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Figure 1 (A) Coloured scanning electron micrograph
of the human X (left) and Y (right) chromosomes.

%10 000 (B) Enhanced light micrograph of a normal
female karyotype. Both sexes share 22 pairs of auto-
somes, but females also have two X chromosomes
and males an X and aY.
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Iit's @ man thing

‘Is it a boy or a girl?’ is often the first
thing that everyone wants to know when
a baby is born. Sex is a fundamental
biological distinction between people,
and at its root is the one-track

Y chromosome.

umans have 46 chromosomes, and 44 of these
— the 22 pairs called autosomes — are
common to males and females. The other two
are known as the sex chromosomes. Females
have a pair of X chromosomes; males have only one
X chromosome and in addition the small and insignif-
icant-looking Y chromosome (see Figure 1). These
chromosomes get their names not from their shapes but
from their mysterious nature — their discoverers
named them after the ‘unknown’ terms of algebra.

Specialised for sex

The Y chromosome plays the key role in determining
male sex in mammals, including humans. The decision
is made early in the life of the embryo, when the undif-
ferentiated sex organs (gonads) have the potential to
become either ovaries or testes. In the absence of a
Y chromosome they follow their ‘default’ pathway,
differentiating into ovaries, which secrete the hormones
that cause female development. However, if a Y chromo-
some is present they become testes, secreting hormones
including testosterone that lead to male development.

It was realised nearly 50 years ago that the Y chromo-
some must carry a gene that triggers this developmental
decision, and in the 1990s it was identified. Two clear
pieces of evidence show that this gene does indeed
determine sex. One is an ‘experiment of nature’ — a
naturally occurring mutation. Very rarely, a person has
an X and a Y chromosome but instead of being male is
anatomically female. In some of these cases, the testis-
determining gene has undergone a mutation, such as a
substitution of one base for another, which abolishes its
function and leads down the default pathway of female-
ness.

The second piece of evidence comes from a geneti-
cally engineered mouse (see Figure 2). The mouse had
two X chromosomes, so should be female, but it was
engineered to carry a fragment of DNA containing the
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[image: image2.jpg]mouse version of the testis-determining gene. The
result, as the mouse immodestly displays, was anatom-
ically male, and with normal male behaviour — the
researchers named him ‘Randy’.

The Y is a one-track chromosome, doing one major
and essential job without which our species cannot
presently survive — making males and so enabling sex.
At the same time, females can happily do without a
Y chromosome altogether. This specialisation makes the
Y chromosome unique. All the other chromosomes are
essential, carrying genes whose protein products do
diverse and vital jobs in all our cells and organs, but no
other chromosome is devoted to any particular task.

The most obvious effect of specialisation on the
Y chromosome is its small size compared with the
X chromosome. Comparing sex chromosomes among
different animal species shows that this odd couple actu- ~ Figure 2 Randy, the mouse on the right, caries two X chromosomes but has
ally evolved from a homologous pair of autosomes  been genetically engineered to contain the mouse testis-determining gene and so
about 300 million years ago. One of the pair acquired an is anatomically male. On the left is a normal male mouse.
allele that allowed it to determine maleness, and this
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proto-Y chromosome then gradually lost genetic mat-
erial and diverged from its partner, with the proto-X
remaining relatively unchanged.

Crossing over and non-disjunction

During meiosis each autosome (and each X chromo-
some in a female) has a homologous partner with which
it pairs and crosses over (see Figure 3A). Crossing over
not only generates diversity among offspring by reshuf-
fling the combinations of alleles but is also necessary for
chromosomes to segregate reliably into the gametes. In
male meiosis there is a problem: the X chromosome is

are relatively common too, for example, XYY, XXX, and
even such extremes as XYYYY and XXXXX.

