
Remember – the dominant gene always expresses itself if present,
but the recessive gene can only be expressed in the absence of the
dominant gene.
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Sources of Genetic Variation
Prerequisite knowledge: Before studying this Factsheet the student
should know about the nature of DNA, RNA, chromosomes, and genes.
Details of these can be found in Factsheet Number 22 (Protein
synthesis I – Nucleic acids, April 1998).

The sources of genetic variation described in this Factsheet are:
1. Variation produced by polygenic inheritance.
2. Variation produced by the process of meiosis and by cross-

fertilisation.
3. Variation produced by gene and chromosomal mutations.

However, many genes have more than two alleles, they may have hundreds
or thousands, spread through the whole gene pool of the species. Each
allele, if expressed, will cause a slightly different effect in the phenotype
to the other alleles. An individual organism could have any two of the
many alleles available, and so this leads to greater diversity in the
characteristic regulated by the gene. In addition, several  of these types of
gene may be involved in regulating a particular character. This results in the
character showing continuous variation, where there is a wide range in
the expression of the particular alleles possessed by the organism.

Thus peas are either short or tall, since only two alleles are involved with
inheritance of height, but humans can be of any height within the overall
range, since many alleles are involved with inheritance of height.

The many different alleles within a polygenic system have probably arisen
as a result of numerous gene mutations over thousands or millions of years.
Each of these gene mutations may only have produced minor effects which
did not disrupt the stability of the organism or species. (Gene mutation is
described later in this article).

2. Meiosis and variation
Meiosis produces variation in three ways:

• by random assortment of chromosomes in anaphase I.

• by random assortment of chromatids in anaphase II.

• by  chiasmata (cross-overs) during the 1st meiotic division.

Fig 1. Height in humans and Mendel’s peas

Remember – meiosis is reduction division, involved in the
production of gametes, or in the production of the haploid
gametophyte phase in plants. During meiosis the diploid
chromosome number (double set) is reduced to the haploid
chromosome number (single set).

The overall process of meiosis is shown in the following sequence of
diagrams (Fig 2).

Examination questions on this topic are often essays which test recall
knowledge, but tick box, ‘fill in the missing words’ and data
interpretation questions are also asked. Questions about the origin
of variation often then link to questions about the evolutionary value
of the variation.

1. Variation produced by polygenic inheritance
Every gene possesses at least two forms or alleles which express
themselves differently in the appearance or phenotype of the organism.
For example, the gene for height in Mendel’s pea plants has two alleles, one
which governs tallness (dominant) and one which governs shortness
(recessive). Tall pea plants are in the range 1.0 to 1.4 metres tall, but short
plants are in the range 0.5 to 0.8 metres tall.There is no overlap between
these ranges and so this is an example of discontinuous variation.

Remember - variation between the members of a population of
organisms is essential to enable the population to withstand the
pressures of natural selection and to evolve. On the other hand, the
organisms must have enough genetical stability to enable them to
survive throughout their life span and to reproduce successfully.
The biological fitness of a species is its ability to balance a high
degree of genetic stability, allowing day to day survival and
reproduction,  with enough genetic variability to enable
evolutionary survival.

This type of inheritance, involving several genes, each with many alleles, is
called polygenic. Examples are the control of hair colour, eye colour and
height in humans. Fig 1 illustrates the range of height in humans and in
Mendel’s peas.
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In anaphase I, though one set of chromosomes goes to one pole and the
second set goes to the other pole, it is purely random how the chromosomes
assort to the poles. Thus any chromosome (with its genes) of one set can
be combined with any chromosome (with its genes) of the other set. This
mixes all the genes in the organism’s gene pool into new combinations,
which produces great genetic variation of the continuous type.

Prophase I
1. Chomosomes become long and thin.

Become stainable as DNA is deposited on
them.

centromere

2. Homologous chromosomes pair by
lying together side by side forming
bivalent units. This process is called
synapsis.

3. Chromosomes become shorter and
fatter and become replicated except
at the centromeres. Breaks appear
where chiasmata will form.

bivalent unit

4. Chiasmata form exchanging genetic
material between homologous
chromosomes.

chiasma

Metaphase I
5. Nuclear membranes break down.

