely lost
their Y chromosomes. Despite this, these species have developed alternative mechanisms of sex
determination, proving that life without a Y chromosome is possible.

Alternative Sex Determination Systems

In species where the Y chromosome has been lost, sex determination is achieved through other
genetic mechanisms. These systems provide important clues about what could happen in
humans if the Y chromosome continues to degenerate.

Birds and the Stability of the W Chromosome Unlike the Y chromosome in mammals, the W
chromosome in birds, which determines female sex, has not degenerated to the same extent.
This difference may be due to different selective pressures or the fact that females have two
copies of the Z chromosome, allowing for recombination in sex chromosomes.

Human Y Chromosome Loss: Is It Inevitable?

The degeneration of the Y chromosome raises the question of whether men are on the path to
losing their Y chromosome entirely. While the Y chromosome has been losing genes steadily
over millions of years, some researchers suggest that it may be stabilizing.

1. Gene Conversion as a Repair Mechanism

Gene conversion is a process by which one DNA sequence is copied to replace a damaged or
mutated sequence. On the Y chromosome, gene conversion occurs between palindromic
sequences, where sections of the chromosome have inverted, creating a mirror-image structure.
This process helps repair some of the mutations that occur due to the lack of recombination.

e Palindromes on the Y Chromosome:

These inverted sequences allow for intra-chromosomal recombination, which may help
preserve essential genes like those involved in sperm production.
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Schematic representation of palindrome on the human Y chromosome.

2. Stabilization Hypothesis

Some researchers argue that while the Y chromosome has been losing genes, it has now reached
a point of equilibrium. The genes that remain on the Y chromosome are essential for male
reproduction, and their loss would have such severe fitness consequences that strong selection
pressure will preserve them.

e Evidence for Stabilization:

Comparisons of the Y chromosome across different species of primates suggest that the rate of
gene loss may have slowed in recent evolutionary history. This suggests that the Y chromosome
might not be on a path toward complete extinction.

Consequences of Y Chromosome Loss

If men were to lose their Y chromosome, it would have profound effects on human biology and
reproduction. However, the loss of the Y chromosome does not necessarily mean the end of men
or of male fertility.

1. Infertility and Genetic Disorders

Deletions on the Y chromosome have already been linked to male infertility, as well as other
disorders related to sperm production. As the Y chromosome continues to degenerate, cases of
infertility may become more common, leading to a potential population decline in future
generations.

Y Chromosome Microdeletions and Infertility:

Microdeletions on the Y chromosome can result in severe reductions in sperm count or
complete infertility. Advances in assisted reproductive technologies, such as in vitro
fertilization, may offer solutions to individuals affected by Y chromosome degeneration.

¢



2. Evolution of New Sex-Determining Systems

The gradual loss of the Y chromosome could lead to the evolution of new mechanisms of sex
determination. Other chromosomes could potentially take over the role of determining male
sex, as has been observed in some rodent species.

Autosomal Sex-Determining Genes:

In species where the Y chromosome has been lost, autosomal genes have evolved to take over
the function of sex determination. It is possible that humans could undergo a similar process if
the Y chromosome degenerates completely.

Conclusion

Future research on male-specific genetics will be greatly impacted by the Y chromosome's
degeneration, which is caused by genetic drift, mutation accumulation, lack of recombination,
and evolutionary forces. In comparison to its ancestral counterpart, the Y chromosome has
undergone significant gene loss throughout time, resulting in a reduction in both size and gene-
coding ability. Concerns over the Y chromosome's possible extinction in humans and other
species are raised by this tendency.

The loss of the Y chromosome is a slow but ongoing process that raises significant questions
about the future of human reproduction and male biology. While there is evidence that the Y
chromosome is degenerating, it is not yet clear whether it will disappear entirely or stabilize.
Future research on male-specific genetics will be greatly impacted by the Y chromosome's
degeneration, which is caused by genetic drift, mutation accumulation, lack of recombination,
and evolutionary forces. In comparison to its ancestral counterpart, the Y chromosome has
undergone significant gene loss throughout time, resulting in a reduction in both size and gene-
coding ability.
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