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Diversity in mango cultivars 

How different are various varieties, is there any specificity 

for occurrence of variations? 



Imphal 

Malda, 

Musrshidabad 

Muzaffarpur, 

Bhagalpur 

Gorakhpur, Lucknow, 

Mathura, Fatehpur 

    

East Godavari, Nuzvid, 

Hyderabad,Sangareddy, 

Dharamapuri,    Andaman and 

Nicobar Islands 

Ratnagiri, 

Nasik, Satara, 

Pune 

Bangalore,  

Kochi, Kannur 

Punjab,  

Gujarat 

 

>1000 mango cultivars 

representing -6 geographical 

groups, 20 districts – is there any 

genetic basis? 



Diversity Analysis – basic issues 

 The scientific method 

 Defining the biological question 

 Developing a hypothesis and the experimental design 

 Sampling within populations 

 Sampling within the genome 

 Conducting experiments 

 Analysing and interpreting data 

 Levels of biological diversity 

 Measuring genetic variation 

 Relationships between phenotype and genotype 



Researchable Issues …….. 

 Related to conservation: 
 How is diversity represented in nature and collections? 
 What are the priorities for conservation? 
 Using only finite resources, how do we insure for the future? 
 How can we quantify current diversity for future reference for studies on genetic 

erosion? 
 Does a pattern of distribution exist that can be used to guide our collection 

activities? 
 Can we ensure that our samples are distinct? 
 Do these apparently different samples belong to different taxa? 

 Related to crop breeding: 
 How can our sample be used to support crop improvement? 
 Are these genetic resources likely sources for allelic diversity? 
 Are they good sources for desirable agronomic traits? 

 Related to evolution: 
 Where did the crop originate? 
 Which is the progenitor of a particular crop? 
 Has Introgression occurred among population samples of different origins? 



Activities in PGR management 

1.  Acquisition 

•     Development of sampling strategies 

•     Identification of collection gaps  

2.  Maintenance 

•     Identification/validation of redundant germplasm 

•     Quantification of genetic drift/shift 

•     Identification of genetic contamination 

3.  Characterization 

•     Genetic evaluation of germplasm 

•     Assembly/validation of core collections  

4.  Utilization 

•     Detection and analysis of functional diversity  

•     Genetic enhancement  



Measures of Genetic Diversity 



Population Genetics: a pedigree 

Conservation  

Biology 
Mid 1980’s 

Conservation Genetics 
Early 1990’s 

Ecology 
Early 1960’s 

Molecular Ecology 
Early 1980’s 

Population  

Genetics 
Early 1930’s 

Evolutionary            Genetics 

Biology 1859      1866 (1900) 



Population Genetics 

 Genetic Variation among species = Divergence 

 Genetic Variation within species =  Polymorphism 

“ …is the study of genetic variation within and 

among populations, and the evolutionary and 

ecological processes that produce and maintain (or 

eliminate) that variation.” 



Definitions: Population genetics 

 The measurement of variability by describing changes in 

allele frequency for a particular trait over time 

 The analysis of causes leading to those changes 



What is a population? 

A) 1 

B) 2 

C) 3 

“a local group of conspecific organisms  

 sharing a common gene pool.” 

How many populations 

are here? 

You collected the same species in 3 adjacent 

headwater streams. 



The answer could be a, b, or c: 

C) 3 populations B) 2 populations A) 1 population 

But how would you know? 



What is biodiversity? 

 In Conservation: 

 “The variety of life in all its forms, 
levels, and combinations. 

 Includes: 

 Ecosystem diversity 

 Species diversity 

 Genetic diversity” 

   (IUCN, UNEP, and WWF, 1991) 



Quantification & Conservation: 

 Ecosystem diversity: 

 Scale-dependent groupings of broadly 

similar assemblages and habitats 

 Species diversity: 

 Number and relative abundances of 

species or other taxa in a particular 

ecological unit 

 Genetic diversity  

 DNA-based measures of genetic 

variation within and among populations 



 The unifying process: Evolution 

Ecosystem: the environmental context of evolution 

+   Genes: the raw material of evolution 

 Species (and interactions): products of evolution
  

Loosely speaking, habitat diversity and genetic 

diversity interact through the process of evolution to 

create species diversity 



Evolution: 

Kingdom  
   Phylum  

    Class 
     Order 

     Family 
      Genus  

         Species 

             __________ Population 

 “a process that results in heritable changes  

 in a population over multiple generations.” 