Spindles form. Chromosomes attach
to spindles at the ‘equator’ by their
centromeres.

spindle

pole

Anaphase I
6. Spindles contract pulling one set of

chromosomes to one pole and the
other set to the other pole. This
results in the chiasmata being
completed.

Fig 2. The process of meiosis (in a nucleus with two pairs of chromosomes)

Telophase I
7. Nuclear membranes reform forming

two daughter nuclei. Chromosomes
become long and thin, reverting to the
interphase condition.

daughter nuclei

Interphase
8. Nucleoli reappear, chromosomes no

longer stainable since DNA no longer
carried on them.
Division of the cytoplasm occurs
resulting in two cells.

nucleolus(RNA)

Prophase II
9. Chromosomes become long and thin

and stainable as DNA is deposited on
them again.

Metaphase II
10. Nuclear membranes break down.

Spindles form. Chromosomes
become attached to ‘equator’ of
spindle by their centromeres.

Anaphase II
11. Chromosomes complete their

replication at the centromeres.
Spindles contract pulling one
set of chromatids (new chromosomes)
to one pole and the other set to the other
pole.

Telophase II
12. Nuclear membranes reform around four

haploid nuclei. Nuclei will revert to the
interphase state. Division of the
cytoplasm will result in four cells.

The same type of variation arises in anaphase II when the chromatids
become new chromosomes and segregate independently and randomly to
the poles.

The alleles carried on homologous chromosomes make up gene linkage
groups which control characteristics which are inherited together. However
alleles can be interchanged between these chromosomes by chiasmata
producing recombinants which are new combinations of existing alleles.
This produces new discontinuous variation.
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Variation produced by fertilisation
Although gametes will contain the same genes they are likely to contain
different alleles for the genes, especially in a polygenic system. Thus when
gametes fuse in fertilisation new combinations of alleles are formed. Alleles
of gametes are likely to show more differences if they come from distant,
unrelated members of the population than if they come from closely related
members of the population. This is particularly so if the genes contain
hundreds of allelic variations. Thus, fertilisation adds to continuous variation.

This is enhanced by outbreeding to distant members of the population
which will tend to produce gene combinations of different alleles
(heterozygotes). Inbreeding to closely related organisms will only mix
mainly similar alleles together and so large numbers of gene combinations
of identical alleles (homozygotes) will be produced. Thus variation will be
curtailed by inbreeding and enhanced by outbreeding.

Exam Hint - It is important to understand the three ways in which
meiosis produces variation. Do not get bogged down with the phases
or process details but be able to recognise the stages from drawings.

Remember – a homozygote is an organism which receives similar
alleles for the gene from each parent. A heterozygote receives
different alleles for the gene from each parent.

Variation due to gene mutation
Gene mutation arises because the replication of DNA is not 100% accurate
so that occasional errors in base placements occur due to incorrect
nucleotides being inserted into the DNA (or occasionally into mRNA
during transcription). The effect of this is to alter the base sequences in the
codons of the gene and so this alters the sequence in which amino acids are
assembled into the polypeptide made by the gene. Often the resulting
mutation is harmful, as in the case of sickle cell anaemia, but sometimes
the mutation may confer evolutionary or survival benefit as in the case of
industrial melanism in many butterflies and moths. In sickle cell anaemia
the mutation affects the amino acid sequence of part of the β-globin protein
chain of the haemoglobin. This results in the formation of abnormal
haemoglobin-S which in conditions of low oxygen tension causes the red
blood cells to collapse into sickle shapes. The mutation which causes this
condition is illustrated in Fig 3.

Fig 3. The mutation which results in Sickle Cell Anaemia

valine

GUA

CAT

histidine

CAU

GTA

Amino acid sequence
of  βββββ-globin chain
of haemoglobin:

Codons on mRNA:

Bases on DNA:

leucine

CUC

GAG

threonine

ACU

TGA

proline

CCA

GGT

glutamic acid
(instead of valine)

(instead of GUA)
GAA

(instead of CAT)
CTT

glutamic acid

GAA

CTT

Translation

Transcription

- - - - - -

Besides base substitution, gene mutation can cause abnormal codon patterns
by deletion, inversion, addition or translocation of bases.
In deletion one or more bases are omitted during the replication process,
in inversion two or more bases bcome reversed in sequence, in
addition(insertion) one or more bases are added to the sequence and in
translocation one or more bases are transferred from the end of one gene
onto the end of another.

