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 5 The eukaryotic cell cycle and cell division4

5.1 Chromosomes, cell division and the 
cell cycle
New cells arise by division of existing cells. In this process, the first step is for the 
nucleus to divide. The cytoplasm then divides around the daughter nuclei. 

Cell division in unicellular organisms
Unicellular organisms grow quickly under favourable conditions. They then divide 
into two. This cycle of growth and division is repeated rapidly, at least whilst 
conditions remain supportive.

Prior knowledge

In this chapter you will need to recall that:
➜ all cells arise from the division of a pre-existing cell
➜ the chromosomes of a eukaryotic cell contain its genetic information
➜ prior to cell division, a cell makes a copy of each of its chromosomes
➜ there are two types of cell division in eukaryotic cells – mitosis and meiosis
➜ mitosis is a type of cell division that occurs during growth, repair and replacement of cells
➜ a cell that divides by mitosis produces two daughter cells that are genetically identical to 

each other and to itself, i.e. it produces clones
➜ a cell that divides by meiosis divides twice and produces four daughter cells that are not 

genetically identical to itself or to each other
➜ the four daughter cells produced by meiosis have half the number of chromosomes as the 

parent cell. Each also contains a combination of alleles that is different from the other 
three daughter cells.

Test yourself on prior knowledge

1 Name the process by which copies of chromosomes are produced.

2 Name one place in your body where mitosis regularly occurs.

3 Read the following statements about mitosis. Not all of them are true. 
Identify the true statement/s.

A All cells can undergo mitosis.

B The number of chromosomes is the same in a cell after mitosis as it was 
before mitosis.

C Copies of chromosomes are made during mitosis.

D Copies of chromosomes are separated during mitosis.

4 In Question 3, you will have identified one or more statements as untrue. 
Explain why they are untrue.

5 Where in your body does meiosis occur?

 5
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Cell division in multicellular organisms
In multicellular organisms the life cycle of individual cells is more complex. Here, life 
begins as a single cell that grows and divides, forming many cells. These eventually 
make up the adult organism. Certain of these cells retain the ability to grow and 
divide throughout life. They are able to replace old or damaged cells. However, 
the majority of cells of multicellular organisms become specialised. Most are then 
unable to divide further.

Chromosomes – a reminder
The role of the nucleus is to control and direct the activities of the cell. The 
‘blueprint’ or instructions for the structure and functioning of the cell are held 
within chromosomes. These uniquely:

l control cell activities
l are copied before cells divide
l are passed into new individuals when sex cells fuse together in sexual reproduction.

So, the nucleus contains the chromosomes of the cell, and the chromosomes contain 
the coded instructions for the organisation and activities of the cell and for the 
whole organism. It is on these structures that we focus first.

At the time a nucleus divides the chromosomes become compact, much-coiled 
structures. Only in this condensed state do the chromosomes become clearly visible 
in cells, provided they have been treated with certain dyes, At all other times the 
chromosomes appear dispersed as a diffuse network called chromatin.

The information that the nucleus holds on its chromosomes exists as a nucleic acid 
called deoxyribonucleic acid (DNA). DNA is a huge molecule of two paired 
strands in the form of a double helix (Figure 4.12). This enormously long DNA 
molecule runs the full length of each chromosome, and associated with it are histone 
proteins.

Check-up on the structure of DNA now.

There are six features of the chromosomes of organisms that are helpful to note at 
the outset:

1: The shape of a chromosome is characteristic
Chromosomes are long, thin structures of a particular fixed length. Somewhere 
along the length of the chromosome occurs a characteristically narrow region called 
the centromere. A centromere may occur anywhere along the chromosome, but 
it is always in the same position on any given chromosome. The position of the 
centromere, as well as the length of a chromosome is how they are identified in 
photomicrographs.

2: The number of chromosomes per species is fixed
The number of chromosomes in the cells of different species varies, but in any one 
species the number of chromosomes per cell is normally constant. For example, the 
mouse has 40 chromosomes per cell, the onion has 16, humans have 46 and the 
sunflower has 34. These are the chromosome number for the species. Please note 
that these are all even numbers. We refer to the number and type of chromosomes 
in a cell as its karyotype.

Key term

Centromere A narrow 
region occupying a 
specific position on each 
chromosome. Following 
DNA replication, the 
centromere temporarily 
holds together the 
two copies of each 
chromosome.

Key term

Karyotype The number 
and type of chromosomes 
in the body cell of an 
organism.
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3: Chromosomes occur in pairs
The chromosomes of a cell occur in pairs of homologous chromosomes. The 
word homologous just means ‘similar in structure’. One of each pair came originally 
from one parent and the other from the other parent. So, for example, a human has 
46 chromosomes, 23 coming originally from each parent in the process of sexual 
reproduction. This is why chromosomes occur in homologous pairs. Cells in which 
the chromosomes are in homologous pairs are described as diploid. We represent 
this as 2n, where the symbol ‘n’ represents one set of chromosomes.