Why do these sex-chromosomal abnormalities have
such mild effects? Extra or missing autosomes cause
problems because of abnormal levels of proteins
produced from their genes. The Y chromosome’s
specialised role in sex determination means that it
carries very few genes for its size, so extra copies have
relatively little effect. The X chromosome, on the other
hand, carries about 1000 genes. Even in normal males
and females there is a potential problem: a man has
only one X but a woman has two. Does she produce

mismatched with the much smaller Y chromosome. The

solution is the preservation of a small region of  Figure 3 Chromosome pairing, segregation and non-disjunction. (A) Normal
homology where crossing over can still occur (Figure pairing and crossing over of an autosomal pair and of the X and Y chromosomes
3A). This region represents only about 5% of the length in male meiosis. (B) Non-disjunction leads to individuals with extra or missing sex

chromosomes.
of the Y chromosome, so the bulk never crosses over omosomes

with the X, passing down from father to son undis- IZI
turbed. This is another unique property of the Y chro-
mosome, and we will return to it when we consider its
usefulness in studying populations.

When crossing over occasionally fails, the result can ~ Pairing and
be non-disjunction. Instead of receiving one sex  crossing over

Autosomal pair Sex chromosomes in male

Pairing and
3 f % _—_I crossing over only

in small region

chromosome, a sperm receives none, or both (see ?hccoursho " Region
. o 3! . & rou u -
Figure 3B). Fertilisation by such a sperm can give either the Ieggth escaping from

a female who has one X but no Y chromosome (XO) crossing over
and suffers from Turner syndrome, or a male who has
an extra X chromosome (XXY; Klinefelter syndrome).
Turner syndrome females (one in 2500 female births)
are infertile, with short stature and other specific abnor-
malities (see Figure 4). Klinefelter males (one in 500
male births) are also infertile, with small testes and
sometimes breast development (Figure 4). Compared
with changes in the numbers of most autosomes, these
symptoms are very mild. The only numerical autosomal
abnormality observed among adults is Down syndrome,
caused by the presence of three copies of chromosome
21 — changes in the numbers of other autosomes are
invariably lethal before, or shortly after, birth. Although
we never observe individuals with the YO constitution, XX XY X0 XXY

because at least one X chromosome is essential for life, (Normal (Normal (Turner  (Klinefelter
other kinds of abnormal sex chromosome constitutions female) male) female) male)

Proper segregation Non-disjunction

Sperm
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[image: image3.jpg]Figure 4 Typical features of people with missing or extra X chromosomes. (left)
Tumer syndrome (XO) female, (right) Klinefelter syndrome (XXY) male.

Figure 5

A unique Chinese
pedigree showing
Y-linked inheri-
tance of deafness.
Note the single
deaf female whose
deafness has a
non-genetic cause
and the three
young males
(indicated with
arrows) who have
not yet developed
symptoms.
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twice as much protein from her X-linked genes as he
does? The answer is no, because a mechanism has
evolved to switch off almost all the genes on one X
chromosome and thus balance the amount of protein
produced between the sexes. This mechanism also acts
to silence any additional X chromosomes, leading to the
remarkable mildness of symptoms in carriers of as many
as five copies.

Y-linked diseases

It is fair to say that the most important gene on the
Y chromosome is the one that triggers testis develop-
ment. However, there are others, and we expect muta-
tions in them to show an obvious pattern of inheritance
in families: fathers should pass a Y-linked disease to
their sons, and there should be no affected females. The
‘hairy ears’ trait, where long hairs grow on the outer ear
rims, was reported to fit this pattern, and has long been
thought of as Y-linked. However, it now seems more
likely to be an autosomal dominant trait that is only
expressed in males — after all, men and women have
different patterns of natural hair growth, due to their
hormonal differences. Recently a family has been
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discovered in China in which males aged over 7 years
suffer from a form of deafness that is without doubt
linked to the Y chromosome (see Figure 5). This repre-
sents the only clear case of Y-linkage of an inherited
disease, and the responsible gene is now being sought.

