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   Preface   

 Current trends in agricultural biotechnological tools clearly show that the 
genes or regulatory elements controlling agronomically important traits 
remain unknown and, possibly, will remain mysterious for some time. For the 
moment, marker assisted selection (MAS) is considered to be an ef fi cient 
supplementary tool to conventional plant breeding since other techniques 
such as genetic engineering in crop improvement have limitations in transferring 
such a large number of genes residing in quantitative trait loci (QTL). Plant 
scientists will continue to use QTL maps and markers that tag and manipulate 
the genes of interest for many years to come. 

 Despite its importance, it was dif fi cult for me, since my graduation, to  fi nd 
a book that explains the basics and procedures of genetic mapping and MAS. 
On the other hand, I used to  fi nd a large collection of advanced literature on 
every point of MAS in the latest journals. That is the reason I started to write 
this small introductory book. I am very sure that what I have tried to show in 
this book is just a single cup of water that has been taken from the genetic 
mapping and MAS ‘pond’. Further, I am completely aware that it is not at 
all possible to completely list out each and every aspect of MAS and their 
contributors even if I work for years together. Anyone can easily  fi nd the 
missed component(s) in a complete index of MAS, even though it was 
prepared by a subject specialist    because of rapid developments in genetical 
and statistical methodologies in MAS. The simple idea of writing this book is 
introducing the basic concept and protocol for practising MAS in crop plants 
with suitable examples. There are different roads to reach the destination. 
I just stand on a junction    with a comprehensive map, trying to explain all 
the possible routes, their rewards and restrictions. And of course, you can 
 fi nd your own way. Hence, readers are requested to refer to the bibliography 
to get more information on the given topics and  fi nd an appropriate design of 
an MAS programme for their targeted crop and trait. 

 I further request your feedback, suggestions and critical comments on this 
work to improve the quality and usage of this book. 

 I sincerely apologise    having not cited all the authors who have contributed 
a lot to this  fi eld. This is mainly due to space limitation and not with any other 
intention. I also wish to thank and acknowledge all my teachers, guides, 
colleagues and friends whom I have had the good fortune to associate with 
during my research period. 
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 I greatly appreciate and thank Springer for publishing this work. 
 I exquisitely dedicate this book to my dearly loved son, Sri Ezhilalan 

Boopathi, who had forgone all his quality time with me. 

 Coimbatore N. Manikanda Boopathi 
 20 th  November, 2012 nmboopathi@tnau.ac.in 

   www.sites.google.com/sites/drnmboopathi       

http://www.sites.google.com/sites/drnmboopathi


vii

   Contents 

     1 Germplasm Characterisation: Utilising 
the Underexploited Resources ...................................................... 1 

   Phenotyping for Morphological and Agronomic Characters .......... 2 
   Case Study in Rice Germplasm Characterisation 

for Drought Resistance ............................................................... 2  
   Traits Useful for Characterisation .............................................. 3   
   Allele Mining .................................................................................. 5  
   Genetic Diversity and Clustering .................................................... 8 
   Software ..................................................................................... 9  
   Principle Behind the Genetic Diversity 

Analysis ...................................................................................... 9  
   Principle of Measuring Goodness of Fit 

of a Classi fi cation ....................................................................... 10   
   Genetic Diversity Analysis Using Molecular Markers ................... 10  
   Parental Selection ............................................................................ 20
   Bibliography ................................................................................... 20  
   Literature Cited ............................................................................... 20  
   Further Readings ............................................................................. 20     

   2 Mapping Population Development .............................................. 23 
   Mapping Population and Its Importance 

in Genetic Mapping ......................................................................... 23  
   Sel fi ng and Crossing Techniques in Crop Plants ............................ 27  
   F 

2
  Progenies .................................................................................... 27  

   F 
2
 -Derived F 

3
  (F 

2:3
 ) Populations ...................................................... 28  

   F 
2
  Intermating Populations or Immortalised F 

2
  Populations ........... 28  

   DH Lines ......................................................................................... 29  
   BC Progenies .................................................................................. 29  
   RILs ................................................................................................. 30  
   NILs, Exotic Libraries and Advanced 

Backcross Populations .................................................................... 30  
   Four-Way Cross Populations ........................................................... 31  
   Multi-Cross Populations ................................................................. 31  
   Nested Association Mapping Populations ...................................... 32  
   Natural Populations ......................................................................... 33  
   Chromosome-Speci fi c Genetic Stocks 

for Linkage Mapping ...................................................................... 34  



viii Contents

   Bulk Segregant Analysis ................................................................. 34  
   Combining Markers and Populations .............................................. 35  
   Characterisation of Mapping Populations ....................................... 35  
   Choice of Mapping Populations   ...................................................... 35
   Challenges in Mapping Population Development 

and Solutions to These Challenges    ................................................. 35
 Bibliography ................................................................................... 37
   Literature Cited ............................................................................... 37  
 Further Readings ............................................................................. 37