The chromosomes of a diploid cell are shown in the photomicrographs in  
Figure 5.1. Here, chromosomes of a human male are shown at an early stage of 
the nuclear division called mitosis. In the right-hand image the chromosomes 
have been cut out from a second photographic copy. The homologous pairs are 
arranged in descending order of size and then numbered. A photograph of this 
type is called a karyogram. It is prepared and can be used by genetic counsellors 
(in conjunction with other techniques) to detect the presence of abnormalities in a 
patient’s chromosomes, such as Down’s syndrome.

In the karyogram you can see that the final pair of chromosomes is not numbered. 
Rather, one is labelled X and the other Y. These are known as the sex chromosomes 
as they decide the sex of the individual – a male in this case. We will return to this 
issue later. All the other chromosomes (pairs numbered 1 to 22) are called autosomes.

Figure 5.1 Chromosomes as homologous pairs (seen during nuclear division)

4: Chromosomes hold the hereditary factors, called genes
The chromosomes are effectively a linear series of genes. A gene is a unit of 
inheritance. We define a gene as part of a DNA molecule – a sequence of nucleotides 
that codes for a polypeptide. Why the gene is defined by its chemical structure and by 
its role in the working cell will become clear later in this chapter.

Key terms

Homologous 
chromosomes A pair of 
chromosomes in a diploid 
cell that have the same 
shape and size. More 
importantly, they carry 
the same sequence of 
gene loci, although not 
necessarily the same 
alleles of each gene.

Diploid (represented 
as 2n) A eukaryotic cell 
is said to be diploid if 
it contains two copies 
of each chromosome. 
In sexually reproducing 
organisms, one copy 
comes from each parent.

Autosome Any 
chromosome other than a 
sex chromosome.

Key term

Gene A sequence of DNA 
nucleotides that encodes 
the sequence of amino 
acids in a polypeptide.

images of chromosomes 
cut from a copy of this 
photomicrograph can be 
arranged and pasted to 
produce a karyogram

chromosomes arranged as homologous pairs in 

descending order of size

human chromosomes of a male
(seen at the equator of the spindle 
during nuclear division)

homologous 
chromosomes

each chromosome has been 
replicated (copied) and 
exists as two chromatids 
held together at their 
centromeres
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We have noted that a diploid cell has two sets of chromosomes called homologous 
pairs – one from each parent. Thus there are two copies of each gene. These 
copies lie in the same positions or loci on the two homologous chromosomes  
(Figure 5.2). These copies of a gene are called alleles. This name is a shortened form 
of ‘allelomorph’, which means ‘alternative form’.

The two alleles may carry exactly the same ‘message’. A diploid organism that has 
the same allele of a gene on each chromosome of a homologous pair is described as 
being homozygous for that characteristic. Alternatively, the two alleles may carry 
different messages. A diploid organism that has different alleles of a gene on each 
chromosome of a homologous pair is said to be heterozygous for that characteristic.

Figure 5.2 Introducing genes and their alleles

5: Chromosomes are copied
Between nuclear divisions, whilst the chromosomes are uncoiled and cannot be 
seen, the cell makes a copy of each chromosome. This copying process occurs in the 
cell before nuclear division occurs. The two identical structures formed are called 
chromatids (Figure 5.3). The chromatids remain attached by their centromeres 
until late in nuclear division. Then the centromeres divide and the chromatids 
separate. After this separation, the chromatids are referred to as chromosomes again. 

Of course, when chromosomes copy themselves the critical event is the copying of the 
DNA double helix that runs the length of the chromosome. This is known as replication 
of the DNA. We will discover how this replication process is brought about shortly.

Key terms

Locus (plural loci) The 
position that a particular 
gene occupies on a 
specific chromosome.

Allele One of two or more 
different forms of the 
same gene. Alleles of the 
same gene have slightly 
different nucleotide 
sequences. 

Homozygous and 
heterozygous A diploid 
cell has two copies 
of each gene, one on 
each of its homologous 
chromosomes. If the two 
copies are the same allele 
of the gene, the individual 
is said to be homozygous 
for the characteristic 
determined by the gene; 
if the two copies are 
different alleles, the 
individual is said to be 
heterozygous.

Key term

Chromatid Following DNA 
replication, a cell has 
two copies of each of its 
chromosomes. When these 
become visible during cell 
division and can be seen 
to be held together by 
their centromeres, they are 
briefly called chromatids.

The loci are the positions along the chromosomes
where genes occur, so alleles of the same gene
occupy the same locus.

gene – a specific length of the DNA of the 
chromosome, occupying a position called a 
locus

alleles of a gene (allele is the short form 
of ‘allelomorph’ meaning ‘alternative 
form’)

at these loci the genes are 
homozygous (same alleles)

at this locus the gene is heterozygous 
(different alleles)

chromosome – a linear sequence of
many genes, some of which are shown
here

centromeres

loci

chromosomes exist in pairs
– one of each pair came originally
from each parent organism

A a

C C

F F

j j

M m
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6: The chemical composition of chromosomes
We have already noted that each chromosome consists of a macromolecule of DNA 
in the form of a double helix. This runs the full length of the chromosome and is 
supported by proteins. About 50 per cent of a chromosome is built of proteins, in 
fact. Some of these proteins are enzymes that are involved in copying and repair of 
DNA. However, the bulk of chromosome protein has a support and packaging role 
(Figure 5.4).

