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Concepts of Population Genetics 
 
S.D. Wahi 
Indian Agricultural Statistics research institute New Delhi - 110012 
 
1. Introductory 
 
While Quantitative genetics is concerned with the inheritance of metric traits (i.e. 
those traits which can be measured quantitatively), Population genetics is concerned 
with the genetic properties of populations. The theoretical basis of Population 
genetics was laid by the great trio, R.A. Fisher(1918), J.B.S Haldane( 1924-32) and 
Sewall Wright(1921). In the succeeding years, further development by 
statisticians/geneticists were more in the form of elaboration, clarification and filling 
in of details. Today we have substantial body of theory accepted by majority as valid. 
 
2. Scope 
 
In Population genetics we deal primarily with natural populations rather than 
populations on which the breeder has control and here the emphasis more on the 
behavior of genes and population-attributes under natural selection, where most 
important measure is Darwinian fitness. The central issues tackled, here, are the 
changes in the genetic constitution of the population due to disturbing forces and the 
transmission of genes from one to the next. Our interest lies, not so much in the 
number of individuals present at certain time in a certain place or their morphological 
characteristics as in the underlying mechanisms, which bring about changes in 
population characteristics and the size of the population at any point of time. Since 
such mechanisms depend upon the numerical dynamics of the population and upon 
heredity, it follows that we are in fact concerned with both genetics and dynamics of 
the population.   
 
As is the case with other sciences population genetics include both observations and 
theory. The observations come from both natural populations and laboratory 
experiments. The observations are, sometimes, verifications of existing theory, 
sometimes they are tests to distinguish among alternative theories, or they may lead to 
altogether new ideas. Although, more emphasis is on theory we occasionally make 
use of experimental or observational data for illustration of these theories. A 
mathematical theory that could take into account all relevant phenomena of even the 
simplest population would be extremely complex and so, many a time, we go for 
simplifying assumptions. Theoretical population genetics is essentially one of model 
building. The model is an attempt to abstract from nature some significant aspect of 
the true situation. We frequently use approximations of the exact expressions, since it 
is desirable to have a compromise between a model that is crude as to be unrealistic or 
misleading and one that is incomprehensible or too complex to handle. 
 
3. Applications 
 
The motivation for the development of the theory of population genetics by the 
great trio was for a better understanding of the Darwinian theory of evolution. 
Evolution implies phenotypic changes in a population over many generations. 
Population genetics besides being fundamental in the study of evolutionary process is 



Bioinformatics and Statistical Genomics                                                                                                             L10 

relevant to many other issues as well. The ability of a population to adapt itself to 
changing environments depends directly upon the genetic variability existing in the 
population. The greater the genetic variability, the greater the flexibility for a 
population to adapt to new environments and vice versa. Agriculture is one area in 
which great deal of emphasis is laid on achieving rapid improvement in crop yield. In 
this connection it is important to know how much genetic variation in a crop would be 
good insurance against expected changes in environment and devise suitable breeding 
plan capable of creating and maintaining enough variation to meet such changes in 
environment. This, then, is the first important issue for which population genetics is of 
immense value. Population genetics has also numerous medical applications. It is 
important for a medical doctor to understand that individuals vary in their 
susceptibility to diseases and drug effectiveness, and also about the mode of action of 
many drugs. This will help in proper application of medicines so as to minimize the 
chance of evolution of drug immunity among pathogens. Genetic counseling is 
another area where population genetics is playing a prominent role.  
 
4. Concept of a population 
 
The principle, which is fundamental in the study of the genetics of populations, is the 
Hardy-Weinberg principle. This was established independently by hardy in England 
and Weinberg in Germany in the year 1908. According o this principle, if a 
population is large and breeding under panmixia, its genetic constitution remains 
unchanged from generation to generation. For a better understanding of this principle 
and implications we need to define a population, the parameters that specify the 
genetic structure of the population and the manner in which the populations 
propagated.   
   
The term population, when broadly defined, refers to a collection of organisms which 
function together evolutionarily and ecologically as a unit. But in population genetics 
what we are mostly concerned is a local Mendelian population. In the words of 
Dobzhansky(1951) this is “ a reproductive community of sexual and cross-
fertilized individuals which share a common gene pool”. All genetic information 
distributed among the members of an inter-breeding group collectively forms a gene 
pool. More simply the gene pool is the sum total of genes in the reproductive gametes 
of the population. More specifically a Mendelian population is a group of 
conspecific organisms developing both over space and time and characterized by 
the Mendelian laws of inheritance. The largest population one can think of is a 
biological species, provided all the members of this group function together as a 
single unit and share a common gene pool. But such a population rarely exists owing 
to the fact that all the members of this larger group seldom associate for reproduction 
for geographical isolation and other reasons. Thus, in the context of studying the 
evolutionary process, a population could be defined as a group of sexually 
interbreeding organisms isolated from other groups of the same species by such 
factors as geographical or social barriers. 
 
Often it is useful to consider a population as a group of genes rather than a group of 
individuals. In this sense the common gene pool of the interbreeding group is the 
population and the individual genes its members. The term gamodeme or simply deme 
has been applied to such a population. 
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 Under natural conditions the individuals in these populations are seldom alike. This 
is because genetic variability is a sine qua non for the existence of a Mendelian 
population. More over, this variability is essentially dynamic and provides the much- 
needed raw material for selection to ‘work upon’ for taking the average fitness of the 
population to its peak. 
 