Genetic 

divergence 

Biodiversity 



Problems of bad sampling 

1. If the sample is too small, we get biased estimates of allele 

frequencies 

 



Minimum sample size for detecting all codominant alleles present at 

frequencies not less than a given frequency in a deme showing Hardy-

Weinberg proportions  

 Threshold allele 

frequency alpha 

 Detection probability epsilon 

0.95 0.99 0.999 

0.500 3 4 6  

0.400 4 5 7  

0.300 6 8 11  

0.200 11 14 20 

0.100 26 33 44  

0.090 29 37 50  

0.080 33 42 56  

0.070 39 50 66  

0.060 46 60 78  

0.050 59 75 97  

0.040 76 96 125  

0.030 106 133 171  

0.020 171 211 268  

0.010 377 458 573  

0.009 425  515 643  

0.008 486  587 731  

Gregorius HR (1980)  



Problems of bad sampling (continued) 

2. Some alleles escape sampling, so they are scored as absent: 

 



Conducting experiments 

 Use the appropriate tools to test the hypothesis 

 Include quality control measures for the experiment and data 
collection 

On selecting molecular technologies, attention should be given to: 

 Its potential to respond to the biological question 

 Options for sampling within the genome 

 Type and quality of plant material 

 Measures of data quality 

 Measures to ensure reproducibility 

 Expertise required for data collecting 



Analysing and interpreting data 

 Does the data support the hypothesis? 

 Which analytical tools should we use? 

 What we also need: 

 Scientific concepts underlying the notion of diversity, e.g.: 

 Levels of biological diversity 

 Variation between and variation within 

 Relationships between phenotype and genotype 

 Basic concepts of population genetics 



Levels of biological diversity 



Measuring genetic variation 

 Variation or polymorphism can be assessed at different levels of 
organization 

 The distribution of polymorphism is observed for different hierarchical 
levels within the organization (areas, regions, populations, 
subpopulations, individuals) 

 

 

 

 

 Sampling strategies and size may depend on the organization of the 
species: 

 Few individuals (a newly introduced species) 

 Many introduced individuals 

 Individuals of different geographical origins 



Genetic Variation 

 Most genes have small sequence differences between individuals  
 Occur every 1350 bp on an average 

 Some of these polymorphisms may affect: 
 How well the protein works 
 How the protein interacts with another protein or substrate 

 The different gene forms containing polymorphisms are called alleles 

 Crop improvement targets the most efficient and diverse type of this 
variation to achieve better gene expressions and there by yield 
improvement and stability 

 

Genetic variation is the raw material for crop improvement 



Forces shaping genetic diversity 

Mutation 

Migration 

 Recombination 

 Selection 

Drift 

Populations change or evolve 
because their gene 
frequencies experience 
change. If a population 
becomes homogeneous, 
evolution would not occur. 



Mutation 

 It is the ultimate source of variation and may be caused by: 

 Errors in DNA replication 

 Damage by radiation 

 Mutation increases diversity but, because spontaneous mutations 
are rare, the rate of change in gene frequency is very low 

 Consequently, mutation alone does not drive the evolution of 
populations and species 



Migration 

 It is the movement of individuals or 
any form of introduction of genes 
from one population to another 

 Migration increases diversity and its 
rate can be large, causing significant 
changes in frequency 

 The change in gene frequency is 
proportional to the difference in 
frequency between the recipient 
population and the average of the 
donor populations 

Several factors affect migration in crop 

species: 

• Breeding system 

• Sympatry with wild and/or weedy 

relatives 

• Pollinators 

• Seed dispersal 

The immediate effect of migration is to 

increase a population’s genetic 

variability and, as such, helps increase 

the possibilities of that population to 

withstand environmental changes. 

Migration also helps blend populations 

and prevent their divergence. 



Recombination 

 It is the process whereby a cell generates new chromosomal 
combinations, compared with that cell or with those of its 
progenitors 

 It does not create new diversity but generates new 
combinations of the existing diversity 

 Genetic variance through recombination, given that 
segregating alleles exist at different loci, can occur very 
quickly 



Selection 

 It is the inherited ability of organisms to survive and reproduce. It acts 
in such a manner that, with time, superior genotypes increase their 
frequency in the population 

The effect of selection on diversity may be: 

 Directional, where it decreases diversity 

 Balancing, where it increases diversity. Heterozygotes have the 
highest fitness, so selection favours the maintenance of multiple 
alleles 

 Frequency dependent, where it increases diversity. Fitness is a 
function of allele or genotype frequency and changes over time 



Drift 

 Genetic drift refers to fluctuations in allele 
frequencies that occur by chance 
(particularly in small populations) as a 
result of random sampling among gametes. 