5.2 Chromosomes and the cell cycle
The cell cycle is the sequence of events that occurs between one division and the 
next. It consists of three main stages: 

l interphase
l nuclear division
l cell division (also called cytokinesis).

The length of the cycle depends partly upon conditions external to the cell, such as 
temperature, supply of nutrients and oxygen. Its length also depends upon the type 
of cell. For example, in cells at the growing point of a young stem or of a developing 
human embryo, the cycle is completed in less than 24 hours; the epithelial cells that 
line the gut typically divide every 10 hours; liver cells divide every year or so. Nerve 
cells never divide again once they have differentiated. Here, the nucleus remains at 
interphase. In specialised cells such as these the genes, other than those needed for 
the specific function, are ‘switched off’ so they cannot divide.

Test yourself

1 Sister chromatids and homologous chromosomes both carry the same genes 
in the same order. Explain the difference between them.

2 What is meant by the term ‘allele’?

3 What is the role of a centromere?

4 Explain why the chromosomes within a cell cannot normally be seen using a 
light microscope.

Figure 5.3 One chromosome 
as two chromatids

the centromere, a small constriction on
the chromatids, is not a gene and does
not code for a protein, as genes do

each chromatid is a copy of the other,
with its linear series of genes (individual
genes are too small to be seen)

centromere divideschromatids separate during
nuclear division

sister chromatids attached at 
the centromere, making up one
chromosome
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Also present are enzymes
involved in the transcription
and replication of the DNA.

chromatids

centromere

2 nm DNA double helix

DNA double helix
wound round histone
protein ‘bead’ – called
a nucleosome

FP
O

loops of the
cylindrical
coiled fibre cylindrical coil

of the chromatin
fibre

scaffold protein
(not histone)

30 nm

drawing of the chromosome showing the packaging of DNA    

electron micrograph of chromosome
during mitosis (metaphase) – showing
two chromatids held together at the
centromere (×40 000)

Here the structure is progressively unpacked
to show how a huge molecule of DNA is held
and supported, by:
1) double-coiling around histone proteins
(bead structures = nucleosomes) and then
2) looped along the length of the chromatid,
attached to a protein scaffold.

(typically a DNA molecule
of about 5 cm in length is
packed into each chromatid of
approximately 5 μm in length)

core of nucleosome
of eight histone
molecules – forming
a ‘bead’ structure

DNA double helix
wound twice around
histone core

to next
nucleosome

(in the interphase
nucleus the DNA
is dispersed as a
looped strand,
suspended around
the scaffold protein)

H1 histone binds
the DNA to the
histone ‘bead’

Figure 5.4 The packaging of DNA in the 
chromosome – the role of histone protein
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Interphase
Interphase is always the longest part of the cell cycle, but it is of extremely variable 
length. At first glance the nucleus appears to be ‘resting’, but this is not the case at 
all. The chromosomes, previously visible as thread-like structures, have become 
dispersed. Now they are actively involved in protein synthesis – at least for most of 
interphase. From the chromosomes, copies of the information of particular genes 
or groups of genes are taken in the form of RNA (‘messenger RNA’), for use in the 
cytoplasm. In organelles in the cytoplasm called ribosomes, proteins are assembled 
from amino acids, combining them in sequences dictated by the information from 
the gene. We will return to this process later in this chapter.

Look again at Figure 5.5 – the sequence of the events of interphase are illustrated there. The 
changes that occur are summarised in Table 5.1.

Table 5.1 The events of interphase

G1 – the ‘first 
gap’ phase

The cell grows by producing proteins and cell organelles, including 
mitochondria and endoplasmic reticulum. 

S – synthesis Growth of the cell continues as replication of DNA occurs (see below). 
Protein molecules called histones are synthesised and attach to the 
DNA.
Each chromosome becomes two chromatids.

G2 – the 
‘second gap’ 
phase

Cell growth continues by protein and cell organelle synthesis. 
Mitochondria and chloroplasts divide.
The spindle begins to form.

Nuclear division 
– mitosis (M) 
follows.

the cell cycle consists of interphase and mitosis

interphase =  G1 + S + G2

cell cycle

prophase

metaphase

anaphase

telophase

cytokinesis (C)
• division of

cytoplasm
• two cells

formed

synthesis of DNA (S)
• chromosomes copied (replicated)

     chromatids

mitosis
(M)

cell cycle
repeated

first phase of growth (G1)
• cytoplasm active
• new organelles formed
• intense biochemical activity

of growing cell

second phase of growth (G2)
• more growth of cell
• then preparation

for mitosis

Figure 5.5 The stages of the 
cell cycle
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Nuclear division – mitosis
When cell division occurs the nucleus divides first. In mitosis the chromosomes, 
present as the chromatids formed during interphase, are separated and distributed to 
two daughter nuclei. 

Here, mitosis in an animal cell is presented and explained as a process in four phases, 
but this is for convenience of description only. Mitosis is always one continuous 
process with no breaks between the phases (Figure 5.7).

In prophase the chromosomes become visible as long thin threads. They increasingly 
shorten and thicken by a process of supercoiling. Only at the end of prophase is it 
possible to see that they consist of two chromatids held together at the centromere. 
At the same time, the nucleolus gradually disappears and the nuclear membrane 
breaks down. 

