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S
ex chromosomes evolved from a
pair of autosomes, independently,
in various phyla at different times.

After the appearance of the gene in-
volved in heterogametic male (XY)
determination on the ancient Y chromo-
some, extensive recombination sup-
pression evolved between ancient sex
chromosomes. Theoretically, the ancient
Y chromosome then suffered from
a rapid accumulation of deleterious
mutations and loss-of-function genes
(Charlesworth et al., 2005). As a result,
‘gene deserts’ or gene-poor heterochro-
matin regions became distributed over
the Y chromosome. As it is the fate of Y
chromosomes to become inert and
therefore, disappear from the male
genome at some point in the future,
they must be pitied.

Junk DNA, including transposable
elements (TEs) and non-coding repeti-
tive sequences, has been widely noted
as an evolutionary force for producing
novel gene function, and inducing
chromosome rearrangements and gen-
ome diversification (Biemont and Vieira,
2006). Accumulation of these junk DNA
sequences also contributes to the pro-
duction of the gene deserts found in the
Y chromosome. Kejnovskỳ et al. (2008)
have recently discussed the potential
for junk DNA accumulation to start at
an early stage in the evolution of sex
chromosomes. Both past cytogenetic
analyses and recent genome projects
have revealed that many animal Y
chromosomes have more abundant het-
erochromatin derived from repetitive
sequences compared with X chromo-
somes and autosomes. Accumulation of
repetitive sequences induces abnormal
recombination and chromosome breaks.
Thus, junk DNA accumulation may
well be a factor in the generation of
differences in morphology and size
observed between X and Y chromo-
somes; for example, in both the fruit fly
Drosophila melanogaster and in humans,
the Y chromosome is drastically smaller
than the X chromosome. The hetero-
chromatic regions distributed over more
than half of the human Y chromosome
originated B300 million years ago
(m.y.a.), and the D. melanogaster Y

chromosome, which was formed at least
60 m.y.a., has become almost entirely
heterochromatic (Adams et al., 2000;
Skaletsky et al., 2003). The Neo-Y chro-
mosome of Drosophila miranda formed
by a Y-autosome fusion only 1.2Bm.y.a.
still harbors many functional genes.
Even in this much younger Y chromo-
some, there is a more than 20-fold
greater accumulation of repetitive se-
quences, mainly transposable elements,
compared with that in the X chromo-
some (Bachtrog et al., 2008). These
findings in animal species show that
the accumulation of junk DNA is an
important step in promoting the mor-
phogenesis of sex chromosomes.

Junk DNA accumulation on Y chro-
mosomes has been believed to be a
symptom of Y-chromosome degenera-
tion. Insertion of repetitive sequences
into coding genes and regulatory
regions induces alteration in the genes’
functions and results in gene loss.
However, there is no correlation be-
tween the insertion of the transposable
element and gene dysfunction on the Y
chromosome of D. miranda (Bachtrog
et al., 2008). Moreover, the rate of gene
gain on the Drosophila Y chromosome—
using the sequences of 12 species—is
more than 10 times the rate of gene loss,
in contrast with the mammalian Y
chromosome (Koerich et al., 2008). The
contradiction between gene acquisition
and accumulation of highly repetitive
sequences on the Drosophila Y chromo-
somes, indicates that junk DNA accu-
mulation is not always directly
connected with Y chromosome degen-
eration.

To answer the question of how sex
chromosomes are formed and evolve,
we should survey more sex chromo-
somes in different taxa, including
plants. The majority of plant species
does not have sex chromosomes,
making dioecious species (with male
and female functions on separate
plants) a minority, in contrast to
animals. However, plant sex chromo-
somes have been found from moss to
flowering plants, including familiar
crop species, such as asparagus,
hop, kiwi fruit, papaya and spinach

(Matsunaga and Kawano, 2001). The
ancient Y chromosome in the liverwort
Marchantia polymorpha is small and
largely heterochromatic (Yamato et al.,
2007), whereas most Y chromosomes in
flowering plants are the largest chromo-
somes in male genomes and many plant
sex chromosomes are morphologically
indistinguishable (Matsunaga, 2006;
Jamilena et al., 2008). Why do sex
chromosomes in flowering plants seem
to retain their primitive characteristics
similar to a pair of autosomes? One
possible answer is that the plant sex
chromosomes are evolutionarily very
young. Thus, the study of sex chromo-
somes in flowering plants may allow us
to catch a glimpse of the early stages of
the genetic separation between males
and females. For example, it will give us
the opportunity to study the problem
of whether junk DNA accumulation
occurs before or after gene degeneration
on Y chromosomes (Marais et al.,
2008).

Kejnovskỳ et al. (2008) reported
that the accumulation of repetitive
sequences was generally found in the
evolutionarily young plant Y chromo-
somes. The papaya Y chromosome is
the youngest in plants, having diverged
from the X chromosome only 2–3 m.y.a.
(Liu et al., 2004). Even in such young Y
chromosomes, the accumulation of re-
petitive sequences and heterochromati-
nization can be detected.

The White Campion, Silene latifolia, is
a flowering plant whose sex chromo-
somes were first discovered in 1923; the
Y and X chromosomes are the largest
and second-largest chromosomes of the
male S. latifolia (Figure 1), respectively.
The Y chromosome evolved in the Silene
genus 10–20 m.y.a. through chromoso-
mal inversion (Armstrong and Filatov,
2008). There is a large accumulation of
microsatellites derived from repetitive
sequences on the young and large Y
chromosomes, whereas transposable
elements were found to be uniformly
distributed along both sex chromo-
somes. Interestingly, chloroplast DNA
also preferentially inserts into the Y
chromosome. These studies strongly
suggest that the accumulation of repeti-
tive sequences is a crucial and common
event in the early process of formation
of plant and animal sex chromosomes,
although the level of accumulation and
types of repetitive sequences are varied.
However, there is another possible
plant-specific function of repetitive
sequences during sex chromosome
evolution because, unlike animals,
plant genomes have increased through
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repetition by whole genome duplication
with amplification of repetitive se-
quences. Such junk DNA accumulation
could contribute to increasing the size of
plant Y chromosomes and keep the
largest amount of DNA in the male
genome. A more detailed investigation
of young sex chromosomes in flowering
plants promises new insights into fun-
damental issues of the birth and evolu-
tion of sex chromosomes.
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Figure 1 The large X and Y chromosomes in Silene latifolia. Yellow signals represent
subtelomeric repetitive sequences. The right upper and lower flowers of S. latifolia are male
and female with XY and XX chromosomes, respectively. The color reproduction of this figure
is available on the html full text version of the manuscript.
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