5. Concept of Specification of a Population 
 
The genetic structure of a population is completely specified by the knowledge of 
different types of genotypes constituting population along with their frequencies. For 
example, consider the hypothetical specification of two populations with respect to M- 
N, blood group locus, given in Table 1: 
 
Table1: genetic specification of two populations in terms of M-N blood group 
frequencies 
------------------------------------------------------------------------------------------------------- 

Population     Blood group 
    ---------------------------------------- 

     MM  MN  NN    
------------------------------------------------------------------------------------------------------- 
  I    0.24  0.48  0.28 
   

II   0.03  0.44  0.53 
-------------------------------------------------------------------------------------------------------
Note that the two populations differ in their genetic structure in that the MM types are 
more in population I while NN types are more in Population II, heterozyotes being 
more or less in the same proportion in the two populations. However, it may be noted 
that the foregoing specification is only with respect to a single locus and hence is a 
partial specification of the population. For complete specification we need to know 
the amount of all the different types of genotypes with respect o different loci 
involved. This, in practice, the geneticist cannot hope to accomplish. It is because of 
the large number of loci in any individual-thousand at least. For, example in a diploid 
population with only two alleles at each of 100 loci, the number of different 
genotypes possible would be 3100 , a number far larger than the number of individuals 
in any population. We get out of this predicament by deciding to specify the genetic 
structure in terms of allele frequencies, also called gene frequencies. In this case we 
can characterize the population by specifying only 100 allele/gene frequencies. This 
usually entails some loss of information for knowledge of gene frequencies is not 
sufficient to specify genotype frequencies. But it is  usually possible to do this to a 
satisfactory approximation by supplementing other information such as mating system 
and linkage relations. 
 
The characterization of a population in terms of gene frequencies, besides resulting in 
great simplification has some additional advantages. The important one is that it is the 
genes and not the genotypes, which are passed on from one generation to the next. 
The genes carried by the population, thus, have continuity from generation to 
generation, but the genotypes in which they appear do not. 
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6. The Gene Frequency Concept  
 
Consider a diploid population of N individuals with genetic variation at a single locus 
with alleles, Ai and A2, then the possible genotypes are A1A1,  A1A2 and A2 A2 . Let 
N11, N12 and N22 be counts of these genotypes in the same order. Clearly, 

 

 + 

p1, the fraction of A1 alleles equals (2N11 + N12 
2N. Note further that p1 +  p2 = 1.  

 pn. Denoting the 
t of i Aj by 2Pij we have  

  P  = P  + P  + … + P   = 

ote for the allele to half the frequency of all the heterozygotes involving the 

otypes A1A1,  
A1A2 a

p1 = D + 

   N11 + N12 + N22 = N 
We designate the genotype frequencies or proportions as 
A1 A1 :  P11 = N11/ N  A1A2 : 2P12 = N12/ N  A2 A2 : P22 = N22 / N
where  P11 + 2P12 + P22 = 1. 
Now we define the gene frequencies p1 and p2 of alleles Ai and A2 as  
p1 = (2N11 + N12 )/2N  = P11 + P12  p2 =  (2 N22 + N12)/ 2N   = P22

P12  
That is p1is the fraction of A1 alleles in the gene pool and p2 is the fraction of A2 
alleles. Note that each individual contains, 2 genes, so we have a total of 2 N genes in 
the gene pool at the A locus. Each A1 A1individual contains two A1 genes and each 
A1A2 contains one A1 gene, so that 
)/
 
Now consider the extension of the concept to the case of multiple alleles. Let there be 
n alleles A1, A2, …, An with corresponding frequencies p1,  p2, …,
frequency of genotype Ai Ai by Pii and tha A

 P  i i1 i2 in
j

ij

Thus, the frequency of an allele is obtained by adding the frequency of the 
homozyg
allele.  
In the two-allele case, if D, H and R are the frequencies of the three gen

nd A2 A2 respectively, the gene frequencies p1 and p2 are given by 

2

1 H          p2 = R + 
2

1 H              with  D  + H + R = p1 +  p2 = 1 

tion at A locus. In general, if pi is the frequency of Ai and pj of Aj and so on , 
e have  

 = p  A  + p  A + … + p A  

enotypic array. r the mu e-allele s ation, the genotypic array is given by 
  = + 2

y of allele M by  and that of N by , we have for the first 
population: 

  =  0.24 + 

 
With respect to the A locus with alleles A1 and A2 the gene distribution can be written 
as p1 A1 + p2 A2. This is also called the gene array or the gametic array of the 
popula
w


i

ii Ap 1 1 2 2 n n

as the gametic array of the population. The genotypic frequencies, in the 2-allele case 
when expressed in the form P11 A1 A1 + 2P12 A1A2 + P22 A2A2 , is called the 
g  Fo ltipl itu


ji

iiij AAP
,


i

iiii AAP 
 ji

jiij AAP  

 
Example 1: To illustrate the computation of gene frequencies from genotypic 
frequencies let us revert back to Table1 of M-N blood group frequencies. Denoting 
the frequenc Mp Np

Mp  
2

1 (0.48) = 0.48 
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  Np  =  0.28  + 

2

1 (0.48) = 0. 52 

and for the second population  the frequencies turn out to be 0.25 and 0.75 

xample for the multiple-allele case, consider the following 
ypothetical data on the ABO blood groups with observed and coded frequencies as: 

  

requency  0.40               0.30           0.08          0.12              0.04  0.06 
13        P33              2 P23 

he freque  B e

respectively. Note that in both the cases, Mp  + Np  = 1. 
 
Example 2: As an e
h
  
 
Genotype    OO          OA    AA        OB      BB    AB 
 
F
  P11           2P12     P22                 2P
 
T ncies of O, A,  gen s are determined as 
 

2

1

2

1 pO  = P11 + P12 + P13  = 0.40 + (0.30) + (0.12) = 0.61 

 pA   = P22 + P12 + P23  = 0.08 + 
2

1 (0.30) +  
2

1 (0.06) = 0.26 

Likewi  + pA + pB  = 1. 
 

lation 
onsisting of the three genotypes AA, Aa and aa with frequencies D, H and R, in both 

 of mating will be as shown in Table 2. 