In metaphase the centrioles moves to opposite ends of the cell. Microtubules of 
the cytoplasm (see below) start to form into a spindle, radiating out from structures 
called centrioles.

Extension

Introducing centrioles and microtubules
A centriole is a tiny organelle consisting of nine paired 
microtubules, arranged in a short, hollow cylinder. In 
animal cells, two centrioles occur at right-angles, just 
outside the nucleus, forming the centrosome. Before an 
animal cell divides the centrioles replicate, and their role 
is to grow the spindle fibres – a structure responsible for 
movement of chromosomes during nuclear division.

Microtubules themselves are straight, unbranched hollow 
cylinders, only 25 nm wide. The cells of all eukaryotes, 
whether plants or animals, have a well-organised system 
of these microtubules, which shape and support the 
cytoplasm. Microtubules are also involved in movements 
of cell components within the cytoplasm, acting to guide and direct organelles. The 
network of microtubules is made of a globular protein called tubulin. This is first built 
up and then later broken down in the cell as the microtubule framework is required in 
different places for different tasks.

So, in metaphase, microtubules attach to the centromeres of each pair of 
chromatids, and these are arranged at the equator of the spindle. (Note: in plant 
cells, a spindle of exactly the same structure is formed, but without the presence 
of the centrioles.)

In anaphase the centromeres divide, the spindle fibres shorten and the chromatids 
are pulled by their centromeres to opposite poles. Once separated, the chromatids 
are referred to as chromosomes.

In telophase a nuclear membrane reforms around both groups of chromosomes at 
opposite ends of the cell. The chromosomes ‘decondense’ by uncoiling, becoming 
chromatin again. One or more nucleoli reform in each nucleus. Interphase follows 
division of the cytoplasm.

Figure 5.6 Centrosome of centrioles

nuclear envelope

centrioles
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microtubule
fibres

centrioles
at pole

equatorial
plate

3D view of spindle

chromatin

cytoplasm

plasma
membrane

nuclear
membrane

pair of
centrioles

nucleolus

interphase

centrioles
duplicate

nucleolus
disappears

chromosomes
condense, and
become visible

nuclear
membrane
breaks downspindle forms

chromatids joined
by centromere
and attached to
spindle at equator

centromeres divide

chromatids
pulled apart
by microtubules

chromosomes
uncoil

spindle
disappears

nucleolus and
nuclear membrane
reappear

cytoplasm
divides

telophase

anaphase

cytokinesis

metaphase

prophase

Chromosomes are shown here as divided into
chromatids, but this division is not immediately visible.

For simplicity, the drawings
show mitosis in a cell with
a single pair of homologous
chromosomes.

Figure 5.7 Mitosis in an animal cell
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Cytokinesis
Division of the cytoplasm, known as cytokinesis, follows telophase. During division, 
cell organelles such as mitochondria and chloroplasts become distributed evenly 
between the cells. In animal cells, division is by in-tucking of the cell surface 
membrane at the equator of the spindle, ‘pinching’ the cytoplasm in half (Figure 5.7).

In plant cells, the Golgi apparatus forms vesicles of new cell wall materials, which collect 
along the line of the equator of the spindle, known as the cell plate. Here the vesicles coalesce, 
forming the new cell surface membranes and cell walls between the two cells (Figure 5.8). 

The significance of mitosis
The significance of mitosis is that the ‘daughter’ cells produced by this nuclear 
division have a set of chromosomes identical to each other and to the parent cell 
from which they were formed. This occurs because:

l an exact copy of each chromosome is made by accurate replication (Chapter 3) 
during interphase, when two chromatids are formed

l chromatids remain attached by their centromeres during metaphase of mitosis, 
when each becomes attached to a spindle fibre at the equator of the spindle

l centromeres then divide during anaphase and the chromatids of each pair are 
pulled apart to opposite poles of the spindle. Thus, one copy of each chromosome 
moves to the poles of the spindle

l the chromosomes at the poles form the new nuclei – two to a cell at this point
l two cells are then formed by division of the cytoplasm at the mid-point of the 

cell, each with an exact copy of the original nucleus.

daughter nucleus

vesicles collect at the midline

then fuse to form cell wall
layers + new cell membrane

cytoplasm

remains of the spindle ER secretes vesicles of
wall-forming enzymes

daughter cells

cellulose cell wall

Golgi apparatus secretes
vesicles of wall
components

cell plate
(equator of spindle)

plant cell after nucleus has divided Figure 5.8 Cytokinesis in a 
plant cell

Test yourself

5 Look back to the 
drawings and 
photographs of 
eukaryotic cells in 
Chapter 4. In which 
part of the cell cycle 
are they all depicted? 
Suggest why.

6 In which part of the 
cell cycle does DNA 
replication occur?

7 In which part of 
the cell cycle are 
the products of 
DNA replication 
separated?

8 Is there any 
difference between 
a chromatid and 
a chromosome? 
Explain your answer.

9 Plant cells lack 
centrioles, yet they 
produce a spindle 
during mitosis. Use 
your knowledge of 
cell structure to 
suggest how.



