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How gene mutations are produced
Mutations that occur during DNA replication or recombination, or that are due to an 
unknown cause, are said to be spontaneous. Most, however, are induced by external 
agents called mutagens. There are three classes of mutagen.

• Radiation – such as X-rays, γ-rays, α-rays, β-rays and neutrons. These are called 
ionising radiation because they break chemical bonds, producing ions or other 
particles that are so reactive that they combine with almost any molecule with which 
they come into contact. If this happens to be DNA, then one base may be changed 
into another. Ionising radiation therefore acts indirectly on DNA. 
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	 Ultraviolet	light	on	the	other	hand	specifically	damages	DNA.	Where	two	thymine	
bases occur next to each other along one of the two DNA strands, they can become 
linked to form a thymine dimer. The dimer can be replicated as a single base, which 
results in a frameshift, possibly mutation, possibly resulting in skin cancer.  

• Chemicals – there are hundreds of chemical mutagens, which act in different ways.
 Some change one base into another, e.g. nitrous acid changes cytosine into uracil. 

Since this pairs with adenine, the effect is to change a C–G pair into an A–T pair. 
 Substances such as 5-bromouracil and 2-amino purine are called base analogues 

because	they	are	sufficiently	like	the	normal	DNA	bases	to	be	incorporated	into	
replicating DNA, but have slightly different pairing properties. As a result, the next 
generation of DNA contains the wrong base. 

 Acridine dyes, which become lodged in the DNA helix and interfere with replication, 
causing an extra base to be inserted, i.e. a frame-shift mutation.

• Viruses – some viruses insert their DNA into that of the host cell. In doing so they may 
disrupt host genes, causing mutation. The hepatitis B virus produces liver cancer in 
some people many years after the original infection.  

Gene mutations and their effects
(Extension material for Level 3 Biology Study Guide, ISBN 978-1-927194-58-4, pages 219–224)  
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No safe dose
The probability of a mutation occurring is directly proportional to the size of the dose 
of mutagen. Even at ‘background’ or natural radiation levels, some mutations occur. A 
medical X-ray is ‘safe’ only because the risks are trivial in comparison with the risks of not 
diagnosing what could be a serious condition.

DNA repair
The actual rate of mutation is much higher than it appears because DNA is constantly 
being ‘checked’ and repaired by enzymes. Since each DNA strand carries the information 
for building the other half, a chemically altered base can be removed and the correct one 
substituted.

The existence of DNA repair mechanisms becomes apparent when they break down.

Example
In xeroderma pigmentosum,	the	afflicted	person	develops	many	skin	cancers	after	
even small exposures to UV radiation. The cause is a mutation in the gene coding 
for the DNA repair enzyme that normally recognises and repairs the thymine dimers 
produced by the action of UV.  

Gene mutation and protein function
The amino acid sequence of a polypeptide is determined by the gene coding for it. A 
mutation in a gene may change the properties of an enzyme in two different ways:

• one of the amino acids at the active site may be replaced by another
• a change in an amino acid distant from the active site may change the three-

dimensional structure of the protein, or it could render it less stable to heat.
In some cases, the effects of a mutation can be explained in terms of a defective protein. 

Examples
Sickle-cell anaemia
Sickle-cell anaemia is a genetic disease in which the haemoglobin is abnormal. It is 
particularly	common	in	West	Africa	and	amongst	people	of	West	African	descent.	In	
homozygotes, the haemoglobin becomes crystallised at low oxygen concentrations, 
causing the red cells to become sickle-shaped. As a result, capillaries may become 
blocked, and in addition the defective red cells are attacked by white corpuscles, 
causing severe anaemia. Heterozygotes are hardly affected, and are said to have the 
sickle-cell trait.  
The cause is a single amino acid difference in the β-chain, valine replacing the normal 
glutamic acid at position #6. Glutamic acid is highly polar and thus strongly attracted 
to water, but valine is non-polar. As a result the haemoglobin molecules are more 
attracted to each other than to water, causing them to aggregate into crystals. This 
effect is greatest at the low oxygen concentrations that occur in capillaries. 
Himalayan albinism
Some mutations are characteriesed by abnormal temperature-sensitivity of certain 
body processes. Himalayan rabbits are white except for the ears, snout, feet and tail, 
which are black. The cause is the abnormal temperature-sensitivity of an enzyme 
involved in the synthesis of the black pigment melanin. Even at normal body 
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temperature the enzyme is denatured, but at the extremities of the body where the 
temperature is several degrees lower, the enzyme remains active and pigment is produced. 
Siamese cats are another example. 

