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Why Y chromosome is shorter and women live longer?

P. Bieceka and S. Cebratb

Department of Genomics, University of Wroclaw, ul. Przybyszewskiego 63/77, 51-148 Wroclaw, Poland

Received 8 November 2007 / Received in final form 16 June 2008
Published online 20 August 2008 – c© EDP Sciences, Società Italiana di Fisica, Springer-Verlag 2008

Abstract. We have used the Penna ageing model to analyze how the differences in evolution of sex chro-
mosomes depend on the strategy of reproduction. In panmictic populations, when females (XX) can freely
choose the male partner (XY) for reproduction from the whole population, the Y chromosome accumulates
defects and eventually the only information it brings is a male sex determination. As a result of shrinking
Y chromosome the male genomes de facto loose one copy of the X chromosome information and, as a re-
sult, males are characterized by higher mortality, observed also in the human populations. If it is assumed
in the model that the presence of the male is indispensable at least during the pregnancy of his female
partner and he cannot be seduced by another female at least during the one reproduction cycle – the Y
chromosome preserves its content, does not shrink and the lifespan of females and males is the same. Thus,
Y chromosome shrinks not because of existing in one copy, without the possibility of recombination, but
because it stays under weaker selection pressure; in panmictic populations without the necessity of being
faithful, a considerable fraction of males is dispensable and they can be eliminated from the population
without reducing its reproduction potential.

PACS. 87.23.Cc Population dynamics and ecological pattern formation – 87.23.Kg Dynamics of evolution
– 05.10.Ln Monte Carlo methods

1 Introduction

Sexually reproducing diploid organisms possess two sets
of chromosomes, (in case of humans each set is composed
of 23 chromosomes). In mammals, females’ genomes con-
sist of fully homologous sets while males have different
chromosomes in one pair. This pair is called sex chromo-
somes; one chromosome is called Y and the second one X.
Females possess two X chromosomes, produce haploid ga-
metes each with the X chromosome that is why this sex is
called homogametic. Males produce half of gametes with
the X chromosomes and half with the Y chromosome and
are called heterogametic sex. In reptiles or birds the male
sex which is homogametic and the female sex is heteroga-
metic. To underline the difference in homo-/heterogametic
sexes geneticists introduced different connotations for sex
chromosomes: XY for species with heterogametic males
and ZW for species with heterogametic females. Ohno [1],
basing on his observations concluded that both sex chro-
mosomes in reptiles originated from the same pair of an-
cestral chromosomes. This conclusion was adopted also for
mammalian sex chromosomes though, it has been assumed
that the mammalian sex chromosomes evolved from a dif-
ferent pair. Vertebrate males share the same system of sex
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determination, the same cascade of genes responsible for
differentiation of testes and similar spermatogenesis pro-
cesses (see [2] for review). Mammalian Y chromosomes,
similarly to W chromosomes in reptiles, show significant
variation in size between species but it always contains
genes responsible for male sex determination. There is a
still debated problem: why Y chromosome in mammals
was reduced in size during the evolution. Some authors
suggest that the main reason for genetic shrinking of Y
was switching off the recombination between X and Y
chromosomes. After the recombination stops, the Muller
ratchet mechanism allows the mutation accumulation in
the clonally propagating chromosome. Lobo and Onody [3]
have shown in the computer modeling that the Y chromo-
some degenerates even if both pairs XX and XY do not
recombine. Authors try to explain these phenomena by
the specific differences in inheritance of the sex chromo-
somes – the Y chromosome never experiences the selection
pressure in the female body while X chromosomes spent
one third of their evolution time in the male body and two
thirds in the female body. Nevertheless, we have proven
in our computer modeling that switching off the recombi-
nation between sex chromosomes is not enough to induce
the degeneration of the Y chromosome. It is rather a spe-
cific strategy of reproduction which is responsible for this
process.

http://dx.doi.org/10.1140/epjb/e2008-00325-4
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2 Model

Our model is based on the diploid sexual Penna model of
ageing [4] see [5] for review. In the model, each individual
is represented by two pairs of homologous chromosomes:
one pair of sex chromosomes and one pair of autosomes
(chromosomes other than sex chromosomes). Each chro-
mosome is represented by a vector of L = 32 bits 0’s or
1’s. Thus the genotype of an individual i is represented by
4 × L digits. The genome of individual i is denoted as

Gi = {gi,j,k ∈ {0, 1}, j ∈ {1, ..., 4}, k ∈ {1, ..., L}}.
In our simulations we consider two kinds of sexual systems.
The first one, denoted XX/XY, corresponds to the pop-
ulations in which females have two homologous X chromo-
somes, while males have two different sex chromosomes: X
and Y. The second system, denoted ZZ/WZ, corresponds
to the populations in which males have two homologous Z
chromosomes while females have two different sex chromo-
somes: Z and W. The first system is typical for mammals,
the second one for birds but there are also some other
animals which exploit it in the sex determination.