In sickle cell anaemia the base T marked with an arrow is substituted with a base A. This means that the resultant codon on the mRNA is GUA instead
of GAA and so the amino acid valine is inserted into the protein in place of glutamic acid. This results in the formation of haemoglobin-S.

Most gene mutations, in nature, will have only slight effects or unnoticable
effects and may also confer survival benefits. Polygenic systems with
many different alleles probably arise as a result of many such gene mutations
over long periods of time. Thus, though an individual gene mutation gives
rise to discontinuous variation, many minor mutations to the same gene
over thousands of years may give rise to the continuous variation due to
polygenes.

Certain environmental factors may increase the frequency of mutations.
Such factors are called mutagens. Ultra-violet light at wavelengths between
250 and 270µm is strongly mutagenic, as are the ionising radiations, such
as X-rays, α-rays (helium nuclei), β-rays (electrons or positrons) and γ-
rays (electromagnetic radiation). These high energy mutagens can damage
the genetic material directly by breaking it up, or can alter the reactivity of
other body chemicals (eg. water) which then damage the DNA. Some
chemicals also act as mutagens, Mustard gas, dioxane and the banned
pesticides aldrin and dieldrin are notorious in this respect.

Remember – other gene mutations which you may be asked about
include haemophilia, red-green colour blindness, cystic fibrosis
and alpha- 1 antitrypsin deficiency which results in an inherited
form of emphysema (lung disease).You may be given data
interpretation questions about other mutations. A very common
error is to confuse, for instance, base deletion of gene mutation
with gene deletion of chromosome mutation.
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Variation due to chromosome mutation
The types of chromosome mutation are summarised in Fig 4.

Chromosome breaks may result in changes in chromosome structure which
alter the sequences of genes (lengths of DNA) along the chromosome
length.  Thus genes may be deleted altogether, or deleted genes may then
be inserted in the wrong place, gene sequeneces may become inverted, or
gene sequences may translocated, that is, broken off the end of one
chromosome and added onto the end of another one. Although rare, these
errors probably occur most frequently at the time of chiasmata formation
in meiosis. It is thought that the variations produced by these types of
chromosome mutation are invariably harmful and have no survival value.
One form of Downs syndrome is caused by a translocation of an extra
chromosome 21 onto chromosome 14. In aneuploidy there are one or two
extra chromosomes present in the nucleus. This is caused by non-
disjunction in which the chromosomes fail to segregate correctly during
an anaphase of meiosis, both members of a bivalent unit going to one pole
so that the other pole does not receive a chromosome. This could result in
an individual having a chromosome number of 2n + 1, or 2n – 1. Table 1
shows some examples of non-disjunction in humans. Fig 5 shows the
chromosomes (karyotype) of a  Down’s syndrome sufferer.

Table 1. Examples of non-disjunction

changes in chromosome structure
(deletion, inversion, insertion, translocation)

chromosome Polyploidy (change in chromosome number)
mutations 1. Aneuploidy(polysomy)

2. Autopolyploidy
3. Allopolyploidy

Fig 4. Types of chromosome mutation

Condition

Down’s syndrome
(Trisomy 21)

Klinefelter’s
syndrome

Turner’s syndrome

Genotype

2n + 1, has an extra
chromosome 21

XXY, has an extra X
chromosome

XO, missing an X
chromosome

Comments

Causes mental and
behavioural  defects

Sterile males,
effeminate
tendencies

Sterile females, no
menstrual cycles

Autopolyploidy arises due to a type of non-disjunction in which the two
sets of chromosomes fail to separate due to a failure of the spindle in cell
division. If this happens in meiosis, resultant gametes will be diploid.
Thus, in fertilisation, fusion of a diploid gamete with a normal haploid
gamete would give a triploid organism (3n). Union of two diploid gametes
would give a tetraploid organism (4n). In general autopolyploids tend to be
larger and more tolerant of drier conditions. The disadvantage is that they
are often sterile, since meiosis cannot occur with an odd number of
chromosome sets because synapsis (pairing) becomes impossible. Because
of this autopolploids often have great powers of asexual reproduction to
enable survival, but as a result lack genetic variation.