Normally only the extremities are black. 
In this animal the hair was shaved from an 
area on the back, and kept cool with an 
ice pack.

Closely related species often differ as regards both number and structure of their 
chromosomes; clearly then, evolution must involve changes in both of these.

Changes in chromosome structure – block mutations
As a result of radiation and chemicals such as mustard gas, arsenic and asbestos, 
chromosomes may be broken. Although cells have enzymes that can repair such breaks, 
chromosomes can still undergo permanent change, for two reasons:

• a break is not always repaired
• if two breaks do occur, the ‘wrong’ ends may be rejoined.
As a result of a structural change, a chromosome will no longer be able to pair with its 
partner along its entire length during meiosis. Such mis-pairings can often be seen through 
a microscope (in contrast with gene mutations which can only be detected by their effects 
on the phenotype). Chromosome mutations fall into two categories:

• changes in the quantity of genetic material (deletions and duplications)
• rearrangements of genetic material (translocations, inversions and fusions).

Deletions
As the name suggests, a section of chromosome becomes deleted:

deleted area
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deletion

After
deletion
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Deletions are often fatal even when heterozygous, since they usually involve loss of a 
substantial number of genes. 

Duplications
A duplication is a repeated section of chromosome:

chromosome

Duplication mutation

a section of DNA
is duplicated

Duplications are generally less serious than deletions since there is no loss of genes, but 
some duplications do result in abnormal phenotypes.

Example
The condition bar-eye in Drosophila is associated with a duplicated section of the 
X-chromosome.

The quantitative balance between genes (or rather the relative amounts of their protein 
products)	must	therefore	be	an	important	factor	influencing	the	phenotype.

Duplications and deletions probably arise as a result of slight inequalities in the sites 
of the two breaks that occur in crossing over during meiosis I between homologous 
chromosomes: 
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For every duplication produced in this way there will be a deletion in one of the 
chromatids of the homologous chromosome. 

Duplications are probably important in evolution because they allow the two loci to 
evolve independently. There are a number of proteins whose amino acid sequences 
show that they are descended from a common ancestor and have probably originated by 
duplication.

Example
Myoglobin (muscle haemoglobin) and the α and β chains of haemoglobin can be 
traced to a common ancestral protein. 

Inversions
If a chromosome is broken in two places and repaired ‘the wrong way round’, an inversion 
occurs:

A B C D E F G H I

A B E D C F G H I

Although there is no loss of DNA, inversions can produce problems during meiosis in 
organisms heterozygous for the inversion (in which one homologue is normal and the 
other has an inversion). 

Translocations
When	breaks	occur	in	non-homologous chromosomes, the ends of the non-partner 
chromosomes may rejoin:

Before translocation After translocation

Chromosome 20

Chromosome 4

Derivative
Chromosome 4

Derivative
Chromosome 20

As with inversions, there is no loss of genetic material, but problems arise during 
chromosome pairing in heterozygotes, and some of the meiotic products are inviable. 
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Fusions
If two non-homologous chromosomes become broken they may rejoin to form a single, 
larger chromosome. If the breaks occur near centromeres that are near the ends of the 
chromosomes, few genes may be lost:

breaks in 
chromosomes

deleted genetic
material

two centromeres
fusion

Dicentric
chromosome

Example
Fusion has occured in human evolution, chromosome #2 having originated by fusion 
of two ancestral chromosomes.

Changes in chromosome structure

Changes in quantity
of genetic material

Duplications Deletions

Rearrangements of
genetic material

Inversions Translocations Fusions

Summary of structural chromosome changes

Photoperiod responses – extra questions and answers
(Extension material for Level 3 Biology Study Guide, ISBN 978-1-927194-58-4, page 63)  


