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Light micrograph
of lily pollen at
the end of the
first meiotic divi-
sion, stained so
that the chromo-
somes appear
pink. (x 2400)
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Cell division by meiosis is vital in the life cycle of sexually reproducing plants and
animals. It halves the normal number of chromosomes, and creates new versions of
chromosomes by recombining parental genes. What mechanisms underlie these
processes and what happens if something goes wrong?

he old barn is full of people tonight. The folk

band strikes up and the caller shouts, ‘Take

your partner!” The couples dance to his

commands. ‘With your partner form a line
down the middle of the floor...let your partner go. Now
dance to opposite ends of the room...” Although we
don’t know how many people came to the dance, we
do know that half the dancers are now at one end of
the room and half are at the other. This is the strategy
used by cells during the first division of meiosis, when
the number of chromosomes in a nucleus is divided
into two equal halves (see Box 1).

But, while the barn dancers obey a caller’s
commands, what causes the chromosomes to behave as
they do during the first meiotic division? Research into
the molecular biology of cell division is beginning to
throw light on some of the mechanisms of meiosis. It
turns out that the whole process relies heavily on those
most versatile of molecules — proteins.

Chromosomes and chromatids

When meiosis begins, the chromosomes have already
replicated but they are not yet paired. The two identical
replicas of each chromosome are known as sister chro-
matids. So, each homologue (see Box 1) is made up of
two sister chromatids, held tightly together. A chro-
matid is one long double helix of DNA. In human cells,
the length of one of these molecules ranges from 1.7 cm
to 8.5 cm, yes, centimetres! That adds up to 2 metres of
DNA in the 46 replicated chromosomes in a human
cell. Of course, the diameter of a DNA molecule is
extremely small — just 2nm (two millionths of a
millimetre). It can all be packed into a nucleus because
each molecule is tightly coiled and wrapped around
beads of protein. DNA plus protein forms a chromatin
thread.

At the beginning of meiosis, the two identical sister
chromatids become joined together along their length by
a fibre made of proteins. This joining of sister chro-
matids must not be confused with the pairing of
homologous chromosomes. Sister chromatids stay
together from the time they are formed by DNA
replication before meiosis starts, until the time when
they are separated during the second meiotic division.
On the other hand, homologous chromosomes come
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[image: image2.jpg]Box 1 An outline of meiosis

In animals, meiosis takes place in the testes and ovaries; in
flowering plants it occurs in the stamens and ovaries. The chro-
mosomes in the cells that undergo meiosis are copies of the
chromosomes in the zygote from which the plant or animal
developed. Half of these were donated by the organism’s male
parent and half by its female parent. So, in a zygote, for every
chromosome that came from the mother, there is a matching
one that came from the father. In other words, a zygote
contains two matching sets of chromosomes.

Chromosomes that form a matching pair are described as
homologous; each one is called a homologue. In each pair there
is a paternal homologue (from the father) and a maternal homo-
logue (from the mother). In mitosis — the type of cell division
that increases the number of cells in the body — all the

chromosomes remain separate. In meiosis, homologous
chromosomes pair up, and the two together are called a bivalent.

While the chromosomes are pairing, a barrel-shaped structure
made of protein fibres forms and comes to occupy most of the
cell. This is called the spindle. The nuclear envelope disintegrates
and the bivalents become arranged around the middle of the
spindle. The homologous chromosomes then separate and go
to opposite ends of the cell. So, at the end of the first division
of meiosis (meiosis 1), we have one complete set of chromo-
somes at one end of the cell and another complete set at
the other end. Each set is a mixture of maternal and paternal
homologues.

All the chromosomes still consist of two chromatids which only
separate in the second division (meiosis 1), the stages of which
are similar to mitosis.
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The DNA has already The spindle starts to The spindle is complete Homologous There is one complete set of
replicated and each form. Homologous and the nuclear envelope chromosomes chromosomes at each end of
chromosome consists chromosomes pair has disintegrated. The start to separate the cell. The two cells resulting
of two chromatids. and exchange DNA. bivalents are arranged from each other. from meiosis | are therefore
The cell contains two around the middle of the haploid. Meiosis Il separates
sets of chromosomes. spindle. the chromatids, forming four
haploid cells.

together near the start of meiosis and are separated near
the end of the first meiotic division. The protein fibre
that holds sister chromatids together is called the axial
element. The chromatin thread of each chromatid

may have a slightly different sequence. These small
differences have no effect on the pairing ability of homol-
ogous chromosomes.

