
Sources of genetic variation
Individuals within a population of sexually reproducing organisms show genetic variation due to the 
particular combination of alleles present in each individual. Offspring of sexually reproducing organisms 
vary genetically from their parents due to meiosis, fertilisation, mutation and chance.

Example
Human blood groups show variation due to inheritance of 
3 different alleles – IA, IB and i – for the gene that controls 
human blood groups. Different combinations of these three 
alleles produce four different blood groups.

Alleles present Blood group

IAIA or IAi A

IB IB or IBi B

IAIB AB

ii O

The alleles of the gene code for different enzymes.

• The IA allele results in the production of an enzyme that causes the formation of an  
antigen with a particular sugar molecule attached.

• The IB allele results in the formation of a different enzyme that causes the formation  
of an antigen with a different sugar molecule attached.

• The i allele produces an enzyme that is unable to attach any sugar molecules to the  
antigen molecule. 

The inheritance of the different alleles for the human blood-group gene causes genetic variation in 
the human population. People can have one of four blood groups, with some groups being more 
common than others. Different populations of people have different numbers of people with each 
of the four blood groups.
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Genetic diversity
‘Genetic diversity’ describes the range of different genes and 
different alleles present in a population. 

A gene pool is made up of all the alleles of all the genes that 
exist in a population at any one time. Each population has a 
slightly different gene pool because the different alleles are 
present in different numbers in each population. 

The numbers of each allele in the gene pool of a population is 
called the allele frequency.

Gene pool
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Example
In the gene pool on the previous page there are 25 individuals, each with two alleles for the D 
gene, making a total of 50 alleles. The dominant D allele occurs 22 times, so has a frequency of 
0.44. The d allele occurs 28 times, so has a frequency of 0.56.

Allele frequencies in a gene pool are always changing, as new individuals are born and others die. Other 
processes, such as immigration (new individuals arrive into the population) also cause changes to allele 
frequencies.

If a gene has only one allele, that allele is said to be fixed and its frequency in the population is 100% or 1. 
A coat-colour gene in horses is thought to have only one allele, B, therefore the B allele has a frequency of 1.

Mutation

Mutation as a source of new alleles
A mutation in an allele is the result of a change in the sequence of bases in the DNA. A mutation can 
occasionally occur during DNA replication. A few mutations produce a new allele that produces a different 
protein. The different protein could result in a new phenotype. Some changes in the sequence of bases in 
DNA do not change the protein produced by the allele, so the mutation does not show in the phenotype. 
Some mutations produce a new protein that does not function correctly. This can be harmful or even lethal.

C A T C A T C A T C A T C A T C A T C A T

His His His His His His His

C A T C A T C A T C C T C A T C A T C A T

His His His Pro His His His

original DNA code for an amino acid sequence

amino acid

DNA bases

replacement of a 
single nucleotide

incorrect amino acid, which might 
produce a malfunctioning protein

If the mutation occurs in the body cells, called somatic cells, of an individual, the mutation cannot be 
passed on to the individual’s offspring. However, if the mutation occurs in the reproductive or gametic 
cells, and is not lethal, the mutation can be passed on to the offspring and become part of the gene pool. 
Mutations increase the genetic diversity of the population in which they occur and are the only source 
of new alleles for a species. Migration of individuals carrying a mutation from one population to another 
population results in mutated alleles entering the gene pool of other populations.
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Red tulip showing a colour mutation in half of one petal

The alleles of a gene that are in the greatest numbers in the gene pool of a natural population are called 
‘wild-type’ alleles. Wild-type alleles usually produce the correct amount of a protein and the protein 
functions normally. Mutated alleles are usually less common in natural populations because they cause 
smaller amounts of a protein to be produced, or the protein does not function as well as the one produced 
by the normal allele. However, in selectively bred populations, people often select and breed from 
individuals showing a mutant phenotype, so the mutated allele increases in frequency in the gene pool 
of the selectively bred population. For example, a mutation in the ring-necked parakeet produces yellow 
feather-colour rather than the usual green feathers. Selective breeding to produce more yellow-coloured 
individuals will increase the frequency of this mutated allele.