In the model we have introduced one recombination
between homologous pair of chromosomes during the ga-
mete production, i.e. recombination is allowed between
autosomal chromosomes, and also in the female XX pair
in the first system or in the male ZZ pair in the second
system.

We consider two reproduction strategies. In the first
strategy, called “random mating”, every year (Monte
Carlo step - MCs) the female at the reproduction age (at
least 8 years old; R = 8) chooses randomly a male partner.
In the second strategy, called “faithful to the death”, the
female at the first year of the reproduction age looks for
a partner at the reproduction age and creates with him
a couple for the rest of their life. She will not mate with
other partners. If the partner is not available she will wait
and try to find him in the following years, when other
males reach the minimum reproduction age.

During reproduction, the parental genomes are repli-
cated. Into each pair of the new copies of chromosomes
one mutation is randomly introduced (every gene is mu-
tated with probability 1/2L). If the value of the mutated
gene is 0 it is changed to 1, otherwise it stays 1. Next,
one recombination between autosomes and one between
homologous pair of sex chromosomes occur in a randomly
chosen point and one chromosome of each pair is chosen to
form the gamete. One gamete from each parent is trans-
ferred to the offspring genome. The newborn survives the
first year with a probability given by Verhulst coefficient

Vsurvive = 1 − Nact

Nmax
,

where Nmax = 2000 is the maximum capacity of the en-
vironment while Nact is the actual population size.

The alleles are switched on chronologically during the
whole lifespan of individual; in the first year two alleles
in the first locus of autosomes and two alleles of the first
locus on sex chromosomes are activated. In the second year
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Fig. 1. XX/XY system-panmictic population. Age structure
and mortality in populations after 20 000 MCs (the upper
plots). Note the logarithmic scale (right) for mortality. Lower
plots represent fraction of defective alleles in autosomes and
sex chromosomes.

the alleles of the second loci of both pairs are activated
and so on. The individual dies in age a(i) when T = 3
pairs of defective alleles are switched on, which means that
on the positions till a(i) the number of paired defects on
autosomes and sexual chromosomes is 3. In other words,
all mutations are recessive and individual i dies when

age(i)∑

k=1

gi,1,k · gi,2,k + gi,3,k · gi,4,k ≥ T,

where age(i) is the age of individual i. The live span a(i)
is the minimum age(i) for which the above condition is
satisfied.

Simulations start with all alleles set to 0, i.e. with in-
dividuals with the perfect genomes, without any defect.