 Drift decreases diversity within a 
population because it tends to cause the 
loss of rare alleles, reducing the overall 
number of alleles. 



Effective population size 

 Ne is the number of parents responsible for the genetic composition of 
the next generation 

 Ne is generally less than N because of Variation of population size from 
generation to generation 
 Unequal sex ratio 
 Overlapping generations 
 Geographic dispersion of populations 

 

How big is the population? 

 The actual number of individuals in a population is called the census 
number (N). This number is often an imprecise representation of the 
population size from a genetic standpoint. 

 The effective population size (Ne) describes the size of an ideal 
population that shows the same rate of loss of genetic variation due to 
genetic drift as for the population of interest. 



Consequences of a decreasing 

population size 

 Genetic drift, with random variation of allele frequencies 

 Inbreeding 

 Homozygosity: fixation and loss of alleles 

 Subpopulation differentiation 

Events that reduce population size: 

• Domestication 

• Subpopulations (inbreeding, clonal 

reproduction) 

• Long-range dispersal (founder 

effect) 

• Regeneration of genetic resources 

collections 



Consequences … 

 A bottleneck develops when the population size drops sharply 

 The founder effect occurs when a few individuals colonize and 

become established in a new environment 

 

 

 

 

Small populations are highly vulnerable to extinction because the surviving 

sample may not be representative of the pre-crash genepool. 



Bottleneck and founder effects 

 Heterozygosity declines at the rate of: 

H1 = (1 – 1/2N)H0 

 Alleles are lost at the rate of: 

P = p2N + q2N 

• Heterozygosity decline 

Where, 

H1 = final heterozygosity 

H0 = initial heterozygosity 

N = population size 
Then: 

If N = 100 and H0 = 0.25, then H1 = 

0.24875 

If N = 40 and H0 = 0.25, then H1 = 

0.24685 

• Allele loss 

Where, 

P = allele loss 

p and q = allele frequencies 

2N = total number of alleles in the 

population 
Then: 

If N = 100, p = 0.90 and q = 0.1, then P = 

7.05508 x 10-10 

If N = 15, p = 0.90 and q = 0.1, then P = 

0.0423911 

If N = 10, p = 0.90 and q = 0.1, then P = 

0.12157665 

Measuring variation  ------- 



What is DNA polymorphism? 

A genetic locus at which the frequency of the most 

common allele is < 0.95 

 Two or more genetically different classes co-existing 

within a population: 

Example: Population sample showing multi-locus 

polymorphism in a 100 base pair (bp) gene fragment 

  Site:  

Allele:  13 19 46 52 87 

a  T C T A G 

b  T C C T G 

c  C T C C T 

d  C T C C G 



DNA Polymorphisms: 

 Arise from multiple evolutionary and 

population processes; 

 Accumulate at significantly different rates as a 

result of differences in (a) DNA type; (b) 

environmental conditions; (c) rates of 

emigration/immigration, etc. 

 May increase or decrease in a given population 

over time. 

“The Natural History of DNA” 



Quantifying polymorphism:  

 Nucleotide diversity (p): 

 Average proportion of nucleotide differences 

between all possible pairs of sequences in the 

sample  (#differences / [(n(n-1)/2)*#sites] 

 

 

 

    Site:  

Allele (n=4):    13 19 46 52 87 

a    T C T A G 

b    T C C T G 

c    C T C C T 

d    C T C C G 

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

Differences:      4    +   4    +   3     +   5    +   3   = 19 

 

                               p = 19 / (6 * 100) = 0.032 



Quantifying polymorphism:  

 Allelle (or gene) frequency: 

 

 

 Genotype frequency: 

 

 

 

For alleles A and a : 

       Genotype: AA               Aa              aa 

       Frequency: xAA     +   xAa   +   xaa   = 1 

For allele A:    p = xAA  +  ½  xAa  

For allele a:  q = 1- p = xaa   +  ½  xAa 



Heterozygosity: a key measure of diversity 

Hardy Weinberg Equilibrium:  

 The relative frequency of heterozygotes in a   

randomly mating population 

 The expected heterozygosity at a locus (HE) 

A (p)       a (q) 

A(p)  

                    

 

a(q) 

AA 

(p2) 

Aa 

(pq) 

