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The- Hardy—Welnberg
prlnCIple :

rachydactyly is a condition in which the fingers and
toes are abnormally short. About 100 years ago, it
was found to be inherited and caused by a dominant
allele. If we represent the alleles as B for brachydactyly

A coral on the Great Barrier Reef releasing eggs
into the sea water, where fertilisation occurs at
random.

This column deals with *
old and new techniques,
including laboratory and
field investigations, and

Weinberg equilibrium. Many of these ‘forces’ their applications.

and b for the usual condition, then the short-fingered
phenotype is produced by the genotypes BB and Bb,
while the usual phenotype is produced by the genotype
bb. This finding led a participant at a meeting to argue
that in the course of time one would expect, in the
absence of counteracting factors, to get three brachy-
dactylous persons to one usual

No. The participant was confusing what happens when
you cross two individuals with what happens in a popu-
lation of individuals (a gene pool). Hearing of the
discussion, the British mathematician G. H. Hardy
published a note in 1908, setting out the true expecta-
tions for pairs of alleles in a population. In the same
year, the German medical scientist W. Weinberg
published independently on the subject, and their find-
ings came to be known as the Hardy -Weinberg principle.
Others in America, Britain and Russia took up the
subject about the same time, as part of a developing
interest in the fate of alleles in populations. Most studies
involved animals or plants that are diploid, with pairs of
alleles on homologous chromosomes (see pp. 20-24)

The Hardy-Weinberg principle is a statement of the
stable genotype frequencies that occur under the partic-
ular, carefully defined set of conditions given below.
Once we know what happens under those conditions,
we can compare the expectations with the outcome in
natural populations. If the comparison shows that the
conditions in the natural population are not the same as
those in our carefully defined conditions, then we may
have some clue about the forces that are acting on
the population and driving it away from the Hardy-
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(e.g. natural selection, loss of rare genes in

small populations) are important in the

evolution of spec
What exactly are those particular conditions under

which we see a Hardy-Weinberg equilibrium? For a pair

of alleles in a diploid population that is

(1) very large with

(2) no migration,

(3) no mutation,

(4) no selection and

(5) mating at random

there will be

(A)a constant allele frequency and

(B) a stable genotype frequency after

(C) only one generation

If any of the five conditions (1-5) are modified, then the

outcome is altered. The genotype frequency (outcome

3) is known as the Hardy-Weinberg equilibrium.

If there are two alleles, B and b, in a population, then
there are three genotypes: homozygous BB, heterozy-
gous Bb and homozygous bb. Call the frequencies of B
and b p and q respectively. If p were, for example, 60%
then ¢ must be the remaining 40%, i.e. the sum must
always be 100%. Rather than percentages, such as 60%,
we usually express the frequency as a fraction, such as
0.6, sothatp + g =1.

The simplest pattern of contribution to the next gener-
ation is found in, for example, sea urchins; eggs and
sperm, released in enormous numbers, unite in the
surrounding water. The parent urchins exert no
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Suppose that a population of 100 urchins has two alleles
of a gene, B and b, and that we know that a quarter of
them are homozygous BB, half are heterozygous Bb,
and the remaining quarter are homozygous bb. In the
whole population, there are 50 B alleles in the 25 BB
animals plus another 50 in the Bb animals, and there
are 50 b alleles in the 25 bb animals and another 50 in
the 50 Bb animals. So there are 100 B alleles and 100
b alleles. The frequency of the B allele, p, is 0.5 and the
frequency of the b allele, g, is 0.5.

Now consider the allele frequencies for this gene in
the next generation. The BB homozygotes will produce
a quarter of all the gametes, and these will all be B
gametes. Similarly, the bb homozygotes will produce a
quarter of all the gametes, and these will all be b
gametes. The Bb heterozygotes will produce the
remaining half of the gametes, half of which will be B,
the other half b. Thus, one half of the gametes will be
B and the other half will be b.

Assuming that all gametes have an equal chance of
combining, as shown in the diagram below (which is
called a Punnett square), the next generation will have
exactly the same frequencies of genotypes as the present
one, i.e.+ BB, +Bb and 1 bb.

and b gametes; the numbers inside the box are the
proportions of BB, bb and Bb offspring.

We can re-write the Punnett square using p and g:

P q
PP | P
S I

This tells us that random association of gametes will
give rise to BB, Bb and bb zygotes at frequencies p?, 2pg
and ¢2. These are the expected Hardy-Weinberg geno-
type frequencies. The point about using p and ¢ is that
we can use the expression for any allele frequency.
Suppose, for example, that a dominant allele R has a
frequency of 0.7 (the recessive allele, r, therefore has a
frequency of 0.3). Then the genotype frequencies are:

homozygous dominant  p? 0.72 0.49
homozygous recessive g2 0.32 0.09
heterozygotes 2pg 2x07x03 042
Total 1.00

One important thing to note is that the gene frequencies
and the genotype frequencies do not change from one
generation to the next. In particular, the dominant allele
does not replace the recessive allele, as the misinformed
participant at the early meeting supposed it would for
the brachydactyly allele.

Uses
Estimating frequencies
The Hardy-Weinberg principle allows us to estimate
allele frequencies from genotype frequencies. It also
allows us to work out the contribution of different geno-
types to a dominant phenotype.