As you can see from Figure 1, most of the DNA is in

forms loops. The base of each loop is attached to the
axial element. Both chromatids attach to the same side
of the axial element. This means that the chromatids are
held very closely together and even when viewed with
a transmission electron microscope, they are not visible
as separate structures.

the loops and is separated from the DNA of the other
homologue by more than 100 nm. The base pairs of one
chromatid do not align with all the base pairs along the
whole of a non-sister chromatid. But base pair-base
pair matching does occur to some extent, most likely

The axial element that holds

two sister chromatids together
forms one of the lateral elements
of the synaptonemal complex

Thin protein filaments
form part of the
synaptonemal complex

How homologous chromosomes pair
How a chromosome finds its partner to form a bivalent
(see Box 1) is still a mystery. Somehow, the axial
elements of homologous chromosomes become aligned
with each other. Then, this pairing is cemented by the
formation of protein filaments linking the two axial
elements along their bare sides, rather like the rungs
holding the sides of a ladder together. The process of
sticking the homologues tightly together is called
synapsis and the ladder-like protein structure holding
them is called the synaptonemal complex (see Figure 1).
Although homologous chromosomes look similar,
they are not identical. The two homologues are copies of
chromosomes donated by the parents of the organism in
which meiosis is occurring — one from the mother and
one from the father. At each gene locus, one homologue
has one sequence of bases while the other homologue

Loops of chromatin
of two sister
chromatids make
up one homologous
chromosome

Figure 1 Paired homologous chromosomes are held
together by a synaptonemal complex.
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where the DNA is embedded in the protein
of the synaptonemal complex.

The four chromatids making up the
bivalent cannot be seen as separate struc-
tures until the synaptonemal complex
breaks down and the homologues separate
slightly. Then, the bivalent is held together
at one or more points where non-sister
chromatids seem to be joined. These points
are called chiasmata (see Figure 2).

In male mammals, the X and Y chromo-
somes are not homologous. They do not
look similar, nor do they have similar base
sequences for most of their length. But there
is a region at one end of both chromosomes
that is similar. In males, a synaptonemal
complex and at least one chiasma forms
here. In females, the two X chromosomes
are homologous and pair with each other in
the usual way.

Crossing over and chiasmata

Figure 2 This bivalent Chiasmata are essential for holding the biva-
has three chiasmata. Three lent together while it is shuffled around.
recombination events Think back to the couples in the barn dance,
have occurred, each one holding hands. If the partners fail to hold
between different non- hands until told to let go, they may lose
sister chromatids.

each other and finish up at the same side of

the room. A similar problem occurs if chro-
mosomes fail to form chiasmata. So what causes them
to form?

Scattered along the synaptonemal complex are
dense regions, like footballs on a ladder. Tool-bags might
be a better analogy, as these regions are thought to
contain the cell’s own genetic engineering tools —

Box 2 Crossing over

The cut-and-paste event called crossing over involves a
very small region within the synaptonemal complex. It
can occur almost anywhere along a pair of homologous
chromosomes, resulting in an infinite number of possible
versions of a chromosome. The diagrams show how
crossing over is thought to happen.

Crossing over does not involve any large-scale move-
ment of the ends of chromatids as is sometimes implied
in diagrams. Genetic crossing over is nothing like the
action of crossing one's legs!

DNA of two
non-sister chromatids

Single strands break
and join, followed
by a twist

Another twist...

enzymes responsible for cutting and joining DNA. While
the chromosomes are paired, one enzyme cuts the DNA
on adjacent strands of two non-sister chromatids. Then
another enzyme joins them together but the cut ends of
one molecule become joined to the cut ends of the other
molecule. The outcome is that the two non-sister chro-
matids exchange a piece of DNA. This exchange is called
homologous recombination (see Box 2). It is also
called crossing over because a piece of DNA has crossed
over from one homologue to the other. Remember that
none of this can be seen, because it happens while the
homologues are stuck tightly together. It is only
when the synaptonemal complex disintegrates and the
chromatids separate slightly that the result of each
recombination event is visible as a chiasma.

Several recombination events can occur between
any two non-sister chromatids. In mammals, there is
always at least one chiasma per bivalent and up to four
chiasmata in the largest bivalents.