 5 The eukaryotic cell cycle and cell division14

Activity

Core practical 3: Making a temporary squash preparation of a root tip to investigate the 
stages of mitosis under a microscope
Mitosis can be observed in any tissue that is actively dividing, 
such as the growing tip of a plant root. Any plant root will do; onion 
and garlic are commonly used in school laboratories.

Before reading on, follow the steps in the protocol in Figure 5.9, 
which shows how to prepare plant tissue for examination under a 
light microscope, starting off with an onion bulb.

1 In step 1, the root tip is removed using two cuts, rather than 
a single cut. Suggest the advantage of using two cuts rather 
than one.

It would be easy to damage the delicate root tip. By first removing 
the larger piece the likelihood of damage can be reduced. This 
large piece can be manipulated more easily, using forceps at 
the end that will be discarded and a sharp scalpel to make the 
second cut.

2 What safety precautions would you take when using the 
scalpel?

Before using the scalpel, you should bear in mind that any sudden 
or extravagant movements might result in you cutting someone 
near you. So stay calm and control your movements. You should 
always cut away from yourself, preferably onto a cutting board to 
prevent damage to the work bench. You should also cut vertically 
downwards in one smooth movement.

3 In step 4, the root tip is heated in hydrochloric acid. What is 
achieved by doing this? 

We need to produce a thin layer of cells that will allow light to pass 
through when we observe the tissue using a light microscope. The 
root tip is quite hard, however. Heating the root tip in hydrochloric 
acid softens the cell walls and hydrolyses substances holding cells 
together.

4 Give one reason why it might be necessary to add further 
stain in step 6.

It is important not to let the temporary mount dry out. Since we 
have mounted the tissue in stain solution, it makes sense to add 
more of this, rather than any other liquid.

5 Step 6 in Figure 5.9 shows the use of a mounted needle. 
Explain the advantage of this.

Unless you have practised making temporary mounts, it is very 
easy to get air bubbles trapped under the coverslip. Where an air 
bubble occurs, it appears as a circle with a thick black outline. 
Using a mounted needle to lower the coverslip reduces the risk of 
trapping air bubbles.

6 In step 7, the procedure refers to ‘avoiding lateral movements’. 
Explain why lateral movements should be avoided.

We want to produce a thin layer of cells. Pushing directly 
downwards will spread the cells out. Lateral movements, such 
as rocking the thumb from side to side, will tend to roll the cells 
together again.

7 Sometimes a piece of filter paper is placed between the thumb 
and the coverslip during Step 7. Suggest one reason why.

A coverslip is extremely thin and very easily broken. Putting a 
piece of filter paper over the coverslip cushions the force and 
reduces the chance of breaking the coverslip. The filter paper also 
reduces the risk of staining your thumb.

8 Assuming that the condenser lens of the microscope (if 
present) is already focused, list the steps you would follow to 
view the plant tissue using the high-power objective lens.

You should always first focus a microscope using the low-power 
objective lens. There are two reasons for this. Firstly, you are less 
likely to damage a lens by racking it down into the slide – the 
low-power objective does not reach the slide. Secondly, the field 
of view using a low-power objective lens is much larger than when 
using a high-power objective lens. Consequently, using low power, 
it is easier to find a group of cells that show what you are looking 
for; in this case cells dividing by mitosis. 

Once focused using the low-power lens, move the slide to 
centralise the field of view on the part of the tissue in which there 
are lots of cells showing stages of mitosis. 

Once you have done this, you can turn the nosepiece to engage 
the high-power objective lens. When you refocus, using the fine 
focus knob on the side of the microscope, you will find the cells 
you centralised in the field of view.

9 If you push the slide to your left, which way do cells in the 
tissue appear to move?

This is the sort of question you could only answer correctly if you 
have actually used a microscope. When you move the slide to your 
left, the tissue appears to move to the right.

10 Why is the preparation called a ‘temporary squash’ 
preparation?

It is a squash because the tissue has been flattened to spread 
the cells out. It is temporary because nothing has been done to 
prevent the tissue from ultimately drying out or decomposing. 
The permanent slides you observe during your course have been 
treated so that they will neither dry out nor decompose. 
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5 tissues transferred to a
microscope slide and root tip
cells gently teased apart with
mounted needles

onion bulb

water

beaker

roots

1 the tip of
a root (5 mm
only) cut off
and retained

3 30 drops of aceto-
orcein stain added,
with 3 drops of
hydrochloric acid (conc)

if excess
evaporation
occurs, more
stain added

4 gently heated for 3–5
minutes using a steam bath
(or hot plate or by passing
through a low Bunsen flame)

2 tip transferred to a
watch glass

heat

7 tissue firmly squashed by ‘thumb
pressure’ – avoiding lateral movements

6 additional drops of stain
added followed by a cover slip

8 the slide examined
under the high power
objective of the
microscope

root tip

growing roots

Figure 5.9 The steps in making a temporary squash preparation of a root tip to investigate 
mitosis using a light microscope (using lactoproprionic orcein stain)

Where mitosis is commonly observed
In the growth and development of an embryo it is essential that all cells carry 
the same genetic information as the existing cells from which they are formed, 
and which they share with surrounding cells or tissues. Similarly, when repair of 
damaged or worn out cells occurs, exact copies of cells are required. This is 
essential for growth, development and repair, otherwise different parts of your body 
might start working to conflicting blueprints. The results would be chaos!