Often more than one mutation occurs in a gene, resulting in many alleles for that gene.

Example
For the coat-colour gene in rabbits, the dominant C allele produces a dark grey colour and the 
recessive c allele produces albino (white coat colour). Two different mutations of the coat colour 
gene produce a light grey colour (cch) and Himalayan pattern (ch).

 Dark grey  Light grey Himalayan Albino

These mutations form an ‘allelic series’, which is shown, in order of dominance, as:

C > cch > ch > c

The mutated allele causing the Himalayan pattern (ch) produces a temperature-sensitive enzyme 
that functions only in low temperatures, so the dark fur occurs on only the cool areas of the body – 
nose, ears, feet and tail.
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Harmful mutations
Some mutations can cause a genetic disorder. For example, cystic fibrosis is a human disorder caused by 
a mutation in a gene on chromosome number 7. The normal allele produces a protein that transports 
chloride ions across plasma membranes. About 70% of the mutations in this gene result from a group of 
three bases (CTT) being missed out of the DNA sequence. The resulting protein is the wrong shape to be 
placed in the membrane. People with cystic fibrosis are unable to transport chloride ions in the normal way, 
which leads to mucus build-up and possible infection.

A T C A T C T T T G G T G T T

A T C A T T G G T G T T

Ile

Ile

Ile

Ile

Phe Gly

Gly

Val

Val

normal DNA and amino acid sequence

mutated DNA and amino acid sequence

amino acid

amino acid

deleted

nucleotide

nucleotide

Helpful mutations
Some mutations are helpful. They give the individual that possesses the mutation a better chance of survival 
than if the mutation was not present. Individuals survive to reproduce and (possibly) pass on the beneficial 
mutation. This eventually results in more individuals in a population carrying the mutated allele, so that 
allele’s frequency in the gene pool increases and the frequency of the other alleles for the gene decreases.

Imagine, for example, a population of flies with two 
alleles of a gene for wing length – N for normal 
length, and n for short wings.

Normal wings Short wings

A mutation occurs to the dominant allele (N) that 
produces a new allele of the wing length gene (N’). 
The N’ allele results in a long-wing phenotype that 
gives individuals an advantage.

Long wings
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Later, a mutation occurs to the recessive allele (n) 
that produces a new n” allele that results in a short 
twisted-wing phenotype. This is a harmful mutation.

Short, twisted wings

The original and mutated alleles form an allelic series N’ > N > n > n”, where N’ is dominant over the 
other three alleles and N is dominant over both n and n”. As individuals in the population reproduce, the 
frequency of the four alleles will change.

allele frequency = 
number of an allele in population gene pool

total number of alleles in population gene pool

The following diagram shows how the allele frequencies might change over time.

N’ = 7
28

 = 0.25

N = 8
28

 = 0.29

n = 11
28

 = 0.39

n” = 2
28

 = 0.07
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Allele frequency

  N = 12
24

 = 0.5

  n = 12
24

 = 0.5

more time

more timemore time

N’ = 1
28

 = 0.04

N = 14
28

 = 0.50

n = 13
28

 = 0.46

Allele frequency

  N’ = 5
32

 = 0.16

  N = 11
32

 = 0.34

  n = 15
32

 = 0.47

  n” = 1
32

 = 0.03

N’ = 4
30

 = 0.13

N = 11
30

 = 0.37

n = 15
30

 = 0.5

Note that the harmful n” mutation stays in the gene pool because it is a recessive allele.
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Meiosis
Meiosis is the cell division that produces gametes 
(ova and sperm).

Meiosis involves two divisions.

• In the first division homologous chromosomes 
pair up. This is synapsis. One chromosome from 
each pair of homologous chromosomes separates 
into the two separate cells produced at the end 
of the first division.

• The second division is like mitosis. Chromatids 
separate into separate cells.

Each cell at the end of the first division produces two 
daughter cells to give a total of four cells at the end 
of meiosis. Each of the four daughter cells has half 
the number of chromosomes found in the original 
reproductive cell.

chiasmata, sites 
of crossing over

end of first 
division

Synapsis

Genetic sources of variation
The following section discusses:

• segregation as a source of variation

• independent assortment as a source of variation

• crossing over during meiosis as a source of variation.