Table 2: Random-mating frequencies 
 

     ---------------------------------------------------- 

-------- 

Aa R   RD  RH  R  

occurrence of a zygote as equal to the joint probability of selecting at random from 

se, pB  = 0.13. Obviously,   pO

 
Equilibrium under Panmixia 

 
Random mating means that the mating occurs without regard to the genotypes in 
question. In the case of bisexual organisms, any one individual of one sex is equally 
likely to mate with any individual of the opposite sex. In other words, the probability 
of choosing a particular genotype for male is equal to the relative frequency of the 
genotype in the population. Thus, if mating is completely at random in a popu
c
sexes, the frequencies of different types
 

                      Males 

Females   AA  Aa  aa 

     D  H  R 

--------------------------------------------------------------------------------------------
 AA D   D2  DH  DR 
 Aa H   HD  H2  HR 

2 
------------------------------------------------------------------------------------------------------ 
 
It should be appreciated that these theoretical frequencies will be realized only in very 
large populations. An equivalent definition of random mating, which in many 
situations is more convenient to work with is by considering the probability of 

5
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the gametic pool the male and female gametes that produce the zygote. Specifically, if 
p and q  are the frequencies of gametes carrying A and a respectively, the frequencies 
of random union of gametes will be as shown below: 

 Table 3: Random union of male and female gametes 

------ ------- ------- ----------------------------     

 
Female gamete  A    a   

p    q   

--------------------------------------------------------------------------------------------------- 

    p     pq 

    pq      q

uivalent in the sense that the 
enotypic derived for the next generation is the same. 

tions involving random mating the following three additional 
ssumptions are made: 

s, on an average, all individuals contribute equal number of 

 loci, the contributions of the maternal and paternal 

equal sex ratio, the random mating assumption fits well a great many real 

nt description we shall be using random mating as synonymous to 
panmixia.   

ardy- Weinberg Law  

------------------------------ -- -- ------------------
                  Male gamete 

    ---------------------------------------------------- 

A     p   AA        Aa 
2

 
a      q   Aa     aa 

2 

    
--------------------------------------------------------------------------------------------------- 

It is to be noted that the two definitions of random mating in terms of random mating 
of genotypes and random union of gametes are eq
g
 
In several practical situa
a
 

(i) All individuals are equally viable and there is no differential fertility. In 
other word
offspring. 

(ii) The ratio of females to males is 1:1. 
(iii) Except for sex-linked

parents are the same  
With these qualifications, random mating is termed as panmixia or panmixis and the 
populations mating at random and satisfying these conditions are called panmictic 
populations. It is hard to believe that such a random mating system ever exists in 
actual populations. Despite disturbances either due to, differential mortality, fertility 
or due to un
situations.  
In subseque

H

 
The Hardy-Weinberg law is a relationship between the gene frequencies and 
genotypic frequencies in large populations, when no disturbing forces are at work; 
and both these frequencies remain constant from generation to generation. This can be 
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genetic variation in large populations 
so long as these disturbing forces are absent. 

roof of Hardy-Weinberg law 

 From 
Table 2 the different mating combinations and progeny frequencies as follows: 

-- ----------------------------------- 

 

H  2         1 2 
 

------- ------- - --
Total      1            (D + H/2 )2    2(D + H/2 ) (R + H/2 )     (R 

genotypic and gene frequencies remain constant from the generation 
nder random.   

s of these allelic 
frequencies, th rogeny generation becomes: 

ration produced by random mating will have the same 
enetic and gametic arrays.   

stated more specifically as: In a large random mating population booth gene and 
genotypic frequencies are constant from generation, in the absence of migration, 
mutation and selection; and the genotypic frequencies are determined by the 
gene frequencies. Such a population is said to be in Hardy-Weinberg equilibrium. 
According to this principle, under random mating the genetic structure of the 
population remains unaltered from generation to generation, provided no disturbing 
forces are operating. This implies that in the absence of migration, mutation and 
selection, the genetic variation in large populations is conserved through time. Or 
in other words, there is no natural decay of 

P

 
The law can be established either by considering the different random mating 
combinations along with their corresponding progeny proportions or treating the 
progeny generation as the result of random union of male and female gametes.

Type of mating  Frequency   Offspring type & frequency  

        AA  Aa  aa 
---------------- -----------------------------------------------
    AA  x AA     D2   D2     -   - 
   AA  x  Aa     2DH   DH   DH   - 
   AA  x  aa     2DR     -   DR   - 

2   Aa  x  Aa     H2   1/4  1/2 H   /4 H
   Aa  x  aa     2HR      -    HR  HR 
   aa  x  aa      R2      -     -     R2 
-- -- -------- ------- ------------------------------------------------------------------ 
  
+ H/2 )2 
We note that the genoptypic array of the progeny generation is p2 AA + 2pq Aa + q2 

aa, where p = (D + H/2) and q = (R + H/2 ) . Obviously p, q are the gametic/ gene 
frequencies of A and a respectively. For this progeny generation, D = p2, H = 2pq and 
R = q2. The next generation genotypic frequencies based on these (D, H, R ) values 
are once again p2,  2pq and q2 respectively, giving the gene frequencies as p and q. In 
other words the 
u
 
 The approach based on random union of gametes is much simpler. The 
reasoning here is as follows. The chance(frequency) of obtaining a progeny of AA 
type is the chance that a random male gamete, A unite with  a randomly chosen, A 
gamete from the female. Thus the frequency of AA genotypes among progeny is p x p 
= p2(see Table 3). The frequencies of other genotypes follow similarly. Note that for 
any arbitrary population p = (D + H/2) and q = (R + H/2 ) and in term

e genotypic array in the p
p2 AA + 2pq Aa + q2 aa  

Starting from this genotypic array (and the corresponding gametic array p A + q a), 
we can see that the next gene
g
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The attainment of Hardy-Weinbeg equilibrium can be represented as follows: 

D0            D1 =                              Dt = 

Afte o e gene tion 

0  H1  = 2  

                      Rt = 

ere the subscript denotes the time( i.e. gneration) and p0 , q0 the base population 
requencies for A and a respectively. 

e:- 

 
owever, when male gametic arrays are different, it canbe shown that 

etic array ) 

le fr

cies of A and a are pm and qm in males and pf and qf in females. 
Then t

) x ( m (p q
with  pm +  m = 1 and f + f = 1. From this array we get gene frequencies as 