Three chromosome 21 (trisomy 21)

Fig 5. Karyotype (chromosomes) of a Down’s syndrome sufferer.

Unlike autopolyploidy, allopolyploidy involves hybridisation between
different species. Since all species have distinctive shapes and numbers of
chromosomes, if a hybrid is produced following fusion of a gamete from
one species with a gamete from the other species it will be sterile. This is
because meiosis will fail due to the inability of chromosomes to pair
accurately. However, if the chromosome number of the hybrid were to be
doubled (as in an autopolyploid), each chromosome would have a ‘twin’
and so meiosis would then occur. The resulting organism would be fertile
and be a new species.

Examples of autopolyploids:
Solanum tuberosum (Common potato) 4n = 48
Ranunculus ficaria (Celandine) 4n = 32, 5n = 40, 6n = 48
Malus pumila (Cox’s Orange Pippin Apple) 3n = 51

Allopolyploidy has been very important in the evolution of flowering
plants. Allopolyploids possess a survival feature known as hybrid vigour
which means that they possess the best survival features of the two parent
species. Some 40% of all Angiosperms (flowering plants) are allopolyploids
which has probably led to their great success as the dominant land plants
on Earth.

Allopolyploidy is illustrated in Fig 6 (overleaf) which shows the evolution
of modern Bread Wheat, Triticum aestivum, which has occured over the
last 10.000 years. Modern Bread Wheat has arisen by hybridisation and
allopolyploidy between ancient cultivated wheats and  wild wheats. Einkorn
wheat was cultivated by Neolithic humans and Emmer wheat by people in
ancient Iran.

A nucleus which has double the normal chromosome number due
to the failure of the spindle mechanism in cell division is called a
restitution nucleus.  Such  a nucleus can behave in cell division
like a normal diploid cell.
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(A, B and D represent sets of chromosomes. Though the sets each contain
7 chromosomes, the shape and sizes of the chromosomes differ, so that
meiosis can only occur if a restitution nucleus has doubled the chromosome
number). The photograph below illustrates the great variation in the ‘ears’
of these different wheats.

                                   1            2         3      4         5

Fig 6. Evolution of modern Bread Wheat

Triticum monococcum X Agropyron sp.
(Einkorn wheat) (Wild goat grass)
2n= 14 2n = 14
AA BB

Sterile F, hybrid
2n=14
AB

   Restitution nucleus

Triticum dicoccum X Triticum tauschii
(Emmer wheat) 2n = 14
4n + 28 DD
ABAB

Sterile F, hybrid
3n = 21
ABD

 Restitution nucleus

Triticum aestivum
(Modern bread wheat)
6n = 42
ABDABD

1. Triticum monococcum (Einkorn wheat)

2. Agropyron sps. (Wild goat grass)

3. Triticum dicoccum (Emmer wheat)

4. Triticum tauschi

5. Triticum aestivum (Modern bread wheat)

Practice Questions

1. The diagram below shows a bivalent from the process of cell division.

(a) (i) What is a bivalent?      (2 marks)

(ii) What is the process of bivalent formation called?      (1 mark)

(b) Name structures A to D.      (4 marks)

(c) How does D add to genetic variation?      (2 marks)

2. Variation within a species arises by meiosis and fertilisation. The
amount of variation arising from fertilisation is enhanced by outbreeding.

(a) How does variation arise from meiosis?      (3 marks)

(b) How does variation arise from fertilisation?      (2 marks)

(c) How does outbreeding increase variation?      (2 marks)

Mark scheme
Semicolons indicate marking points

1. (a) (i) a pair of homologous/sister chromosomes;
which come to lie closely side by side;

(ii) synapsis;

(b) A = centromere;
B = chromatid;
C = chromosome;
D = chiasma;

(c) produces new combinations;
of the alleles present on the homologous chromosomes;
(reject ‘genes’)

2. (a) random assortment of chromosomes in anaphase I;
random assortment of chromatids in anaphase II;
chiasamata/cross overs between homologous chromosomes;

(b) different gametes may carry different alleles (of the same genes);
thus fusion of gametes produces new combinations of alleles;

(c) gametes from unrelated individuals/organisms distant in the gene
pool;
are more likely to carry different alleles/variant alleles for the genes/
alleles more likely to have been modified by mutation;
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