Segregation as a source of variation
The law of segregation states that alleles occur in 
pairs and that each gamete receives only one allele 
of each pair – the alleles ‘segregate’ or separate 
into different gametes. For example, a heterozygous 
individual (Aa) has one copy of the A allele and one 
copy of the a allele. After meiosis in this individual, 
50% of the gametes carry allele A and 50% of the 
gametes carry allele a.

Aa

A

a

segregation of alleles in gametes

50%

50%

Example
An individual is heterozygous for two genes – AaBb. When the genes are on different 
chromosomes, the segregation of the A allele from the a allele is independent of the segregation of 
B from b. Therefore equal numbers of AB, Ab, aB and ab gametes are produced.
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The fact that each gamete receives only one randomly selected copy of any pair of alleles increases the chance 
of variation in the offspring after fertilisation takes place and the diploid number of chromosomes is restored.

Sexually reproducing individuals often have ways to ensure they are fertilised by an individual that is not 
related to them, which increases the chance of different combinations of alleles being present in the offspring.

Independent assortment as a source of variation
Independent assortment occurs during synapsis, when each of the homologous pairs of chromosomes line 
up independently at the centre of the cell. In a cell with two pairs of homologous chromosomes, there are 
two ways the chromosomes can line up:

Combination 1 Combination 2 Combination 3 Combination 4

Gametes

Two possible 
arrangements of 

chromosomes

Independent assortment results in genetic variation due to the large number of possible combinations 
produced by different arrangements of chromosomes. For example, in a human cell with 23 pairs of 
homologous chromosomes, independent assortment results in the possibility of about 8 million different 
combinations of alleles in the ovum or sperm produced.

Recombination during meiosis as a source of variation
non-sister chromatids

crossing over chiasma

sister
chromatids

During crossing over After crossing over

Recombination involves the production of 
new combinations of alleles. 

The recombination of genes on different 
chromosomes is called independent 
assortment. The recombination of alleles 
of genes on the same chromosome is called 
crossing over.

Crossing over occurs when the two 
homologous chromosomes line up together at 
the beginning of meiosis. The ends of the non-
sister chromatids lie over each other, break 
and then rejoin onto the other chromatid. The 
site where chromatids cross over each other is 
called the chiasma.

Crossing over increases genetic variation because it produces new combinations of alleles not possible 
through independent assortment alone.
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AD

AD

a d

a d

meiosis I meiosis II

Four different 
gametes produced

expected combination

expected combination

recombinant gamete

recombinant gamete

crossing over
occurs

AD

ad

Ad

aD

Monohybrid inheritance and variation
The following section on monohybrid inheritance discusses the effects of:

• complete dominance

• co-dominance

• incomplete dominance

• lethal alleles

• multiple alleles.

Complete dominance
An allele in a heterozygote (e.g. Bb) that shows complete dominance hides the effect on the phenotype of 
the recessive allele.

Example
In peas, purple flower colour (P) is dominant to white (p). The dominant allele produces an 
enzyme that catalyses the production of purple pigment. The recessive allele is the result of a 
mutation where pigment is not produced, so the flowers are white. In Pp individuals, the single P 
allele produces enough enzyme to give rise to the purple phenotype.

Co-dominance
When two alleles that show co-dominance are together in a heterozygous individual, both alleles are 
expressed, so the individual shows a mixture of the phenotype produced by each of the alleles. Some animal 
coat-colour patterns and plant flower-colour patterns are the result of alleles showing co-dominance. With co-
dominant alleles, some cells of the organism show one phenotype and some cells show the other phenotype.

Co-dominant alleles could produce this petal colour pattern – 
some petals are white and some are red.

Alleles that are co-dominant are both shown using the same 
capital letter but with a different superscript; e.g. PR for petal 
colour red and PW for petal colour white.
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Example

The seed-coat pattern 
of lentils is an example 
of co-dominance 
inheritance. It is 
controlled by the alleles 
CS, which produces 
spotted seeds, and CD, 
which produces dotted 
seeds.