Further, mitotic cell division is also the basis of all forms of asexual reproduction, 
where this occurs. Here, the offspring produced are identical to the parent. In this respect, 
asexual reproduction is completely different from sexual reproduction, where significant 
differences always arise between the individual offspring produced, and between offspring 
and their parents. We will discuss sexual reproduction in the next chapter.

root cap

region of cell division

growing cells
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Extension
Programmed cell death
In healthy organisms, cells eventually die by a process known as programmed 
cell death (PCD). PCD is controlled by specific genes, and is a key process in 
the development and life of a multicellular organism. It is a key part of tissue and 
organ development. 

During growth of the fetus in the uterus, and throughout later life, PCD removes 
all superfluous, infected or damaged cells. It is capable of preventing cancer, too. 

Steps to PCD
Cells in a tissue rely on signals from neighbouring cells and from their immediate 
environment. If any cell moves out of its normal position or role, an auto-destruct 
programme is activated and the cell ‘commits suicide’. Cells typically include a 
specific ‘death receptor’ on their cell surface membrane. Once this ‘switch’ is 
activated, the internal death procedure commences. Activation sets off a cascade 
of protein interactions. Powerful hydrolytic enzymes fragment the proteins and 
enzymes of normal cell metabolism, along with cell organelles and the DNA of the 
nucleus. Fragments are engulfed by macrophage cells and further broken down.

PCD in the defence against disease and infection
Infected cells carry on their cell surface membrane a protein (an antigen) from 
the infecting parasite, such as part of the protein coat of an infecting virus, for 
example. In effect, the cell ‘advertises’ its problem. Killer T cells (part of the 
white cells of blood and tissue fluid) bind to the infected cell and trigger PCD.

5.3 Meiosis – a different type of nuclear 
division
Meiosis is a type of nuclear division, quite different from mitosis in its outcome. 
Meiosis occurs in the life cycle of all organisms that reproduce sexually (Chapter 7). 

We will see that during sexual reproduction in humans, two gametes (specialised 
sex cells) fuse to form a zygote, which then grows into a new individual. Fusion 
of gametes is called fertilisation. In the process of gamete formation in humans, a 
type of nuclear division known as meiosis, halves the normal chromosome number 
– so we can call it a reductive division (Figure 5.10). The outcome is that gametes are 
haploid. Fertilisation then restores the diploid number of chromosomes. Without 
a reductive nuclear division in the process of sexual reproduction, the chromosome 
number would potentially double in each generation - with disastrous consequences.

The process of meiosis
Meiosis involves two divisions of the nucleus, known as meiosis I and  
meiosis II, both of which have some superficial similarities to mitosis. As in mitosis, 
chromosomes replicate to form chromatids during interphase before meiosis occurs. 

Then, early in meiosis I, homologous chromosomes pair up. By the end of  
meiosis I, homologous chromosomes have separated again, but the chromatids they 
consist of do not separate until meiosis II. Thus, meiosis consists of two nuclear 
divisions but only one replication of the chromosomes. 

Key term

Haploid (represented by 
‘n’) A eukaryotic cell is 
haploid if it contains only 
one chromosome from 
each homologous pair in a 
diploid cell.
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Meiosis – the steps
The key events of meiosis are summarised in Figure 5.11. In the interphase that precedes 
meiosis the chromosomes are replicated as chromatids, but between meiosis I and II there 
is no further interphase, so no replication of the chromosomes occurs during meiosis.

As meiosis begins, the chromosomes become visible. At the same time, homologous 
chromosomes pair up. (Remember, in a diploid cell each chromosome has a partner 
that is usually the same length and shape and with the same linear sequence of genes. 
It is these partner chromosomes that pair up.) 

When homologous chromosomes have paired up closely, each pair is called a 
bivalent. Members of the bivalent continue to shorten.

During the coiling and shortening process within the bivalent, the chromatids 
frequently break. Broken ends rejoin more or less immediately. When non-sister 
chromatids from homologous chromosomes break and rejoin they do so at exactly 
corresponding sites, so that a cross-shaped structure called a chiasma is formed at 
one or more places along a bivalent. The event is known as a crossing over because 
lengths of genes have been exchanged between chromatids. 

Then, when members of the bivalents start to repel each other and separate, the bivalents are 
(initially) held together by one or more chiasmata. This temporarily gives an unusual shape 
to the bivalent. So, crossing over is an important mechanical event (as well as a genetic event). 

Next the spindle forms. Members of the bivalents become attached by their 
centromeres to the fibres of the spindle at the equatorial plate of the cell. Spindle 
fibres pull the homologous chromosomes apart to opposite poles, but the individual 
chromatids remain attached by their centromeres. 

cell about to divide

first the chromosomes
appear as thin threads

nuclear division by mitosis
(replicative division) occurs when
organisms grow and develop, and
tissues are repaired or replaced

two cells are formed, each with nuclei
identical to that of the parent cell

nuclear division by meiosis
(reductive division) occurs when
sexual reproduction occurs
(e.g. when gametes are formed
in mammals and plants)

four cells are formed, each with half the
chromosome number

nuclear
membrane

chromatin

nucleolus

centriole

Figure 5.10 Mitosis and meiosis 
– the significant differences

Key terms

Bivalent The name given 
to the two homologous 
chromosomes in a diploid cell 
when they are seen paired 
together during meiosis I.