Aa 

(pq) 

aa 

(q2) 

Frequencies in offspring under 

Hardy-Weinburg Equilibrium : 

AA     :        p
2

  

Aa     :     2pq 

aa     :     q
2 

p2 + 2pq + q2 = 1 



Wright’s F  statistic: “Inbreeding Coefficient” 

Reduction in heterozygosity 

relative to a randomly-mating 

population with the same allele 

frequencies  

p2
      (1-F) + pF     = p2    + pqF 

2pq (1-F)           = 2pq – 2pqF 

q2       (1-F) + qF      = q2    + pqF 

        HS – HI 

       HS 

FIS = 

AA   (p
2)  

Aa   (2pq)  

aa  (q
2)  

1-F F 

AA 

(p)  

aa 

(q)  

SINGLE POPULATION 



The FST statistic: “Fixation Index” 

(“Remote inbreeding”)  The average reduction 

in HWE heterozygosity among two or more 

subpopulations (HS) relative to the combined 

population (HT). 

        HT – HS 

       HT 

FST = 

Multiple Populations 

HT = 2 p q 

HS = 2 pq p2 
p3 

p5 p4 

p1 

(Recall that q=1-p) 

For single locus: 



Interpreting FST 

 The theoretical range of FST = [0..1], but in  reality it 

is usually much smaller than one: 

 

 

 

FST : Degree of genetic differentiation: 

0 - 0.05   Little (but may still be significant) 

0.05 - 0.15   Moderate 

0.15 - 0.25   Great 

> 0.25   Very great  



Effects of population substructure 

 Reduction in heterozygosity 

 Genetic divergence: 

 Selection pressures may be different across 

subpopulations 

Reduced gene flow, which spreads novel alleles 

(mutations) that arise into the total population 

Genetic drift causes random fixation and loss of 

alleles within subpopulations 



Genetic Drift: 

 The random fluctuations of allele frequencies due to 
sampling of gametes at reproduction.  Alleles are fixed or 
lost from a population simply by chance. 

 Without gene flow, every allele in every population will 
eventually become lost or fixed.  However, the rate of drift 
is much faster in small populations: 

 



A) Diversity measures 

 

-  percent polymorphic loci 

-  number of alleles 

-  effective number of alleles 

-  Shannon-Weaver information index 

-  gene diversity (expected 

  heterozygosity, PIC) 

-  Heterozygosity observed 



Percent polymorphic loci: a locus is 

defined as polymorphic when the 

frequency of the most common allele is 

less than 1.0 (0.99, 0.95). 

 

Disadvantages: 

 -cut off is arbitrary 

 -for small number of samples or loci, 

  subject to large sampling error 

 -ignores most of the information in the 

data 



Mean number of alleles per locus: 

the arithmetic mean of the number 

of alleles per locus across all loci 

 

disadvantages: 

-sample size dependent (many rare 

alleles in most populations) 



Effective number of alleles (ne) 

              1 

       =  —— 

            ∑X2 

where X=allele frequency 

 -it will equal the actual number of 

alleles 

  only when all alleles have the same 

  frequency 

 -poor statistical properties (Nei 1987) 



Gene diversity (He) 

 = 1-∑X2 
i) the probability that two alleles 

randomly chosen from a population will 

be different 

ii) the expected proportion of 

heterozygous loci in a randomly chosen 

individual 

iii) the average proportion of 

heterozygotes in a randomly mating 

population 



Gene diversity (He) 
-relatively insensitive to sample size 

because rare alleles contribute little 

disadvantages: 

-largely dependent on the 

frequencies of the two most common 

alleles 

-upper bound of 1.0 

-not always sensitive to changes in 

allele frequency 



Shannon-Weaver information index 

      =∑X In X 
-not bound by 1.0, more sensitive than He 

 disadvantages: 

-no genetic interpretation 

-statistical properties are only partly 

  known 



Heterozygosity observed (Ho): 
estimated as the proportion of 

heterozygous individuals in the 

sample. 