3 Results

3.1 XX/XY system-panmictic population

As it was described in the above section, the individuals
are represented by two pairs of chromosomes – one pair of
autosomes and one pair of sex chromosomes. At the be-
ginning of simulation all four chromosomes are identical,
genetically perfect but in the male genome one of the sex
chromosomes is marked as Y. Each newborn inheriting
this chromosome from its father will be a male, otherwise
a female. In the panmictic population each male after re-
producing with one female returns to the total pool of
males and can participate during the same MCs (year) in
the reproduction process with another female. In Figure 1
we have shown the distribution of defective alleles along
the autosomes, and the sex chromosomes.
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In general, the Penna ageing model supports the as-
sumptions of the Medawar hypothesis of defective genes’
accumulation in the genetic pool of population as a main
cause of ageing [6]. Genes expressed before the minimum
reproduction age are under very strong selection pressure
and the fraction of defective alleles in this part of genomes
is low. Defects expressed after the minimum reproduction
age could be transferred into the offspring with relatively
higher probability and they are under weaker selection
pressure. That is why we can observe the growing fraction
of defects among these genes. The age, when the frac-
tion of defective genes reaches 1 determines the maximum
lifespan of individuals in the population. This specific dis-
tribution of defective alleles is observed in autosomes and
X chromosomes after 20 000 MCs (population in equilib-
rium). All loci on the Y chromosome are already defective.
Since we assume that all defective alleles are recessive, the
defects on X chromosome could be complemented in the
female genomes but are not complemented in the genomes
of males deprived of the second copy of X chromosome (the
Y chromosome is already empty). That is why in the male
genomes the defective genes on X chromosomes are under
stronger selection than the defects on autosomes, they be-
have like dominant defects. As a result we observe a lower
fraction of defective genes in the X chromosomes than in
autosomes, what was also observed in the earlier simula-
tions [8]. The lack of complementing the defective alleles
located on X chromosomes in the male genomes affects the
age distribution and mortality of males and females in the
simulated populations (shown in Fig. 1, upper plots). At
birth, the fractions of males and females are equal which is
obvious under these parameters of simulations. However,
the mortality of males, due to their role in the elimination
of defects from X chromosome is higher. As a result, the
total fraction of males in population is lower than females.
The effect of higher mortality of men due to the hemizy-
gozity in respect to genes located on X chromosome was
also simulated previously [7,8], even if the number of genes
located on sex chromosomes was considerably smaller. The
effect of degenerating Y chromosomes was simulated ear-
lier by Lobo and Onody [3]. The different evolutionary
history of sex chromosomes is shown in Figure 2. The Y
chromosomes accumulate defects expressed in the earlier
ages of individuals from the very beginning of the simula-
tions while the accumulation of defects in autosomes and
X chromosomes is highly biased – a lower number of accu-
mulated defective genes expressed before the reproduction
age and a higher number for genes expressed later during
the lifespan.

One can suggest that the direct mechanism affecting
the Y chromosome is connected with higher fertility of
males. The age distribution of females and males, shown
in Figure 1. indicates that the sex ratio: females/males
at the reproduction age is of the order of 2. Thus, the
average fertility of males is much higher. To change the
sex ratio in the panmictic populations we have introduced
the bias into ”boy/girl” ratio at birth. To get the roughly
equal fractions of males and females at the reproduction
age, we have set the sex ratio at birth for 3/2. It does
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Fig. 2. Evolution of chromosomes in the XX/XY
system-panmictic population. Fractions of defective alleles
along the Y chromosome (upper plots) and along the X chro-
mosomes (lower plots) after different time of simulation.

not prevent the accumulation of defects in the Y chromo-
some (additional results are presented at our web page:
http://www.smorfland.uni.wroc.pl/XXXY/).

Mammals may live several years beyond the fer-
tility period. Thus, an implementation of menopause
and/or andropause could be a very important condi-
tion. Usually the upper age limit of fertility, called
menopause is clearlier seen in female subpopulation. An-
dropause – the corresponding upper age limit of male
fertility is not so clear or even disputable. The re-
sults of simulations with the implemented menopause
are shown in Figure 3. Menopause alone does not pre-
vent the shrinking of Y chromosome. The other re-
sults of simulations with andropause alone or with both,
menopause and andropause are presented at our web page:
http://www.smorfland.uni.wroc.pl/XXXY/. Neither of
those combinations affect the observed way of sex chro-
mosomes evolution. Further modifications of parameters
of simulations, like decreasing or increasing the thresh-
old T values do not influence the accumulation of defects
in the Y chromosome. That is why we have changed the
sexual behavior of individuals.

3.2 XX/XY system-faithful pairs

In the second version of simulations we have changed the
model only in one point; the male, after reproduction pro-
cess with one female, does not return to the total pool of
males in the population. This version gives similar results
to the simulations when males and females are “faithful to
death” which means that if a female at the reproduction
age finds a male at the reproduction age they both stay in
the same pair until the death and even the death of one
partner does not allow the surviving one for looking for
another partner. Now, the evolution of sex chromosomes

http://www.smorfland.uni.wroc.pl/XXXY/
http://www.smorfland.uni.wroc.pl/XXXY/
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Fig. 3. XX/XY system, panmictic population with
menopause (upper limit of female fertility) set for 12. All de-
scriptions like in Figure 1.

is significantly different than in the previous version, as
shown in Figure 4.