Parent plants CS CS

Spotted seed

CD CD

Dotted seed

F1 generation

CS CD

All spotted dotted seeds

A cross between 
two spotted 
dotted seeds 
produces the 
results shown.

F2 generation

CS CS

1
4 spotted

CS CD

1
2 spotted dotted

CD CD

1
4 dotted

A cross between two heterozygotes produces a genotype ratio and phenotype ratio of 1 : 2 : 1 and 
the heterozygous individuals show the phenotypes produced by both alleles.

Incomplete dominance
When alleles that show incomplete dominance are together in a heterozygous individual both alleles are 
expressed, but the resulting phenotype is an intermediate between the phenotypes produced by the two 
alleles. Some flower colours are the result of alleles showing incomplete dominance. For example, two 
alleles produce red or white flowers in homozygous individuals but in heterozygous individuals, together 
they produce a pink phenotype, which is an intermediate between red and white. It is thought that in the 
heterozygote individuals, the single R (red) allele produces 50% of the protein but this is not enough to 
produce the red phenotype.

F1 generation: RR × rr gives all Rr (pink)

F2 generation: Rr × Rr gives:

R r

R
RR 
red

Rr 
pink

r
Rr 

pink
rr 

white

Thus, a cross between two heterozygotes produces a genotype ratio and phenotype ratio of 1 : 2 : 1 and 
the heterozygous individuals show a phenotype different from that produced by either of the two alleles  
when homozygous.

Lethal alleles
Some genes are required for survival. Mutations in these genes can be lethal, because the protein produced 
by the mutated allele is missing or functions incorrectly. Some lethal alleles prevent cell division from 
occurring and others cause incorrect development.
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Example
Cats with tails have genotype tt – but the tail-producing gene has a dominant mutation. In 
heterozygous cats (Tt) the allele results in the tail-less Manx phenotype. However, when the 
homozygous dominant condition occurs, the allele causes problems with spinal development, 
which are lethal.

Lethal alleles are often identified because they cause a phenotype ratio of 2 : 1, which is different 
from the expected 3 : 1 produced by completely dominant alleles and the 1 : 2 : 1  ratio produced 
by incompletely dominant and co-dominant alleles.

Example
Snapdragon plants can carry a dominant allele (G) that causes plants to be unable to make 
chlorophyll. Chlorophyll is essential for survival, so individuals that inherit two copies of the 
dominant allele die soon after germination.

Parent plants

Gg

Golden leaves

Gg

Golden leaves

F1 generation

1
4

 GG

Dead

1
2

 Gg

Golden leaves

1
4

 gg

Green leaves

A cross between two heterozygotes produces a genotype ratio and phenotype ratio of 2 : 1, 
because the homozygous dominant individuals are missing.

Multiple alleles
Mutations can result in the formation of many different alleles for a single gene; e.g. human blood groups 
(see explanation on page 29).

Example
Feather colour in chickens is controlled by the following 
three dominant alleles and seven recessive alleles: 
E, ER, ER-Fayoumi, eWh, e+, eb, es, ebc, ey, eq.

Each individual chicken still inherits only two alleles for this 
gene. However, having multiple alleles increases genetic 
variation in chickens.

Multiple alleles increase genetic variation because, with a number of different alleles for a gene in the gene 
pool, an individual can show one of several different phenotypes and not just one of two phenotypes as is 
the case when a gene with two alleles shows complete dominance.
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A (‘Achieved’) is given if answer includes relevant descriptions 
and M (‘Merit’) when answer includes relevant explanations. 
E (‘Excellence’) is given when answer includes relevant 
descriptions and explanations linked together into a 
discussion that gives a full answer to the question. 

Words/phrases like ‘therefore’, and ‘however’ show the linking 
of ideas and are what makes a piece of text an explanation (M) 
or discussion (E) rather than a description (A).

Achievement Standard 91156 
(Biology 2.4): Demonstrate understanding 
of life processes at the cellular level

2.4 Cells and cell division

Question One: Mitosis
Check that your answer has the following important points.

• Purpose – produce more cells with complete set of 
chromosomes, for growth, repair, replacement.