 = pm f + 

 
2
0p  2

0p  

            r n ra                   in all generations after first 

H 00qp                      
Ht=2 00qp  
 

R0                   R1 = 2
0q   2

0q  

H
allelic f
 

Not

p2 AA + 2pq Aa + q2 aa  =  ( p A + q a)2 
Or 

 Genotypic array    =   ( Gametic array )2 
H

 Genotypic array    =   ( Male gametic array ) x ( Female gam
 
7. Equilibrium when male and fema equencies are different 
 

Let the frequen
he genotypic array in the progeny generation is  

  
(pm A + qm a pf A + qf a) = p  pf AA + m qf + qm pf ) Aa + m qf a a 
 q  p   q  

 p p
2

1 ( m qf +p  qm pf ) = [
2

1  pm pf + 
2

1
mp  qf ] + [

2

1 pm pf   +
2

1  qm pf ] 

             =
2

1  pm(pf + qf ) + 
2

1  pf (pm +  qm) =
2

1 ( pm + pf) 

Like wise, q = (qm+qf)/2.  
ence in all following generations the genotypic frequencies are the proportions p2, 

nd male  allelic frequencies are different in the 
 is attained, but after a delay of one 

1.   If the reces at of the 

s q2 is negligible. 
2.   The proportion of heterozygotes H ( =2 pq ) never exceeds 0.5. This can be 
verified by showing that the maximum value of H is 0.5. 

H
2pq and  q2 .  
 
This shows that when the female a
base population, Hardy-Weinberg equilibrium
generation, i.e. in two generations 

Properties of equilibrium populations 

 

sives are rare the frequency carriers is approximately twice th
rare allele: 

We have 2 pq = 2 q(1-q) = 2q –2 q2  = 2q a
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  We have 

ap

d (2 pq) = 2 [ p x –1 + q x 1 ] = 2(q – p ) and putting this 

equal to zero yields p = q =1/2 and this gives max(H ) = 2x 0.5x 0.5 = 0.5. 
 
3.    H could be greater than either the dominants (D) or the recessive (R ) but never 
greater than their sum. 
 If possible let  
   H > D + R  i.e. 2 pq > p2 + q2 or, ( p – q )2 < 0 , which is 
impossible. In other words we should have H < D + R , always. 
 
4.     The proportion of heterozygotes is twice the square root of the product of the two 
homozygote proportions. 
  Clearly, 2pq = 2 x (p2)1/2 (q2)1/2 i.e. H =2 DR  or H2 = 4 DR 
 
5.     The gene frequencies of any particular generation depend on the gene 
frequencies of the previous generation and not upon genotypic frequencies. Similarly 
the frequencies of different genotypes produced through random matind depend only 
upon gene frequencies. Note that the two arbitrary populations ( 0.40, 0.40, 0.20) and 
( 0.25, 0.70, 05) having the same gene frequencies (0.6, 0.4) on random mating give 
rise to the population ( 0.36, 0.48, 0.16) which is in equilibrium. 
 
6.      On dividing the equilibrium proportion by q2 the equilibrium population get 
transformed to ( u2, 2u, 1 ) where u = p/ q. On division by p2 it becomes (1, 2v, v2) 
where v = q/p. 

Examples  

 
1.  Examine whether the following populations are in equilibrium and calculate 
the equilibrium proportion for those, which are not.  (1, 1, 1/4); (25,10,1), (1, 14/3, 
49/9); (0,2/3, 1/3). 
Solution:  The forth population is not. For this p = 0 + 2/6 = 1/3 and q = 1/3 + 1/3 = 
2/3 and this gives the equilibrium population, (1/9, 4/9, 4/9).  
2.   Show that the populations, (.05, .30,.65); (.01, .38, .61); (.18, .04, .78) 
becomes the equilibrium population(1/16,1/2, 1) in the next generation on random 
mating.  

3. Inability to recognize the taste of phenylthiocarbamide (PTC) is due to a single 
autosomal recessive gene. If, in population, 36 per cent of the people do not recognize 
the taste what are the frequencies of the non-tasting gene and its dominant allele, 
assuming the population to be in equilibrium.  

Solution:  We have, q2 =0.36, and so, the frequency of n0n-taster allele q = 0.6. The 
frequency of the dominant counter part p = 1- q = 0.4, i.e. 40%. 

 
4. In a population 42 per cent are MN. What is the proportion of M ?  If this 
cannot be answered, what is the frequency, given that M is more common than N ? 

Solution:  2pq = 2p – 2p2 = 0.42 or p2 - p + 0.21 =0  , giving p = 0.7 or 0.3. Frequency 
of M can be determined only from the information M > N and it is, therefore, 0.7.  
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5. In a population where there are 8 times as many heterozygotes as there are 
recessives, what is the frequency of recessive gene? 

Solution:  We have, 2pq = 8q2 i.e. q(2p – 8q) = 0.   q = 0 or q = 1/5. 

 

6. The incidence of the recessive disease phenylketanuria, which results in 
mental deficiency, is approximately 1 in 10,000. What proportion of the population 
are heterozygous carriers of this condition? 

Solution:  Given that q2 = 10-4 and so q = 10-2 = 0.01 and p =0.99 and 2 pq =0 0198. 
Note that when the recessive gene is very rare the number of heterozygote carriers of 
the gene is enormously larger than the number of individuals, which have the gene in 
homozygous state. Here we have the ratio, 0.0198:0.0001, between carriers and 
recessives, i.e. the carriers are 198 times as large as the recessives. 

7. In some breeds of sheep the presence horns is determined by an allele, which 
is dominant in males and recessive in females. If 96 per cent of the males in an 
equilibrium population are horned, what percentage of the females, have horns? 

 Solution:  Let A be the allele responsible for horns with frequency p. We have q2 = 
0.04 giving q = 0. 2 and p= 0.8. In females the gene A is recessive and therefore the 
frequency of recessives is p2 = 0.82 = 0.64. In other words 64 per cent females have 
horns. 

 
8. Changes of gene frequency in large populations 
 
The preservation of genetics structure and hence the genetic variance will take place 
only when the disturbing forces are absent in the population.   Since complete absence 
of these forces is seldom met gene frequencies do undergo change and so do the 
genetic structure of the population. 
 