The age distribution and the mortality of both sexes
are similar. Also the distribution of defective genes along
the autosomes and both sex chromosomes is the same.
Comparing the results of the two simulations one can con-
clude that it is the difference in the strategy of reproduc-
tion which is responsible for the shrinking Y chromosome
and differences in the mortality of males and females. In
the first strategy, the reproduction potential of population
depends on the fraction of females at the reproduction
age in the population. The size of the fraction of males
is unimportant for the reproduction potential or even a
smaller fraction of males could be advantageous because
they contribute to the total size of population controlled
by the common Verhulst factor [9]. In the second version,
the fraction of both sexes are equally important for the
reproduction potential of the population. That is why se-
lection keeps the mortality of both, males and females at
the same level and any loss of information from Y chromo-
some increases the male mortality and is disadvantageous
for the reproduction potential of the population.

3.3 ZZ/ZW system

Evolution of sex chromosomes in the ZZ/ZW system is
different. In this system, like in birds, males are homoga-
metic and females are heterogametic. If the scenario of
chromosome evolution is similar to the XY system then,
females should be characterized by higher mortality and
the reproduction potential of the whole population would
decrease. Nevertheless, fraction of females directly decides
about the reproduction potential of population. To keep
the fraction of females high, the selection has to watch
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Fig. 4. XX/XY system - faithful pairs. All descriptions like
in Figure 1.
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Fig. 5. ZZ/WZ system - panmictic population. All descrip-
tions like in Figure 1.

the information of the W chromosome eliminating defects
from it.

The results of simulations (Fig. 5 and 6) show that the
age distributions of both sexes are similar. We have ob-
served variations in the fraction of defective genes along
the sex chromosomes but higher fraction of defects on
W chromosomes always corresponds to significantly lower
fraction of defects in the same locus on Z chromosomes
and vice versa. As a result, the age distributions and num-
bers of males and females in the population stay roughly
the same. The results are very interesting because in this
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Fig. 6. ZZ/WZ system-panmictic population. All descriptions
like in Figure 2.

strategy of sex determination the faithfulness of pairs is
not necessary to reach the equal fractions of males and
females. It could be a very important condition, because
the male bird is usually necessary during the whole period
of hatching and feeding the offspring in the most cases of
birds reproduction, even if eggs in the nest are not fertil-
ized by him.

4 Conclusion

One can conclude that Y chromosome is shorter than X
chromosome because females are promiscuous and seduce
the males even if they have been already successfully in-
volved in the reproduction process with another female.
Males have to pay for their feeble character with the higher
mortality. It does not mean that all males have to be en-
gaged into such unfaithful couples to reach the effect of
shrinking Y chromosome. In our studies of hybridogene-
sis (data not shown), where temporal clonal reproduction
of haplotypes can be observed (Y chromosome is clonally
replicating), the influx of only a few percent of recom-
bined haplotypes prevents the accumulation of defective
alleles in the genomes. By comparing the effects, we can
assume that even if only a few percent of population uses
the panmictic strategy, the effect of shrinking Y chromo-
somes should be observed. Our results confirm, in some
instances, the results of the Onody group [3] but in some
other points they are different. The Onody group modeled
the panmictic population, that is why they observed the
shrinking Y chromosome. Nevertheless, using the Penna
model they observed the specific compensation of defec-
tive alleles placed on the X and Y chromosomes. Such an
effect is characteristic for very low frequency of intrage-
nomic recombination (here the recombination between X

chromosomes in the process of the female gamete pro-
duction) [10,11]. If the recombination is low, the whole
genomes, not only the sex chromosomes, tends to comple-
ment the defective alleles, especially in the highly inbreed-
ing populations [12]. In fact, the Onody group switched off
totally the recombination between the sex chromosomes
in both homo- and heterogametic genomes. This forced
the complementation and could also affect the results of
the age distribution of both sexes. In the Heumann-Hötzel
model [13], modified by [14] they observed the same rela-
tions in size between the males and females subpopula-
tions as in our panmictic populations. Our results show
that the effect of shrinking the chromosome determining
the male heterogametic sex should be observed indepen-
dently of the pair of homologous chromosomes. If one of
them is marked by the sex determining gene (or group
of genes) it has to shrink. One can think that it should
enable easy transfer of sex determinants between pairs
of chromosomes. Nevertheless, there is a problem of the
dose compensation of information coded by the second sex
chromosome in the female genome (inactivation of one of
X chromosome in the female body cells [15]). The neces-
sity of this mechanism can stabilize the sex chromosome
pair.
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