Chiasma (plural 
chiasmata) A point seen 
during meiosis I at which 
the non-sister chromatids 
appear interlocked. A 
chiasma is the result of 
non-sister chromatids 
within a bivalent becoming 
entwined, breaking and re-
joining to the fragment from 
the non-sister chromatid.

Crossing over The process by 
which non-sister chromatids 
exchange genes following 
formation of a chiasma.
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during interphase

during meiosis I

during meiosis II

cytokinesis

product of meiosis is
four haploid cells

cell with a single pair of
homologous chromosomes centromere

chromosome number = 2 (diploid cell)

replication (copying) of
chromosomes occurs

homologous chromosomes
pair up

breakage and reunion of parts of
chromatids have occurred and the 
result is visible now, as chromosomes
separate (crossing over)

homologous chromosomes
separate and enter different
cells – chromosome number
is halved

chromosomes separate 
and enter daughter cells

division of cytoplasm

now
haploid cells

2n

2n

n n

n nn n

Figure 5.11 The process of meiosis
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Meiosis I ends with two cells, each containing a single set of chromosomes, each 
consisting of two chromatids. These cells do not go into interphase, but rather 
continue smoothly into meiosis II. This takes place at right angles to meiosis I, but 
is exactly like mitosis. Centromeres of the chromosomes divide and individual 
chromatids now move to opposite poles. Now there are four cells, each with 
half the chromosome number of the original parent cell (haploid).

Meiosis and genetic variation
Meiosis is a major source of genetic variation – the haploid cells produced by meiosis 
differ from each other for two reasons:

l There is independent assortment of maternal and paternal homologous 
chromosomes. This happens because the way in which the bivalents line up at the 
equator of the spindle in meiosis I is entirely random. Which chromosome of a 
given pair goes to which pole is unaffected by (independent of ) the behaviour of 
the chromosomes in other pairs (Figure 5.12). 

l There is crossing over of segments of individual maternal and paternal 
homologous chromosomes. These events result in new combinations of alleles on 
the chromosomes of the haploid cells produced (Figure 5.13).

nucleus of parent cell
(diploid)

homologous
chromosomes

homologous
chromosomes

bivalents

In meiosis I the bivalents move
to the equator of the spindle
and line up randomly. Then,
when homologous chromosomes
separate they move to the 
nearest pole. This may occur…   …like this…

Independent assortment is illustrated in a parent cell with two pairs of homologous chromosomes (four bivalents).
The more bivalents there are, the more variation is possible. In humans, for example, there are 23 pairs of 
chromosomes giving over 8 million combinations.

In meiosis II the final
outcome is one of these,
alternative combinations 
of four haploid cells.

bivalents

…like thisor

A a b B

bB

aA A a

b B

BA b a

or

Here the resulting gametes
will be 1/2 AB, 1/2 ab.

Here the resulting gametes
will be 1/2 Ab,1/2 aB.

BA b

a BA b

a

BA ba

Figure 5.12 Genetic 
variation due to independent 
assortment

Independent assortment is 
illustrated in a parent cell with 
two pairs of homologous 
chromosomes (four bivalents). 
The more bivalents there are, 
the more variation is possible. In 
humans, for example, there are 
23 pairs of  chromosomes giving 
over 8 million combinations.



 5 The eukaryotic cell cycle and cell division20

Independent assortment is illustrated in Figure 5.11, in a parent cell with a diploid 
number of 4 chromosomes. We see that independent assortment alone, generates a 
huge amount of variation in the coded information carried by the different haploid 
cells produced by meiosis. 

Finally, in the random fusion of gametes that occurs during fertilisation, further 
genetic variation is generated, but that is an issue for later chapters. 

Chromosome mutations
In chromosome mutations there is a change in the number or the sequence of genes, 
brought about in a number of different ways. Additional sets of chromosomes may 
occur. One example of this is the cultivated potato, which has double the number of 
chromosomes that the smaller, wild potato has (an example of polyploidy). 

Alternatively, there may be an alteration to part of the chromosome set. This may result 
when chromosomes that should separate and move to opposite poles during meiosis do not 
separate. Instead they move to the same pole, creating an example of non-disjunction. 

For example, people with Down’s syndrome have an extra chromosome 21, 
giving them a total of 47 chromosomes. How this case of non-disjunction arises is 
illustrated in Figure 5.14. The symptoms of Down’s syndrome are variable, but when 
severe include congenital heart defects, defects in the eyes, learning difficulties and 
immune system deficiencies. This condition may be detected by a medical geneticist 
by karyotyping the chromosome set of a fetus, after fetal cells have been obtained by 
amniocentesis or chorionic villus sampling.

Key term

Non-disjunction 
The failure of the 
chromosomes to separate 
properly during meiosis. 
It results in daughter cells 
with too many, or too few, 
chromosomes. 