The various forces changing the gene frequencies are of two sorts: the first one tends 
to change the frequency in a manner predictable both in magnitude and direction and 
is termed the systematic process.  Mutation, migration and selection belong to this 
category.  The second sort is of dispersive nature and arises in small populations due 
to sampling fluctuations and is predictable in amount but not in direction.  This 
dispersive process is called the genetic drift. 
 
9. Mutation     
 
Any sudden change, in the hereditary material brought about either by natural or by 
artificial means, is known as mutation and the product of this change, a mutant.  
Mutation affecting the chemical composition of individual genes is termed point 
mutation to distinguish it from the higher forms, namely, the chromosomal 
mutations or chromosomal aberrations in which one or more segments of the 
chromosome are affected.  We shall confine our discussions to gene mutations as they 
occur in nature, spontaneously and at finite rates.  The situation of multiple alleles can 
e reduced to the two-allele situation by concentrating on a particular mutant allele and 
regarding the rest as another allele.  
Non-recurrent and recurrent mutations 
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ener

 

ly natural with respect to 
ach other. 

ffect of forward mutation  

ng the 
ene frequency of A1 at the nth generation by pn in the next generation, so that: 

Consider an isolated mutational event in which one of the A1 genes mutates to A2 
producing just a single copy of the gene A2 (the mutant) in the whole population.  
Such an event, which is repeated neither over space nor over time is called non-
recurrent mutation or single mutation.  In this case the mutant allele will be present 
in the heterozygote, A1A2.  The rest of the population will be homozygous with 
respect to the A1-A2 locus.  If we exclude the possibility of selfing, the new individual 
A1A2 has to mate with an A1A2 individual and consequently one half of the progeny 
of the carrier heterozygote will themselves be carriers of the mutant allele and the 
other half will entirely be of A1A1 type.  If the initial carrier has n progeny, the 
probability that the mutant allele will not be carried forward to the next g ation is 

n)2/1( .  This means, when n is small, the product of a single mutation has infinitely 
small chance of survival in a large population, unless it has a selective advantage. 
Therefore, a non-recurrent mutation is of little value as source of genetic 
variation.  If on the other hand each of the mutational event recurs regularly with 
a characteristic frequency, the frequency of the mutant gene will not be so low as to 
be eliminated by genetic drift.  It is only this type of mutation-the recurrent 
mutation-we shall be talking about as an agent altering gene frequencies.  When 
mutation is from wild type to a new type (A1 A2 ) it is termed forward mutation 
and the mutation from A2 back to A1 (A2 A1 ), backward mutation.  Suppose that 
the proportion of A1 alleles that mutate to A2 (the rate of forward mutation) is u and 
that of A2 A1 mutations (rate of backward mutation) is v.  Of the two rates v is 
usually as small as about one-tenth of u, which itself is normally of the order of 10-5 
or 10-6.  While studying the change in the gene frequencies associated with the 
mutation pressure alone it can be safely assumed that there is no selective advantage 
for one allele over the other, that is A1 and A2 are selective
e
 
E
 
We shall assume that more or less uniform environmental conditions prevail in 
different generations so that the mutation rate can be held constant from generation to 
generation.  With respect to a single locus, let the gene A1 mutates to A2 with a 
frequency u (the proportion of A1 that mutates to A2) per generation.  Denoti
g
 
  np nn upp  1    
             npu)1( 

Hence 
  1)1(  np  np

2
2)1(  npu        

      .......................  

     0)1( pu n  
or 

  
00 1

)1(
qp

u


     (1) 

The above formula is useful in calculating the gene frequency after a given number of 
generations when the initial gene frequency p

1 qp nnn 

Conversely, one may determine the number of generations required for a gene 
0 and the mutation rate u are specified. 
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frequency to reach a certain level.  Since u is small, for large n, expression (1) can be 
written as  

      0/ ppe n
nu 

which when solved for n gives 

  












nq

q
n

u
n

1

1
1

1 0       (2) 

In the limit as and so we conclude that if mutation  is not 
opposed by some countermeasure, all the A

0np n 21 AA 

1 genes will be eventually eliminated.  The 
change in frequency of A1 per generation is  
  nnn upppp  1  
the negative sign indicating that the change is in the negative direction.  Further, the 
change in this case is much faster than when forward mutation is opposed by reverse 
mutation. 
 
EXAMPLE 1:  Suppose, we are faced with the question how long would mutation 
take to reduce p from 0.9 to 0.1?  Here, p0 =0.9 and pn =0.1 and so from (2) 

  666 10 when ,102.29542.03026.210)
1.0

9.0
(1

1  un
u

n . 

Thus the time taken by recurrent mutation to reduce p from 0.9 to 0.1 is 2.2 million 
generations, which is longer than required by even weak selection on a recessive 
allele.  This simple calculation shows that mutation at its fastest is a very weak 
force to be the sole cause of evolution. 
 
Compensation by backward mutation   
 
The reduction in the A1 allele due to forward mutation, A1 A2 is to certain extent 
compensated by mutations from A2 back to A1.  For an allele, which is fairly common 
in a population both forward and backward mutations are important in deciding its 
fate in the next generation.  If A1 A2 at rate u and A2 A1 at rate v then the net-
change in the gene frequency of A1 is  
  (loss)  (gain) upvqp        (3) 
For equilibrium, we have which leads to the solution, 0p

         (4) )/(ˆ vuvp 

Thus we see that the equilibrium value of p is independent of the initial gene 
frequencies and is entirely determined by the relative magnitude of opposing rates of 
mutation.  The equilibrium, therefore, is a stable one. From (4) we have 

and putting this in (3) we get pvuv ˆ)( 
  pvuvp )(   
      pvupvu )(ˆ)(   
      )ˆ)(( ppvu        (5) 
Thus we see that the rate of approach to equilibrium is proportional to the deviation of 
p from its equilibrium value.  If p is higher than  it will gradually decrease until the 
equilibrium point is reached and conversely if it is lower than  it will increase to . 

p̂

p̂ p̂

 
In view of the lesser incidence of A2 A1 mutation (v = u/10) the equilibrium 
frequency resulting from mutation alone would therefore be about 0.1 of wild type 
allele and 0.9 of mutants.  In other words the mutants would be the common form.  
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 Since this is not the situation usually encountered in natural populations it is clear 
that the frequencies of such genes are not the product of mutation alone. 
 