              Ho = He 

under random mating, no selection 



B) Population structure 
F-statistics have been defined in terms of: 

(Constantine et al. 1994) 

-correlations between uniting gametes 

  (Wright 1951) 

-functions of observed and expected 

 heterozygosities (Nei 1977; G-statistics) 

-functions of variance components (Weir 

and Cockerham 1984) (ANOVA; AMOVA) 

 

Chakraborty and Danker-Hopf (1991) showed 

that very similar estimates are produced, 

regardless of the approach. 



individual 

subpopulations 

Total population 



FIS (f, inbreeding coefficient) 

correlation of uniting gametes relative to gametes 

drawn at random from within a subpopulation 

(indiv/sub), averaged over subpopulations 

FIT (F, total inbreeding coefficient) 

correlation of uniting gametes relative to gametes 

drawn at random from the entire population 

(indiv/total) 

FST (Ø, coancestry coefficient) 

correlation of gametes within subpopulations 

relative to gametes drawn at random from the entire 

population (sub/total) 



FIS = 1-(HO/HS) 

FIT = 1-(HO/HT) 

FST = 1/(HS/HT) 

 

Where: 

HO = mean observed heterozygosity 

HS = mean gene diversity within 

        subpopulations 

HT = total gene diversity 



F- statistics are independent of allele 

frequencies and are a function of the 

mating system. 

 

If mating is random within subpopulations, 

FIS = 0 

 

If mating is random within subpopulations, 

and allele frequencies are equal among 

them, FST = 0. 



Nonparametric methods (Weir 1996) 
 

 - Exact test 

 - Permutation test 

 - Bootstrapping 



Exact test - an observed sample 

can be used to reject a hypothesis 

if the total probability under the 

hypothesis of that sample, or a less 

probable sample, is small. 



 Pop I   Pop II 

 

 n=5    n=5 

 

observed numbers of alleles: 

 A=8    A=2 

 a=2    a=8 

HO: Allele frequencies are equal in 

each population. 



C) Equilibrium measures 

     (genotypes) 

 

 - Hardy-Weinberg Equilibrium 

 - Two-locus equilibrium 



Hardy-Weinberg equilibrium 

 

HO: genotype frequencies are the products 

of allele frequencies 

Diploid, sexually reproducing, discrete 

generations, random-mating, large effective 

population size, no migration, mutation, or 

selection 

Allele frequencies remain constant over 

time, only a single generation of random 

mating is necessary to establish HWE 



Linkage disequilibrium (2-locus) 

 

HO: genotypes at one locus are independent 

from genotypes at another locus. 

 - Gametic 

 - Genotypic (Zygotic) 

Linkage disequilibrium can be created by 

directional selection, recombination 

suppression, inbreeding, or small effective 

population size (drift). Rate of decay depends 

on rate of recombination. 



Goodness-of-fit test for HWE 

 

Genotype  AA  Aa  aa 

Observed no. nAA  nAa  naa 

Expected no. np2  2npq  nq2 

 

         [Observ - Exp]2 

        2 = ∑      --------------------- 

     genotypes          Exp 

 



Goodness-of-fit test for gametic 

disequilibrium 

 

Gamete  AB Ab aB ab 

Observed no. nAB nAb naB nab 

Expected no. 2npApB……….2npapb 

 

        [Observ - Exp]2 

       2 = ∑     --------------------- 

     gametes     Exp 

 



Exact test for HWE or linkage 

disequilibrium is preferable in the 

case of small sample sizes and/or 

rare alleles, which create small 

expected values in the    2 test. 



Coancestry coefficient FST 

 

- assume population is finite, random-

mating 

- an estimate of FST from two populations 

of the same size and same history, that 

have been diverging because of drift, will 

provide information about ‘t’, the time 

since the populations diverged 



       t 

FST ≈  ----- 

     2N 

- FST will increase linearly over time 

- if each population is fixed for a 

different allele FST=1 

- if the two populations have no alleles 

in common (but are not fixed), FST<1 

- if each has the same allele fixed, FST 

is undefined 



Identifying ideal conservation strategies 

- ex situ vs in situ/ on farm conservation 

- sample size for conservation & regeneration 

- effect of RGD 

- methods for regeneration of germplasm 



Analysis of effect of farmers’ management on conservation of 

allelic diversity in rice landraces 

Kumar, Bisht & Bhat, 2009 

     Ex situ   --------------- Jaulia   in situ ------------------- 

    Jaulia          Thapachini              rare IC 548390  



Analysis of effect of farmers’ management on conservation 

of allelic diversity in rice landraces 

Landrace Populations Total no. of 

alleles 

detected 

Na Ne I Ho He Nei He No. of  

polymorphic 

loci 

% of 

polymor

phic loci 

Jaulia IC 100051*          21 1.31± 0.47 1.04±0.06 0.07± 0.11 0.01± 0.04 0.03±0.06 0.03±0.06 5 31.25 