• How mitosis occurs – DNA in each chromosome replicates, 
replicated chromosomes line up on equator of cell, spindle 
attaches to centromeres, chromatids are pulled apart, 
spindle pulls chromatids to opposite ends of the cell, nuclear 
membrane forms around the two groups of chromatids/
chromosomes, cytoplasm divides to produce two identical 
daughter cells each with a complete set of chromosomes.

• Reasons rate of mitosis varies – different cells grow at different 
rates; some cells need to be repaired or replaced more often.

• Rate of mitosis and cell function.

  Skin cell: protective cover, high rate of mitosis, frequently 
damaged or frequently rubbed off.

  Liver cell: storage and chemical reactions, cells have a slower 
rate of mitosis, liver doesn’t grow and damage is limited so 
little replacement needed.

  Intestinal – internal lining: releases digestive juices, protects 
and absorbs food, very high rate of mitosis, food travelling 
down intestine rubs off the cells in the lining.

  Intestinal – muscles and other tissues: contract, causing food to 
move through intestine, very low rate, don’t grow, don’t get 
damaged or rubbed off as they are not in contact with food.

p. 7

For example:

The purpose of mitosis is to produce more cells for growth and 
repair of the body and to replace, for example, cells rubbed off 
from the skin. Mitosis occurs at different rates in the different 
types of cells in the human body because different parts of the 
body grow at different rates and also require replacement cells at 
different rates.

When mitosis occurs, a single cell produces two daughter cells 
each with a complete set of chromosomes. Firstly, the DNA in 
the chromosomes is replicated. The two chromatids of each 
chromosome coil up and line up on the equator of the cell. The 
nuclear membrane breaks down and a spindle forms that attaches 
to the centromeres. The two halves of each chromosome are 
pulled to opposite ends of the cell, the nuclear membrane reforms 
around each group of chromosomes and the cytoplasm divides.

The rate of mitosis varies because different parts of the body grow 
at different rates, so more cells need to be produced by mitosis in 
some parts of the body but fewer are needed in slower-growing 
parts. Repair and replacement of cells occur at different rates in 
different tissues because some parts are damaged more easily 
and more frequently than other parts. For example, skin cells and 
intestinal lining cells have a high rate of mitosis because they are 
frequently damaged (e.g. cuts, wounds or damaged by food) and 
frequently rubbed off (e.g. when drying the skin with a towel and 
when food passes through the intestine). High rates of mitosis 
ensure these cells are replaced quickly.

However, the cells in the liver (involved in storage and chemical 
reactions) have a much lower rate of mitosis because the organ 
is not growing and the cells are less likely to be damaged or lost 
so don’t need to be replaced at a high rate. Intestinal muscle 
cells, which contract to move food, also have a low rate of 
mitosis because their function results in limited need for repair of 
damaged cells or replacement of lost cells.
(A –  describes three out of: purpose of mitosis, how mitosis occurs (describes two out of: cell 

division, two cells, same number of chromosomes), how mitosis rate varies, cell function;

M –  explains two out of: purpose of mitosis, how mitosis occurs, a reason for varying rates of 
mitosis;

E –  discusses, using examples from the table, how rate of mitosis is linked to repair/replacement 
of cells in skin, liver and intestine)

Answers and explanations
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Question Two: Replication of DNA
1. Check that your answer contains the following labels.
 • nucleotide – sugar, phosphate and base
 • nitrogen base – A, C, G, or T
 • hydrogen bond – bond between two bases
 • parent strand – top part of diagram
 • daughter strands – bottom part of diagram
 •  sugar-phosphate backbone – ribbon like structure down 

outside of molecule.
 For example:

nitrogen bases – A, C, G, or T

parent strand

sugar-phosphate 
backbonenucleotide

hydrogen
bond

daughter
strands

2. Check that your answer contains the following important point.

  Purpose – produce two copies of DNA so all new cells have 
same function as parent cell.

  For example: DNA replication is the process that uses the 
two strands of the parent DNA as templates to produce two 
identical daughter copies so new cells can carry out same 
function as orignal cell.