Kinetochores and microtubules

In the DNA molecule of a chromatid, there is a special
sequence of base pairs at which it remains attached to
its sister chromatid after the synaptonemal complex has
disintegrated. This region is called the centromere (see
Box 3).

The centromere is not only the point of attachment
of chromatids; it also acts as the focus for the formation
of a kinetochore. This is a disc-like structure attached
to the centromere and is made of several different kinds
of protein. The function of the kinetochore is to capture
the ends of spindle fibres and then haul itself
along them, dragging the attached chromatids. Before
describing how this happens, we must look at the
structure of the spindle fibres.

Right

Wrong

Recombined
chromatids

brings the other two
strands together;
these then break
and join
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[image: image4.jpg]In anaphase of the second division of
meiosis, shown here in a bluebell
cell, the chromosomes are
clearly visible. (x 4400)
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Spindle fibres are
microtubules. They are
not made from fibrous
proteins but are hollow
tubes formed from
globular proteins called
tubulin (see Figure 3).
Microtubules can grow
or shrink by the addition
or removal of tubulin
molecules at both ends. One
end is anchored at one of the
poles of the spindle and the free
end moves continuously backwards
and forwards, as if fishing for a kineto-
chore.

Just before the nuclear envelope breaks down,
kinetochores form at the centromeres of the paired
chromosomes. One functional kinetochore forms on
the outer side of each pair of chromatids. Disintegration

TERMS explainea

Axial element A protein fibre that holds sister chro-
matids together along their whole length. It becomes
part of the synaptonemal complex and disintegrates
before the nuclear envelope breaks down.

Centromere The region where two sister chromatids
are held together until the second meiotic division. It
is also the region where the kinetochore forms.

Chiasma (plural, chiasmata) A point where chro-
matids appear to be crossed.

Crossing over (also called homologous recombina-
tion) The process by which DNA from one chromo-
some becomes attached to the other homologue.

Homologue One of a pair of chromosomes that have
similar base sequences.

Kinetochore A disc-shaped protein structure that
forms at the centromere of each chromatid. In the
first division of meiosis, the two kinetochores on a
pair of sister chromatids function as a single unit.

Non-sister chromatids Two chromatids, one from
each of a pair of homologous chromosomes. They do
not have identical base sequences.

Sister chromatids The two identical replicas formed
when the DNA molecule of a chromosome undergoes
semi-conservative replication. While they remain
joined together, two sister chromatids can be called a
chromosome.

Spindle A barrel-shaped structure formed from
microtubules. The top and bottom are called the poles.
The microtubules radiate from these. In animal cells,
the microtubules appear to originate in small
organelles called centrioles. The fattest part around
the middle of the spindle is called the equator.
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of the nuclear envelope exposes the
chromosomes to the spindle fibres.
As these microtubules advance
and retreat through the cyto-
plasm, sooner or later the end
of a microtubule hits a kine-
tochore and attaches to one
of the kinetochore proteins.
This causes the kinetochore

to be pulled round to face
one pole. The kinetochore
on the homologous chro-
mosome now faces the
opposite direction where it
is in a position to capture a
microtubule from the opposite
pole. Both kinetochores capture
more microtubules. Tubulin mole-
cules continue to be added and removed
at both ends of the microtubules until the
fibres attaching both kinetochores to the poles become
the same length. This results in all the bivalents

becoming suspended around the spindle midway  Figure 3
between the poles — at the spindle equator. Spindle fibres are
Some proteins in the kinetochore retain a hold on ~ microtubules.

the microtubules while other kinetochore proteins, ~ They are cylin-

ders made from
polymers of a
protein called
tubulin. This
microtubule is
growing. Tubulin
is being added at
both ends.

called depolymerases, remove tubulin molecules from
the microtubule tips. As the microtubules shorten, the
two kinetochores, one on each homologous chromo-
some, reel themselves in towards opposite poles. In this
way, homologous chromosomes separate from each
other (see Figure 4).

All this intricate manoeuvring is achieved without
any sense of purpose on the part of the chromosomes.
Their behaviour is a purely mechanical process. If it
goes wrong, there are usually unfortunate conse-
quences.

Figure 4 A pair of Microtubules
chromatids being
pulled towards one
pole of the spindle
by microtubules.
The removal of
tubulin molecules
causes the micro-
tubules to shorten.