Mutation as a source of variability  
 
Even if mutation is not a major driving force of evolution, it is fundamental to the 
process of evolution because it adds new genes to the population gene pool and 
ensures genetic variation for selection to work upon.  When selection is tending to 
eliminate a particular gene, mutation tends to preserve it in spite of the selection 
pressure. 
 
 
10. Migration  
 
As we have seen, the input of new genes into a population due to mutation alone is 
too slow to influence the gene frequencies significantly.  Mutation is not, however, 
the only source of new genes in a population.  Unless this population is reproductively 
isolated from similar other groups, new genes will constantly be introduced to its gene 
pool as a result of inter-group migration of individuals. 
 
The effect of migration on the frequency of an allele in a recipient population depends 
on the rates of immigration and emigration as well as the frequency of this allele in 
the recipient and donor (migrant) populations before migration.  Assuming equal 
immigration and emigration rates the common rate is usually expressed as the 
proportion of gene replacements in the recipient population. 
 
Let us denote the frequency of a particular allele in the donor and recipient 
populations, in some initial generation, by pd and p0 respectively and suppose a 
proportion m of the genes in the recipient population are replaced in every generation 
by immigrants.  We shall assume that mating is at random within the recipient 
population.  In the next generation a proportion mpd of alleles will be added to the 
recipient gene pool and a proportion mp0 will be lost.  On balance, therefore, the 
allelic frequency in the next generation will be 
 
  dmpmppp  001     
      )( 00 dppmp   
so that  
  )( 001 dppmppp      (6) 
 
showing that the change in the frequency is proportional to the difference in the 
initial gene frequencies of the two populations.  If the recipient and donor 
populations happen to be neighbours the magnitude of p  is likely to be smaller than 
indicated by (6), because neighbouring groups tend to have more or less equal gene 
frequencies owing to frequent easy interchange of genes between them. 
 
The difference in gene frequency between the donor and recipient populations after 
one generation of migration is  
 

dpp 1  = - = dmpmpp  00 dp ))(1( 0 dppm   
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after further generation this will be reduced to  

dpp 2 = ))(1( 1 dppm   =  )()1( 0
2

dppm 

and in general, after n generations of migration 

dn pp   =        (7) )()1( 0 d
n ppm 

Thus the difference between the local p and migrant p disappears at a rate (1-m) per 
generation. The equation (7) can be solved for m, giving 

 m =  1- 
n

d

dn
pp

pp
/1

0












 

Even if migration is not at a constant rate per generation the expression 
( )( ) can be used to estimate the proportion of genes in the migrants 
that were derived from the ancestral population 

dn pp  dpp 0

 
EXAMPLE 2:  Reed (1969) applied the migration model to the allelic frequencies 
now found in Blacks and Caucasians in the United States and the Negroes currently 
living in West Africa.  For example, the Fya allele of the Duffy blood group system is 
virtually absent in Africa, being present at a frequency probably less than 0.02.  The 
frequency in US Caucasians is about 0.43 and that in Blacks in Oakland is estimated 
as 0.094.  The expression )/()()/()( 00 ddnddn qqqqpppp   was used to provide 
an estimate of the proportion of genes of African origin in the Californian Blacks.  
Here 43.0,094.  dn qq  and  Thus .02.00 q

  82.0
41.0

336.0

0









d

dn
qq

qq  

indicating that 82 per cent of the genes were of West African origin and the remaining 
18 per cent of the Caucasian origin.  Furthermore, assuming migration to be at a 
constant rate m per generation and taking n =10, from Eq. (7): 

   or 82.0)1( 10  m

   0196.0m

implying that about 2 per cent of the genes in the Blacks were introduced from the 
Caucasians in each generation. 
    
11. Selection 

One basic assumption we made while deriving and applying the Hardy-
Weinberg law of equilibrium was that the parents, irrespective of their 
genotypes, contributed equally to the generation of offspring.  The situation need 
not be as simple as this.  Some genotypes may have smaller chance of survival to 
adulthood, or as adults they may be less successful at fertilization than others 
with the result that they produce fewer offspring as compared to the more 
successful ones.  This non-random differential reproduction of genotypes is called 
selection.  Selection may be as demanded by the changing environmental 
circumstances in which the population breeds (natural selection) or may be 
deliberate and as desired by the breeder in order to improve the characteristics 
of the plant or animal population under his control (artificial selection). In 
population genetics we shall be mostly concerned with the consequences of 
natural selection, with all its manifestations, on the genetic structure of the 
population, restricting ourselves mostly to a single pair of alleles. 
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 Artificial versus natural selection 

Natural selection is a term serving to say that some genotypes have more 
offspring than others. It has no purpose. It can be deduced to have existed and its 
intensity measured only ex post facto. For any generation, natural selection is a 
consequence of the difference existed between individuals with respect to their 
capacity to produce progeny. The individuals producing more offspring are fitter 
in the Darwinian sense.   

 
Artificial selection, in contrast, is a purposeful process. It has a goal which can be 
clearly visualized. It may, indeed, be the immediate cause of changes in the genetic 
structure of populations. The breeder can prevent at will certain individuals in the 
population under his control from reproducing, thereby decreasing the frequency of 
their kind in the next generation. The fitness of the group of selected individuals, that 
is the number of offspring it will leave, is predetermined by the selector-breeder to be 
greater than the group rejected. The goal of artificial selection can be defined as a 
change in certain phenotypic traits of a population. The goal of natural selection, on 
the contrary, cannot be defined in any way except saying that natural selection favours 
the fitter individuals. This statement is redundant except in a special sense deriving 
from Fishers(1930) so-called fundamental theorem on natural selection, which stats 
that the “rate increase in fitness of any organism at any time is equal to its genetic 
variance in fitness at that time’. This formulation can be interpreted to mean that the 
‘goal’ of natural selection is to maximize fitness.  
 