Jaulia IC 548358          41 2.56±1.26 1.69±0.84 0.54±0.46 0.02± 0.04 0.30±0.25 0.30±0.25 12 75.00 

Jaulia IC 548363         38 2.25±0.85 1.46±0.46 0.42±0.32 0.04±0.06 0.26± 0.21 0.25± 0.20 13 81.25 

Jaulia IC 548639          33 2.06±0.68 1.29±0.26 0.34±0.25 0.00± 0.00 0.19± 0.16 0.19± 0.15 13 81.25 

Jaulia IC 548668         29 2.37±0.71 1.34±0.25 0.42±0.23 0.00± 0.00 0.23± 0.14 0.23± 0.13 15 93.75 

Thapachini IC 113843*         21 1.31±0.87 1.05±0.19 0.07±0.22 0.00±0.00 0.03±0.11 0.07±0.11 2 12.50 

Thapachini IC 548386       23 1.43±0.62 1.07±0.18 0.10±0.19 0.00±0.00 0.05±0.11 0.05±0.11 6 37.50 

Thapachini IC 548396         27 1.67±0.70 1.11±0.15 0.16±0.19 0.00±0.00 0.08±0.10 0.08±0.10 9 56.25 

Rare landrace 

(Punjabi) 

IC 548401       32 2.00±0.89 1.27±0.34 0.29±0.28 0.07±0.21 0.17±0.17 0.17±0.17 11 68.75 

Rare landrace 

(Sal) 

IC 548390      23 1.43±0.72 1.26±0.48 0.20±0.33 0.05±0.15 0.13±0.22 0.13±0.22 5 31.25 

Rare landrace 

(Syao) 

IC 548398      31 2.50±0.89 1.60±0.32 0.59±0.23 0.04±0.08 0.36±0.12 0. 35±0.12 16 100.00 

• Conservation of allelic diversity is better in case of farmer’s landrace populations 

• Considerable loss of allelic diversity observed in ex situ conservation 

• Chance for evolution of new alleles in in situ conservation, changes in population 

demography prominent in ex situ 



Diversity parameters for rice landrace 

populations under static and dynamic 

management  

Landrace 
populations 

No. of 
individuals 
analyzed 

Observed 
no. of 
alleles 

Effective 
no. of 
alleles 

Shannon’s 
informatio

n index 

Observed 
heterozygosity 

Expected 
heterozygosity 

Nei’s expected    
heterozygosity 

FST 

Jaulia 

Group I 30 1.31± 0.47 1.04±0.06 0.07± 0.11 0.01± 0.04 0.03±0.06 0.03±0.06 0.00 

Group II       120 4.18±1.37 2.28±0.76 0.94±0.30 0.01± 0.02 0.52±0.13 0.52±0.13 0.52 

Mean 150 4.37±1.45 2.60±1.04 1.03±0.36 0.01±0.01 0.55±0.17 0.55±0.17 0.63 

Thapachini 

Group I 30 1.31±0.87 1.05±0.19 0.07±0.22 0.00 0.03±0.11 0.07±0.11 0.00 

Group II 60 2.31± 0.79 1.57±0.50 0.47± 0.32 0.00 0.33±0.22 0.30±0.22 0.81 

Mean 90 2.75±0.68 1.79±0.62 0.61±0.32 0.00 0.37±0.21 0.37±0.2 0.85 

Overall ex situ  vs. on farm 

Group I 60 2.12± 0.71 1.55±0.48 0.44± 0.31 0.006± 0.02 0.29±0.23 0.29±0.23 0.84 

Group II 180 4.31±1.41 2.40±1.03 0.98±0.37 0.01± 0.01 0.53±0.17 0.52±0.17 0.65 

Mean 240 4.56±1.59 2.62±1.10 1.03±0.42 0.01±0.01 0.54±0.20 0.54±0.20 0.72 

Group I (ex situ managed) and Group II (on farm managed)  



Influence of genetic drift on small populations, a concern 

in gene banks 

No. of populations 10 10 10 10 

Population size 5 10 30 50 

Initial freq. ‘q’ 0.5 0.5 0.5 0.5 

Generations 5 5 5 5 

No. of populations 

fixed 

3 2 0 0 

Average ‘q’ 0.49 0.57 0.545 0.519 

FST 0.476 0.180 0.071 0.01 

N=5 

N=10 

N=30 

N=50 



Measures of Genetic 

Differentiation of Subpopulations 



Population Substructure 

Many species naturally subdivide 

themselves into herds, flocks, colonies, 

schools etc. 