3. Check that your answer contains the following important points.

 •  Enzyme structure – chain of amino acids/protein, specific 
folded shape, specific-shaped active site where substrate 
binds.

 •  How enzymes function – use energy from ATP to lower 
activation energy needed for reaction, reaction rate 
increases, specific so can catalyse only the one reaction, 
substrate fits in the active site, shape changes/lock and 
key, product released.

 •  Examples of enzymes – an enzyme causes a cut in one 
strand of the DNA to allow it to unwind, helicase enzyme 
unzips DNA by breaking the hydrogen bonds between 
bases, DNA polymerase adds nucleotides.

 •  Factors that affect enzymes –

  1.  Temperature: Enzymes have an optimum 
temperature at which they work most quickly. 
Temperatures lower or higher than the optimum 
reduce the rate of reaction, high temperatures 
denature enzyme so it stops functioning.

p. 8   2.  Availability of substrate: Free nucleotides are required 
during DNA replication. If few are available, enzyme 
activity is reduced / reaction rate is below optimum.

  3.  Poison: Some chemicals bond with the enzyme, 
enzyme shape changes/blocks active site, enzyme 
activity is reduced.

  4.  pH: Enzymes have an optimum pH at which enzyme 
activity is greatest. pH above or below optimum 
gives reduced activity/reaction rate.

   For example: An enzyme is a protein molecule that is 
folded into a particular shape. Each enzyme has an 
area called an active site where the substrate binds, a 
shape change happens and a chemical reaction occurs. 
Products of the reaction are released from the enzyme. 
Enzymes function by using energy from ATP to lower 
the activation energy needed for a reaction to occur, 
therefore allowing a reaction to occur many times 
more quickly than it would occur without the enzyme. 
Enzymes are specific so they can catalyse only the one 
reaction; for example helicase can only unzip DNA, RNA 
polymerase can only add nucleotides to the new strand.

   The rate of DNA replication is affected by temperature. 
Each enzyme has an optimum temperature at which 
it works most quickly. Temperatures lower or higher 
than the optimum reduce the rate of reaction and high 
temperatures denature enzymes so they stop functioning.

   Free nucleotides are found in the nucleus and required 
during DNA replication. If there are few free nucleotides 
available DNA replication takes place more slowly. The 
growth and repair of the organism is slowed.

   Certain poisonous chemicals can bind to the enzyme so 
that the enzyme’s shape changes and the enzyme can no 
longer function. If the poisons are in high concentrations 
all the molecules of the affected enzyme can become 
inactive so DNA replication does not occur.

(A –  describes three out of: DNA structure (five labels correct), purpose DNA replication, enzyme 
structure, enzymes in DNA replication, factors that affect enzymes in DNA replication 
(three from temperature, enzyme concentration, substrate concentration, pH, co-enzymes, 
inhibitors, poisons);

M –  explains two out of: how enzymes function, how a factor affects an enzyme, how a second 
factor affects an enzyme;

E –  discusses function of enzymes in DNA replication and two factors that affect enzymes during 
DNA replication)

Question Three: Mitosis and movement of materials
1.  DNA in chromosomes has replicated and then 

chromosomes have lined up on the equator of the cell. 
Centromeres are attached to the spindle.

2. Important points:

  •  Purpose – produce more cells with a complete set of 
chromosomes for growth, repair, replacement.

   •  How mitosis occurs – DNA in each chromosome 
replicates, replicated chromosomes line up on equator of 
cell, centromeres attach to spindle, chromatids are pulled 
apart, spindle pulls chromatids to opposite ends of the 
cell, nuclear membrane forms around the two groups of 
chromatids/chromosomes, cytoplasm divides to produce 
two identical daughter cells each with a complete set of 
chromosomes.

  For example: The purpose of mitosis is to produce more cells 
for growth and repair of the body and for replacement of 
cells, e.g. of cells rubbed off from the skin. When mitosis 
occurs a single cell produces two daughter cells, each 
with a complete set of chromosomes. Firstly the DNA in 
the chromosomes is replicated. The two chromatids of 
the chromosome coil up and line up on the equator of 
the cell. The nuclear membrane disappears and a spindle 

p. 10
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