The Rh (Rhesus) factor is one aspect of human
blood grouping. It is particularly important during preg-

Northern elephant seals were hunted almost

to extinction in the eighteenth century and so

went through a genetic bottleneck. The

genetic similarity within the population

remains great despite the now large _‘
numbers of this species. LN

nancy. If the mother is Rh negative and the father is Rh
positive, the child may be Rh positive. Rh positive red
blood cells from the baby leak into the mother’s blood-
stream as the placental tissues break down at birth. In
response, the mother’s body begins producing Rh anti-
bodies. If the mother becomes pregnant with another
Rh positive baby, Rh antibodies may cross the placenta
and destroy the child’s red blood cells. (The problem is
solved by giving Rh negative women an injection
containing Rh antibodies just after the first birth — the
antibodies attack the red blood cells from the baby
before they stimulate the mother to produce her own
antibodies.)

People separate into dominant Rh positive (DD or
Dd) and recessive Rh negative (dd). In most of Europe,
the allele frequency of D is roughly 0.6, and of d,
roughly 0.4. The three genotypes are therefore present
at frequencies p? = 0.6 = 0.36 DD, 2pq = 2 X 0.6 x 0.4
=0.48 Dd, and ¢ = 0.4 = 0.16 dd. Rh positive people
are DD or Dd, i.e. 36 + 48 = 84% of the population;
48/84 = 57% of these Rh positive people are hetero-
Zygous.

Testing predictio
When we know what should happen (the Hardy-
Weinberg equilibrium), we can test whether it does,
and if it does not, look for a reason. Here are some ways
in which the conditions may not hold.
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[image: image3.jpg]Small population size When populations are small,
random fluctuations in allele frequency can lead to less
common alleles being lost. The northern elephant seal,
although now numbering many thousands of individ-
uals, was reduced by hunting to about 20 individuals in
the 1890s. No variation exists at any of 24 different
gene loci. A similar story exists for the cheetah (see
BIoLoGIcAL ScIENCES REVIEW Vol. 14, No. 2, pp. 7-10).
Migration Individuals coming into a population from
one with a different allele frequency naturally alter the
frequency. The mixture of individuals will always show a
deficiency of heterozygotes compared with the estimate
from the pooled allele frequency. For example, suppose
the mixture is made up of 50% of individuals from a
population in which p = 0.6 and 50% from a population
in which p = 0.4. One population contributes the three
genotypes at frequencies 0.36, 0.48 and 0.16. The other
contributes them at 0.16, 0.48 and 0.36. The overall
frequency of heterozygotes is 0.48. However, the overall
allele frequency is 0.50, which provides a Hardy-Weinberg
expectation of 0.5 for the heterozygote frequency.
Mutation Mutation constantly feeds new alleles into
populations. The effect is usually too small to be noticed,
but in principle the Hardy-Weinberg equilibrium is
disturbed.

TE R M S explained

Allele One of the possible alternative forms of a gene
represented on one chromosome of a pair.

Allele frequency The frequency of a particular allele
in a population. Many books and articles use the term
‘gene frequency’ to mean the same thing. It has been
avoided here.

Dominance The phenotypic expression of an allele.
A dominant allele produces the same phenotype in
homozygotes and heterozygotes. A recessive allele is
expressed as a phenotype only when two copies are
present, i.e. homozygous. Codominant alleles give rise
to a heterozygous phenotype that is distinct from
either homozygote.

Equilibrium  An unchanging state of a system. In this
case, constant allele or phenotype frequency.

Gene A locus (a DNA sequence on a chromosome)
determining a particular phenotype and represented by
two alleles in each body cell in an individual (e.g. the
gene for brachydactyly).

Gene pool All the genes in a population of individuals.

Genotype The genetic make-up of an organism. The
genotype describes the organism in terms of the
alleles that it contains.

Locus The location of an allele on each homologous
chromosome.

Phenotype The characteristics of an organism that
result both from the genes the organism possesses
and the environment in which it has developed.

Stable equilibrium An equilibrium that returns to
the original state after change.
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Stigma

Anthers

Pin flower Thrum flower

Selection This can have large and rapid effects on
allele and genotype frequencies. A classic example is
the advantage possessed by sickle-cell heterozygotes in
west African human populations exposed to malaria
parasites (see pp. 2-5). Humans who are homozygous
for the sickle-cell allele suffer anaemia; without treat-
ment, many would die in childhood. Despite the health
problems it causes, the allele remains common in
regions where malaria is prevalent, because it confers
protection against the disease (see BIOLOGICAL SCIENCES
ReviEW Vol. 9, No. 4, pp. 2-5). The selective advantage
was discovered by comparing genotype frequencies in
newborn infants (which were in Hardy-Weinberg equi-
librium), with those in adults. The observed excess of
heterozygotes allowed a measure of selection to be
made.

A dominant allele in human populations can confer

resistance to diseases that disable the immune system. In
the seventeenth century, the village of Eyam in
Derbyshire lost 86% of its population during one
outbreak of plague. This 86% was the proportion
of recessive (non-resistant) homozygotes, ¢2. If all
survivors were carrying the resistance allele, its
frequency, p = 1 - g, was 1 - v0.86, or 0.073. If such a
high frequency were present, it would indicate selection
by other outbreaks in the past, and allele frequency
must be anything but stable over time.
Non-random mating  Populations of primroses often
contain pin and thrum type flowers, which differ in the
length of the stigma on which pollen is deposited (the
part of the flower above the ovary), and the position of
pollen-bearing anthers (see Figure 1 and p. 42).

Insects transfer pin pollen to thrum styles and vice
versa. This raises the frequency of heterozygotes above
expectation.

On the other hand, when like-with-like matings
take place, for example if taller women choose taller
men as partners or an early flowering variety of a plant
is crossed with other early flowering individuals, the
effect on the genes concerned is to reduce the frequency
of heterozygotes below expectation. B
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Figure 1
Sections through
a pin- and thrum-
eyed primrose
(see p. 42).