Patchy environments can also cause 

subdivision 

Subdivision decreases heterozygosity and  

generates genetic differentiation via: 
o Natural selection 

o Genetic drift    

   



Step 1: Calculate mean heterozygosities at 

each population level 

Heterozygosity = mean percentage of 
heterozygous individuals per locus 

 Assuming H-W, heterozygosity (H) = 2pq where 
p and q represent mean allele frequencies 

HS = sum of all subpopulation heterozygosities 
divided by the total number of subpopulations   

 



Wright’s Fixation Index  

 Equals the reduction in heterozygosity expected 

with random mating at one level of population 

hierarchy relative to another more inclusive level. 

 

FST =  (HT – HS)/ HT 



0.717 

0.573 

0.504 

0.302 

0.657 

0.339 
0.008 

0.007 

0.032 

0.005 

0.009 

0.000 

0.000 

0.000 

0.000 

0.005 

0.010 

0.000 

0.000 

0.126 

0.068 

0.004 

0.002 

0.000 

0.000 

0.000 

0.014 

0.224 

0.411 

0.106 

Frequency of recessive allele (blue flower color) in “desert snow” 

flowers (Lynanthus parruae) 

Each point represent ~4000 plants over 30 square miles of the Mohave desert 

Population substructure – (Dobzhansky and Epling  1942) 

1589.0
SR

F

3299.0
RT

F

4995.0H

0272.0H

3062.0H

More significant 

difference  among 

regions than inside 

them 



Subpopulations Regions Total

Region Allele Frequency H Avg. Allele Frequency H Avg. Allele Frequency H

W 0.573 0.4893

0.717 0.4058

0.504 0.5

0.657 0.4507

0.302 0.4216

0.339 0.4482 0.5153 0.5

C 9 x 0.00 0

0.032 0.062

0.007 0.0139

0.008 0.0159

0.005 0.01

0.009 0.0178

0.005 0.01

0.01 0.0198

0.068 0.1268

0.002 0.004

0.004 0.008

0.126 0.2202 0.0138 0.027

E 0.106 0.1895

0.224 0.3476

0.411 0.4842

0.014 0.0276 0.1888 0.306 0.1374 0.237

Average Heterozygostiy Hs = .1424 Hr = .1589 Ht = .2371

Hierarchical structure of a desert plant 

(from Wright 1943) 



Example calculation- desert plant 

 FST = (0.2371 – 0.1424)/ 0.2371 = 0.3993 

 

Overall reduction in average H is close to 40% of 

the total heterozygosity 

 Subpopulations in this species are highly 

differentiated 



Interpreting FST 

 Can range from 0 (no genetic differentiation) to 1 

(fixation of alternative alleles). 

Wright’s Guidelines: 

 0 - 0.05, little differentiation 

 0.05 – 0.15, moderate  

 0.15 – 0.25, great  

> 0.25, very great 



FST for various organisms 

Organism Number of PopulationsNumber Loci Ht Hs Fst

Human (major races) 3 35 0.13 0.121 0.069

Yanomama Indian Villages 37 15 0.04 0.036 0.077

House mouse 4 40 0.1 0.086 0.113

Jumping rodent 9 18 0.04 0.012 0.676

Fruit fly 5 27 0.2 0.179 0.109

Horseshoe crab 4 25 0.07 0.061 0.076

Lycopod plant 4 13 0.07 0.051 0.282



RST, GST, and θ? 

 RST: explicitly accounts for mutation rates at 
microsatellite loci (Slatkin 1995) 

  RST =(ST – SW)/ST 

 

 RST is the fraction of the total variance of allele 
size that is between populations 

 S is the avg. sum of squares of difference in allele 
sizes 

 



GST 

 GST:  multi-allelic analogue of FST (Nei 

1986,1987) 

   GST = DST/HT = (HT – HS)/HT 

  where DST is the average gene diversity 

between  subpopulations 

 

 



θ 
 θ: unbiased estimator of Fst that corrects for error associated 

with incomplete sampling of a populations (Weir and 
Cockerham 1984) 

   
 
 a = between pop variance, b= between individuals 

within pops, c= between gametes within individuals 



Comparison of Wright’s F-statistics ignoring sampling effects 

with Nei’s GST and Weir and Cockerham’s Ө 

Equivalent notations often encountered in descriptions of 

population genetic structure 



ANALYSIS OF MOLECULAR VARIANCE  

Sample  Band  

A  0101...  