The majority of Y-linked gene mutations are not
recognised at all in family studies, because their effect is
not heritable: it is infertility. Through evolution, the
Y chromosome has collected many genes with male-
specific functions that are expressed in the testis and
essential for spermatogenesis. Randy the mouse lacked
them, so he was infertile. About 5% of men are infertile
too, and in about 10% of these the cause is a mutation
on the Y chromosome, resulting in absence of sperm, or
low sperm count. These are large-scale chromosomal
mutations, rather than small-scale gene alterations, and
can delete more than 10% of the chromosome’s length.
Currently there are no effective treatments for this kind
of infertility, but understanding its molecular basis may
allow therapies to be developed in the future. Once a
couple knows the cause of their infertility, they can begin
to take appropriate decisions to allow them to have a
child, for example through in vitro fertilisation.
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[image: image4.jpg]Box 1 Male behaviour influences distributions of Y chromosome types

Some particularY chromosome types have spread widely and recently. The best example is found in Asia, where
a particular type is distributed from the Pacific to the Caspian Sea (Figure 7), representing perhaps 0.5% of
the world's total, and yet dates back only about 1000 years. We might imagine that such aY chromosome could
have spread so rapidly because of natural selection — perhaps it led to an increase in the fertility of the bearers.
However, it seems more likely that this is due to past male behaviour: the distribution of this Y type fits well
with the Mongol empire of Genghis Khan. This powerful ruler was born in Ab 1162, and established the largest
land empire in history. He and his close male relatives had many children, and his male-line descendants
continued to rule large areas of Asia for many generations.

In another example, one-third of the Y chromosomes of men of the Cook Islands, in eastern Polynesia in the
Pacific, are of European origin, reflecting the early contacts with European (male) sailors.
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Figure 6 Global
distribution of

Y chromosome
types.The tree at
the top shows the
relationships of 18
broad groups of Y
types, labelled A-R.
Pie charts on the
map below show
the distribution of
these groups in
indigenous popula-
tions of the world.
Note the strong
geographical differ-
entiation.

Genghis Khan

Figure 7
Distribution of
‘Khan"Y chromo-
some types in Asia.
The pink area shows
the extent of
Genghis Khan’s
empire in AD 1227.
The empty circles
show that the Khan
chromosome is
absent, which
demonstrates that
presence of the
chromosome corre-
lates with the extent
of the empire.
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The Y chromosome in populations

As noted above, most of the Y chromosome escapes
crossing over. Variants in its DNA sequence are therefore
passed from father to son without any reshuffling. New
variants sometimes arise, and tracing the patterns of
these variant-carrying Y chromosomes in different
populations has proved a powerful way to study the
history of the human species.

Most of the variants studied are simple substitutions
of one base for another. The rate of these kinds of
changes is extremely low, so when two men share a
particular variant, we can be certain that they inherited
it from a common male ancestor. These variants allow us
to construct a phylogenetic tree relating Y chromosome
types (see Figure 6). The different types show particular
geographical distributions, reflecting past migrations, and
the past mating behaviours of men (see Box 1).

Other kinds of variation
change much more rapidly,
and involve alterations in
numbers of short

repeated motifs of DNA

bases — this is similar to the
kind of autosomal variation examined in DNA finger-
printing. These Y variants find application in the forensic
analysis of male-specific DNA fingerprints. They are
particularly valuable in rape cases, where mixtures of
male and female DNA are encountered, since they allow
the easy analysis of the male-specific component. More
recently, they have been used to show that men who
share a rare surname, such as Attenborough, are likely
to share the same kind of Y chromosome fingerprint.
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They inherit both their surname and their Y chromo-
some from a shared male ancestor — possibly the first
man who adopted the name, about 700 years ago.

Things to do

P Visit the websites www.turnersyndrome.or¢ and
www.klinefeltersyndrome.org to learn about the effects of
extra or missing sex chromosomes. Discuss the problems
and prejudices that individuals and their families may
face.
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of Leicester. He uses human genetic diversity (focusing
on the Y chromosome) to address questions about human
history and prehistory, and also studies processes of
change within the human genome.

KEYpoints

® Humans have 46 chromosomes — 22 pairs of auto-
somes and two sex chromosomes, XX or XY.

® The Y chromosome plays a key role in determining
male sex. )

® During meiosis, crossing over in sex chromosomes
sometimes fails.

® This can result in non-disjunction, producing XO or
XXY offspring showing a range of abnormalities.

® Mutations on the Y chromosome can cause males to
be infertile.
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