Another distinguishing feature of natural selection is the speed of progress of genetic 
change brought about is staggeringly low compared to artificial selection. For 
example, it has been estimated that in rapidly evolving lines of descent, changes in 
body length or shape are in the range of 1 to 2 million years. This order of magnitude 
is of limited interest to a breeder who is always looking for spectacular velocity of 
change he is interest in.    
It is to be noted that artificial selection does not exist in pure form. If differences in 
fertility and viability are related to the parents’ phenotypic values for the trait being 
selected, then natural selection will either aid hinder artificial selection. For example, 
if the more extreme types contribute fewer progeny to the next generation than the 
less, extremes, then natural selection is working against artificial selection 
 
12. Manifestations of selection  
 
Selection can reveal itself in several ways: 
 
(i) Selection occurs when certain zygotes fail to survive to adulthood or some 

adults die before they get the chance to reproduce. (An individual's chance of 
survival to the next stage of the life cycle is called it viability). 

(ii) Selection results also when some genotypes are less fertile than others thereby 
reducing the contribution of gametes to the gametic pool of the next 
generation. (The proportionate gametic contribution per mature individual to 
the next generation is the fertility (level) of the individual.) 

(iii) Another form of selection is 'familial selection'.  This refers to the differential 
viability among offspring depending on their own genotypes and those of their 
parents (Haldane, 1924). 
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The obvious consequence of selection operating against an individual is the reduction 
in gametic contribution of the individual to the progeny generation.  From the point of 
view of the effects of differential viability within the same generation we follow the 
convention that every generation is counted at the zygotic stage. 
 
13. Strength of selection for and against a genotype 
 
Having understood the meaning of selection, our next question is how selection can 
be measured from its known consequences.  To answer this we now introduce the 
concept of fitness.  The fitness, of a genotype, which is also called its, selective 
value or adaptive value, may be defined as the proportionate contribution by all 
the members of this type to the next generation gametic pool.  In view of the 
proportionality between the number of alleles and the number of offspring it can be 
defined alternatively as the proportionate contribution of offspring by the 
genotype.  Sometimes it is more convenient to express fitness as the number of 
progeny born per genotype, the parental and offspring generations being counted at 
the same stage of development.  When we are interested only in the effect of selection 
on the gene frequencies it does not matter whether we use the exact values of fitness 
or only the relationships among them.  Therefore, we may let the fitness of a standard 
type, usually the favoured genotype be equal to one and express the others relative to 
this value. This, new set of values are called relative fitness or the relative selective 
values of the genotypes.  Suppose the relative fitness values of the genotypes A1A1, 
A1A2 and A2A2 be w11=1 - s1, w12=1 and w22=1-s2 respectively, then s1 and s2 are 
known as the coefficients of selection.  The relative fitness, 1-si measures the strength 
of selection for the type AiAi while is the coefficient of selection measures the 

strength of selection against that type (i=1,2).   
 
As an illustration let us consider a population consisting of only AA and aa 
individuals.  If these genotypes give rise to 300 and 200 progeny respectively then the 
pattern of their fitness will be as given below: 
 
----------------------------------------------------------------------------------------------- 
Genotype     AA       aa 
------------------------------------------------------------------------------------------------- 
Fitness : Proportionate 
contribution to the offspring generation     300/500=3/5                           
200/500=2/5 
 
Relative fitness     1      1-s=2/3 
 
Coefficient of selection against               0   1-2/3=1/3
  
------------------------------------------------------------------------------------------------------- 
 
14. Selection for and against recessives 
 
Selection against a genotype may occur either in gametes (haploids) or zygotes 
(diploids). Selection against a recessive allele, sometimes operate directly on the 
gametes, reducing their success of fertilization. This is gametic selection. Suppose the 
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 relative contributions of the gametes A and a to the next generation be in the ratio 1: 
(1-s). Then the frequency of the alleles A and a before and after selection are as given 
in the following table. 
    A          a  
Relative fitness  1          (1-s) 
Frequency  
 Before selection          p  q 
 After selection            p  (1-s)q 
 
The gene frequency of a after selection, noting that p + (1-s)q  = 1- sq, will be. 
  q1 = q(1-s)/ (1- sq) 
and consequently the change in frequency of a is  

)1(

)1()1(
1 sq

sqqsq
qqq




     = - )1/()1( sqqsq     )1( qsq   (8) 

we shall see later that zygotic selection against an allele, in the absence of  
dominance, is  equivalent to gametic selection against that allele. 
 
In most of the higher animals and plants selection takes place primarily in the diploid 
or zygotic stage. We consider this now.  Let us first consider the case when selection 
is directed against the recessive, whose genotype is denoted by aa. Then, the 
dominants AA and heterozygotes Aa favoured by selection, have the same fitness 
provided A is completely dominant to a with respect to fitness.  Taking the relative 
fitness of the recessive to be equal to 1-s the genotypic frequencies of the various 
genotypes before and after selection are as follows: 
------------------------------------------------------------------------------------------------------- 
Genotype  AA  Aa  AA  Total 
------------------------------------------------------------------------------------------------------- 
Relative fitness  1  1  1-s 
 
Frequency 
 
  Before Selection p2  2pq  q2  1 
   
  After Selection p2  2pq  q2(1-s)  1-sq2 
------------------------------------------------------------------------------------------------------- 
The frequency of the recessive gene, a in the next generation is  

  
22

2

1
1

)1(

1

)1(

sq

sqq

sq

sqpq
q









  

The change in gene frequency (due to selection) per generation is  

      (9) )1/()1( 22
1 sqqsqqqq 

and the corresponding change in the frequency of the favoured allele is  

        (10) )1/( 22 sqspqp 

The effect of selection on the gene frequency, therefore, depends on both the 
coefficient of selection, s and the initial frequency q.  When s is small the selection 
process is known as 'weak selection' or 'slow selection'. 
 
Note that partial elimination of the recessive individuals in a population is most 
effective when q is around 0.5 and least effective when the frequency is either too low 
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or too high.  In other words selection of moderate strength is most effective against 
common traits rather than the rare ones in the population. 
 