B  1000...  

C  0110...  

 As the name suggests Analysis of Molecular Variance (AMOVA) is a 

method for studying molecular variation within a species.  

Electrophoresis, one of the most widely used methods for studying the 

structure of DNA, produces data of the form of 0s and 1s where 1 

denotes the presence of a band and zero its absence, e.g.  

AMOVA works on such data to create a distance matrix between samples 

in order to measure the genetic structure of the population from which the 

samples are drawn. In statistical terms, AMOVA is a testing procedure 

based on permutational analysis and involves few assumptions about the 

statistical properties of the data.  



ANALOGY WITH ANOVA  

AMOVA is like an hierarchical analysis of variance in that it 

separates and tests tiers of genetic diversity:  

•Diversity among groups of populations  

•Diversity among the populations within groups  

•Diversity among the individuals within a population  

When studying molecular variation, it is customary to examine 

haplotypes and so there is no variation within individuals.  

 

AMOVA differs from analysis of variance in that:  

•AMOVA can accommodate different evolutionary assumptions 

without  modifying the basic structure of the analysis  

•Hypotheses are tested using permutational methods so that no 

Normal distribution assumption is required.  



AMOVA (Analysis of Molecular 

Variance) 
Method of estimating population 

differentiation directly from molecular data 

(e.g. RFLP, direct sequence data, or 

phylogenetic trees) 

The variance components are used to 

calculate phi-statistics which are analogous 

to Wright’s F-statistics 

ΦST = (σ2
a + σ2

b)/σ2
T 



AMOVA - Analysis of Molecular Variance 

 Hierarchical fixation indices are conducive to inclusion 
of more levels. Before we had: 

   1. Individual 

   2. Subpopulation 

   3. Total Population 

 We could instead have the following: 

1. Individual 

2. Subpopulation 

3. Groups of subpopulations 

4. Entire population (= all subpopulations) 

 This can be properly addressed with AMOVA.  
  

 



AMOVA - An Example of Hierarchical Levels 

Fixation indices can be 

calculated for among 

groups of populations (red 

lines; FCT) and among 

subpopulations within 

groups (green lines; FSC). 

This is done within an 

Analysis of Variance 

framework using 

(co)variance components 

within a general linear 

model. 



An AMOVA table 



Significance of variance components 

Permutation analyses depending upon the 

component: 

•For, FCT this is typically done by permuting 

populations among groups 

•For FSC this done by permuting genotypes among 

populations within groups. 

•For FST this done by permuting genotypes among 

populations among groups. 



A versatile software for AMOVA 



Arlequin 

Capabilities 



Data file 
Input data file 



Softwares for analyses 
Software URL Functions 

Popgene32 http://www.ualberta.ca/~fyeh/popgen

e_download.html 

Allele frequency, gene diversity, genetic distance, G-statistics, F-

statistics; gene flow, neutrality tests, linkage disequilibria, multi-locus 

structure 

ClustalX http://www.clustal.org/ Multiple sequence alignment 

Treeview http://taxonomy.zoology.gla.ac.uk/ro

d/treeview/ 

Tree drawing software 

DNAsp v5 http://www.ub.edu/dnasp/ DNA sequence variation within and between populations; tests of 

neutrality 

Arlequin35 http://cmpg.unibe.ch/software/arlequ

in35/Arl35Downloads.html 

Intra & inter-population methods: AMOVA; FST-Pairwise genetic 

distances 

NTSYSpc http://www.exetersoftware.com/cat/n

tsyspc/ntsyspc.html 

Similarity and dissimilarity measures; Clustering: UPGMA, Neighbor-

joining method; Minimum-length spanning trees; Ordination: principal 

components & principal coordinates analysis; Interactive graphics; 

Multivariate tests; Geometric morphometrics 

FreeTree http://ijs.sgmjournals.org/cgi/content/

full/51/3/731/DC1 

Bootstraping, jack-knife 

Mega4 http://www.megasoftware.net/ Sequence alignment, inferring phylogenetic trees, mining web-based 

databases, estimating rates of molecular evolution, inferring ancestral 

sequences, and testing evolutionary hypotheses. 

Structure 

2.3.3 

http://pritch.bsd.uchicago.edu/softwa

re.html 

Multi-locus genotype data to investigate population structure 

Tassel 3.0 http://www.maizegenetics.net/tassel/ To evaluate traits associations, evolutionary patterns, and linkage 

disequilibrium. 



  