Box 3 CeMmmeiés

Textbook diagrams often show the centromere
as a blob, but this is misleading because under a
microscope, it appears as a cOn'striction.f

A centromere is part of the DNA molecule that makes
up a chromatid. The base sequence in centromeres differs
between species and even betWéen chromosomes within a cell, but it
always consists of a block of base pairs repeated over and over. In humans,
the block is 171 base pairs long and may be repeated from 1500 to more
than 30000 times in different chromosomes. Centromeric DNA does not
itself code for protein, but it forms a complex with proteins that act as a
kind of glue, binding chromatids together in this region. Sister chromatids
remain connected at the centrbmere throughout the first meiotic division.

Kinetochore
Centromere

Chromatids

Chromatids

Centromere

e o]

Chromosome
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Websites

A simple animation of meiosis:

www.dac.neu.edu/biology/
c.ellis/gen5/meio2dan.html

An excellent animation of meiosis,
taking about 20 minutes to download:
www.whfreeman.com/iga/content/
instructor/password/content/ani/
ig03an03.htm

An animation showing the capture of

microtubules:

wwwmc.bio.uva.nl/mistfog/
animation.html

An animated model of recombination:

engels.genetics.wisc.edu/
%leollig:ay/indexhlml
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When chromosomes fail to separate properly during
meiosis in animals, an egg or a sperm gets one chro-
mosome too many or one too few. It may surprise you
to learn that at least 8% of all human zygotes have
extra or missing autosomes (chromosomes other than X
and Y). All embryos with an autosome missing are spon-
taneously aborted, as are the majority of those with
three copies of an autosome, a condition called trisomy.
Recent research indicates that
the most common cause of
trisomy is the failure of chromo-
somes to separate in the first
meiotic division in the mother.
Only three types of autosomal
trisomy are compatible with
survival of the fetus to full term.
These are trisomy of chromo-
some numbers 13, 18 and 21.
Babies with trisomy 13 or 18
suffer many abnormalities and
do not usually survive for very
long after birth. On the other
hand, individuals with three
copies of one of the smallest
human autosomes, chromosome
21, usually survive well into
adulthood. You are probably
familiar with the alternative
name for trisomy 21 — Down's syndrome (see BIoLOG-
ICAL SCIENCES REVIEW Vol. 10, No. 5, pp. 11-15).

Extra or missing copies of sex chromosomes have far
less serious consequences than abnormal numbers of
autosomes. 50% of us survive with no Y chromosome
and the other 50% suffer no ill consequences arising
from having only one X! You have probably seen at
least one female with three X chromosomes or with

ADDENBROOKS HO!

In this FISH image (see BioLoGIcAL SciENces Review Vol. 11,
No. 2, pp. 11-14) chromosome 21 has been tagged with a
label that fluoresces pink.Three copies in each nucleus
indicate trisomy 21.

Amniocentesis involves the withdrawal of cells from the
amniotic fluid around an embryo (seen on the scanner
display in the background). Analysis of the cells can
reveal chromosomal abnormalities such as trisomy 21
(three copies of chromosome 21), which causes Down's
syndrome.

only one, or a male who is XXY or XYY, and you may
not have noticed anything unusual about them.
Nevertheless, the great majority of embryos with an
abnormal chromosome number do not survive. Chro-
mosomal abnormalities of all kinds account for over
50% of human pregnancy loss. Do not believe anyone
who tells you that natural selection in humans has been
overcome by medical science. This is natural selection at
its most uncompromising.

Things to do
Make a list of all the different functions of proteins
mentioned in this article. You should be able to find
at least nine.
Using books on medical genetics or human genetics,
find out about the frequency of occurrence and the
physical effects of abnormalities in the number of sex
chromosomes.

Dr Lynn Burnet has had many years’ experience as a
senior examiner at A-level. She is the author of Essential
Genetics and Exercises in Applied Genetics, both
published by Cambridge University Press

points

e During the first division of meiosis, the chromosome
number is halved.

e This is achieved by the pairing and then separation of
homologous chromosomes.

e While chromosomes are paired, they exchange
sections of DNA.

o Different proteins control every aspect of the mech-
anisms involved.

e The mechanisms seldom fail, but when they do the
consequences can be fatal.
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