15. Complete Selection  
 
When the selection is complete, that is the recessive individuals (AA) are entirely 
eliminated from the population, we have s=1.  Setting s=1 in the expression for q1 we 
find 

  
n

n
n q

q
q


 11  

i.e. 

  1
11

1


nn qq
 

  1
11

21


 nn qq
 

  …………….. 
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11
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qq
  

Adding the above equations we get 

  n
qqn


0

11  

or 

           
q

q
qn 


1

     (11) 

where q = q0 is the initial frequency of allele a 
 
From Eq. (11)We can infer that reduction in the value of q is rapid when q is large 
and it becomes appallingly slow when q is small.  For example when q = 0.2 at any 
point of time exactly five generations will be required to reduce the frequency by 50 
per cent.  From this point ten more generations (of selection) will be needed to 
achieve the same rate of reduction and at later stage when q 0.01 the number rises to 
100 generations.  This clearly indicates that the reduction per generation decreases 
considerably as q becomes small.  Also, when qn is very small compared to q0. 
     nn qqqn /)/1( 0
will be approximately equal to 1/qn, showing that the number of generations of 
selection needed to completely eliminate the recessive allele is infinitely large. 
  
16. Selection against dominants  
 
If selection is in favour of recessives(i.e. against dominants) the formula for gene 
frequency change can be easily obtained by replacing s by  - s / (1-s). in expression 
(9). 
         (12) )1/()1( 22 sqsqsqq 

When s is small the denominators of (9) and (12) can be regarded for all practical 
purposes, as unity and so for slow selection in either direction   

)1(2 qSqq   
where S = + s  or S = - s according as selection is for or against the recessives. For 
calculating the number of generations to attain a specified change in gene frequency 
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we solve the differential equation ) q1(2 qSq

dt

dq
  obtained by replacing  by 

dq/dt t bein the time measured in generations. Hence we have  
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q
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which gives the solution as  
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Therefore, when selection is against recessives, fore materializing the change of q0 

(higher) to qn(small) the number generations required is approximately 
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and for selection favoring recessives 
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note that in the first expression q0 and qn are the frequencies of disadvantaged allele 
while in the second they are the frequencies of favoured allele. Computed number 
generations based on these expressions, for specified changes are as given in Table1.  
 
Table1: Number of generations for specified frequency change under different types 
of selection(s =0.01) 
 ------------------------------------------------------------------------------------------------------ 
Gene frequency(favoued allele)    Number of generations when  
From          to              Dominant Recessive         No 
      favoured favoured    dominance  
----------------------------------------------------------------------------------------------------
0.01       0.25       382       9950         350 
 
0.25       0.75     487         487         220 
 
0.75       0.99     9950         382         350 
---------------------------------------------------------------------------------------------------- 
First let us examine ‘selection against recessives’. Note that the initial change in gene 
frequency from 0.99 to 0.10 is relatively rapid (for practically all selection 
coefficients).  Further reductions in gene frequency are considerably slower; to reduce 
the gene frequency below 0.01 may take thousands of generations, even when the 
selection coefficient is relatively high. For example to change q from 0.01 to 0.001, it 
takes 90,231 generations when the selection coefficient, s = 0.01. The reason for the 
relative inefficiency of selection against rare recessives is simply that most recessive 
genes are then present in heterozygotes where they are protected from selection.  For 
example, when q equals 0.01, the frequency of homozygotes (q2) equals 0.0001, but 
the frequency of heterozygotes (2pq) is approximately 0.02.  This means that although 
only 1 per 10, 000 offspring show the recessive trait, about 1 per 50 individuals are 
carrying it; i.e., the gene is almost entirely present in heterozygous condition.  The 
more rarely a gene is found in a population the more frequently does it occur in 
heterozygotes compared to homozygotes. 
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When the selective situation is reversed so that the dominant allele is selected against 
and the recessive is now favoured, selection will obviously be more effective, since 
the dominant gene is subject to selection in all genotypes in which it occurs.  For 
example, should a dominant allele become lethal, its frequency is reduced to zero in a 
single generation.  However, as the selection coefficient against the dominant allele 
decreases, replacement by the recessive is considerably slower.  For a selection 
coefficient of 0.10 against the dominant allele it may be seen that, 90,023 generations 
are necessary to reduce the frequency of the dominant allele from 0.9999 to 0.9990. 
Subsequent changes in gene frequency will be more rapid as the favoured recessive 
homozygote becomes more frequent.   
 
The effectiveness of selection depends, among other things, upon the degree of 
dominance.  If complete dominance exits, and selection is against the recessive aa, the 
heterozygote is shielded from selection, and harmful or even lethal recessive genes 
may persist for many generations. 
 
17. Selection against an allele in the absence of dominance 
   
Of the two alleles A and a let a causes a selective disadvantage for the genotype 
which possesses it. In the absence of dominance the fitness of the heterozygote Aa 
will be exactly intermediate (w12 =1 –s) between those of the favoured (w11 = 1) and 
selected (w22 = 1-2s) homozygotes.  The effect of selection on the genotypes, in this 
case, will be as follows: 
------------------------------------------------------------------------------------------------------- 
Genotype   AA  Aa  aa  Total 
Relative fitness  1  1-s  1-2s 
Frequency 

Before selection  p2  2pq  q2       
1 
 

After selection  p2         2pq(1-s)  q2(1-2s)    1-2sq 
 
Proceeding as before we find that the change in gene frequency due to selection is  

  q
sq

spqsq
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)21(
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        )21/()1( sqqsq       (13) 
the corresponding change in p being 
 

)21/( sqspqp        (14)   
For small s the denominator of (13) may be taken as unity and hence  

)1( qsqq  , approximately.   
From this the expression for number of generations becomes 
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qq
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in which q may be taken as the frequency of the disadvantaged allele a. The values of 
n computed for different situations are given in Table 1. It may be appreciated that the 
progress of selection in the absence of dominance is much faster than when 
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 dominance is present. For example, just 23 generations will produce a change from 
0.9990 to 0.9999 in the frequency of a favoured allele for s = 0.10 as against 90,023 
generations needed when recessives are favoured.  
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