Figure 5.13 Genetic variation 
due to crossing over between 
non-sister chromatids

centromere

chromatids

parental
combination

new genetic
combinations

A B C

A B C

a b c

a b c

A B C

A B C

a b

chiasma

c

a b c

A B C

a B c

A b c

a b C

chiasma

The effects of genetic variation are shown in one pair of homologous chromosomes.
Typically, two, three or more chiasmata form between the chromatids of each bivalent at prophase I.

Homologous
chromosomes paired
in a bivalent.

If the chromatids break
at corresponding points
along their length, their
rejoining may cause
crossing over.

The chromatids finally
separate and move to
haploid nuclei in meiosis
II, producing new genetic
combinations.

Test yourself

10 A diploid cell 
has 20 pairs 
of homologous 
chromosomes. 
How many 
chromosomes will 
be present in a cell 
produced from this 
cell by: 

a) mitosis

b) meiosis?

11 In which of the 
two divisions 
of meiosis are 
sister chromatids 
separated?
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Turner’s syndrome

Turner’s syndrome is another example of a chromosomal mutation condition – 
this time of human females. It is caused by the absence of two complete copies of 
the X chromosomes. Abnormal cells may have only one X chromosome (and no 
Y chromosome). This condition is referred to as monosomy. Alternatively there 
may have been a deletion or loss of one ‘arm’ of one of the X chromosomes. The 
individuals are female, but are sexually underdeveloped and are sterile.

 

Steps of non-disjunction in meiosis
(illustrated in nucleus with only two pairs
of homologous chromosomes – for clarity)

meiosis I

meiosis II

homologous pairs
pulled to the same pole

germ cell at
start of meiosis

these cells will form 
gametes (egg cells 
or sperms) with an 
extra chromosome

these cells will form 
gametes short of
a chromosome

if the gametes formed
take part in fertilisation
the zygote will have a
chromosome mutation

Figure 5.14 Down’s 
syndrome, an example of a 
chromosome mutation

karyotype of a person with down’s syndrome

an extra chromosome 21

An extra chromosome causes Down’s syndrome. The extra one comes from a meiosis error. The two 
chromatids of chromosome 21 fail to separate, and both go into the daughter cell that forms the secondary 
oocyte. 

⎧ ⎨ ⎩
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Exam practice questions
 1 Copy and complete the table comparing and contrasting features of 

meiosis and mitosis. (5)

Feature Meiosis Mitosis

Number of divisions

Sister chromatids separated

Number of chromosomes in 
daughter cells same as number 
in parent cell

Is a source of genetic variation

Involves formation of a spindle 
of fibres

 2 The graph represents changes in the relative mass of DNA during one cell 
cycle of a single cell. The curve has been labelled at six points, A to F.

a) Explain the shape of the curve between points B and C. (2)

b) Give the two letters, A to F, between which each of the following 
processes occurs:

i) interphase ii) mitosis iii) cell increases in mass. (3)

c) Does the curve show that cytokinesis occurred? Explain your answer. (2)

 3 The diagrams show a cell with two pairs of homologous chromosomes. 
Each diagram shows this cell in one stage of division.

a) Is the cell in the diagram an animal cell or a plant cell? Justify your answer. (1)

b) Other than size and shape, how does the chromosome of one homologous 
pair differ from a chromosome of the other homologous pair? (1)

c) Identify the type and stage of cell division in cells X, Y and Z. (3)

d) Explain the reason for your answer for cell Z in part c). (2)
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Exam practice questions

 4 The diagram shows a pair of homologous chromosomes during meiosis.

a) Explain what is meant by the term ‘homologous chromosomes’. (1)

b) Name the structure labelled A. (1) 

c) Explain the appearance of the chromosomes in the diagram. (4)

d) The same event has occurred at the points labelled B and C. This event 
is more likely to occur at point C than at point B. Suggest why. (2)

 5 The diagrams show the life cycle of three organisms: yeast (a single-celled 
fungus); human (a multicellular animal); Ulva (a multicellular protoctist). 
The diagrams show whether each stage is haploid (n) or diploid (2n).

  Copy the life cycles.

a) On each life cycle, write the letter M by the arrow that represents 
meiosis. Write the letter T by each arrow that represents mitosis. (3)

b) Is it true to say that meiosis occurs only during sexual reproduction? 
Use evidence from the diagrams to justify your answer. (2)

c) The two adults in the life cycle of Ulva look identical. Outline how you would 
find out which was which. Details of any procedure(s) are not required. (2)

 6 A student prepared a temporary squash preparation of an onion root and 
examined the tissue using a light microscope. She recorded the number of cells 
in each stage of the cell cycle that she observed. The table shows her results.

  The mitotic index of dividing tissue is the number of cells seen that were 
undergoing mitosis divided by the total number of cells seen.

a) Use the student’s data in the table to calculate the mitotic index of this 
tissue. Show your working and give your answer in standard form. (1)

b) How could the student have modified her technique so that the 
mitotic index she calculated was more reliable? Explain your answer. (2)

c) Assume that the cell cycle of this tissue is 24 hours. Use the data in 
the table to calculate the length of time onion cells spend in prophase. 
Show your working. (2)

d) The mitotic index can be a useful tool in diagnosing cancer in human 
tissues. Suggest how the mitotic index could be used in this way. (3)
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