   3 Genotyping of Mapping Population  ............................................ 39
   Markers and Its Importance   ............................................................ 39
   Morphological Markers   .................................................................. 39
   Biochemical Markers or Isozymes  .................................................. 40
   Principle   ..................................................................................... 40
   Electrophoresis   ........................................................................... 41
   Chromatography   ......................................................................... 42
   Gel Filtration   .............................................................................. 42
   Immunochemistry   ...................................................................... 42
   Catalysis    ..................................................................................... 43
   Genome Structure and Organisation  ............................................... 43
   Chromosome Structure  ............................................................... 45
   Mitochondrial DNA   ................................................................... 45
   Chloroplast DNA    ........................................................................ 46
   Molecular Markers   .......................................................................... 46
   Restriction Fragment Length Polymorphism (RFLP)  ..................... 51
   PCR-Based Techniques   ................................................................... 51
   Arbitrarily Primed PCR-Based Markers  ......................................... 54
   Random Ampli fi ed Polymorphic DNA (RAPD)   ........................ 54
   Arbitrarily Primed Polymerase Chain Reaction 

(AP-PCR) and DNA Ampli fi cation 
Fingerprinting (DAF)   ................................................................. 54

   Ampli fi ed Fragment Length Polymorphism (AFLP)    ................. 55
   Sequence-Speci fi c PCR-Based Markers  ......................................... 55
   Microsatellite-Based Marker Technique   .................................... 56
   Inter-Simple Sequence Repeats (ISSR)   ..................................... 60
   Single-Nucleotide Polymorphism (SNPs)  .................................. 61
   Single-Feature Polymorphism (SFP)   ......................................... 61
   Sequence-Characterised Ampli fi ed Regions (SCAR)   ................ 62
   Cleaved Ampli fi ed Polymorphic Sequences (CAPS)   ................. 62 

  Randomly Ampli fi ed Microsatellite 
Polymorphisms (RAMP)   ............................................................ 63

   Sequence-Related Ampli fi ed Polymorphism (SRAP)   ................ 64
   Target Region Ampli fi cation Polymorphism (TRAP)   ................ 64
   Single-Strand Conformation Polymorphism (SSCP)    ................. 64
   Transposable Elements (TE)-Based Molecular Markers  ................ 65
   Retrotransposon-Based Molecular Markers    ............................... 66
   Diversity Array Technology (DArT)   ............................................... 68 



ixContents

  Intron-Targeted Intron-Exon Splice Conjunction 
(IT-ISJ) Marker   ............................................................................... 68 
  Restriction Site Associated DNA (RAD) Markers  .......................... 69 
  RNA-Based Molecular Markers  ..................................................... 69

   cDNA-AFLP   .............................................................................. 70
   RNA Fingerprinting by Arbitrarily Primed PCR 

(RAP-PCR)   ................................................................................ 70
   cDNA-SSCP    ............................................................................... 70
   Role of Genomics   ........................................................................... 70
   Selection of Marker Technology  ..................................................... 74
   Research Problem  ....................................................................... 74
   The Number of Loci and/or Alleles   ........................................... 75
   Discrimination Level   .................................................................. 75
   Mode of Inheritance   ................................................................... 75
   Quality of DNA   .......................................................................... 75
   Expertise Required   ..................................................................... 75
   Costs   ........................................................................................... 75
   Speed   .......................................................................................... 76
   Reproducibility   ........................................................................... 76
   PCR Versus Non-PCR Techniques    ............................................. 76
   Marker Genotyping and Scoring   ..................................................... 76
   Analysing the Genotype Score: Chi-Square Test   ............................ 77
     c   2  Test to Analyse the Segregation Ratio 

Using the Program ANTMAP  ......................................................... 78
 Bibliography ................................................................................... 78
   Literature Cited ............................................................................... 78  
 Further Readings ............................................................................. 80  

   4 Linkage Map Construction  .......................................................... 81
   Basics of Genetic/Linkage Mapping: 

Mendelian Ratios, Meiosis, Crossing Over 
and Partial Linkage   ......................................................................... 81

   Mapping Functions   ......................................................................... 87
   Mapping of Genetic Markers: Practical Considerations   ................. 89
   Testing for Linkage: LOD Scores   ................................................... 90
   Grouping, Ordering and Spacing   .................................................... 90
   Sources of Error   .............................................................................. 92
   Chromosomal Assignment   .............................................................. 94
   Allopolyploidy and Autopolyploidy   ............................................... 94
   Bridging Linkage Maps to Develop Uni fi ed 

Linkage Maps    .................................................................................. 95
 Bibliography ................................................................................... 108
   Literature Cited ............................................................................... 108  
 Further Readings ............................................................................. 108

   5 Phenotyping  ................................................................................... 109
   Phenotyping Versus QTL Mapping   ................................................. 109
   Need for Precise Phenotyping   ......................................................... 110
   Phenotyping for Biotic Stress   ......................................................... 111



x Contents

   Phenotyping for Abiotic Stress   ....................................................... 112
   Heritability of Phenotypes   .............................................................. 113
   Statistical Analysis of Phenotypic Data: Simple Statistics, 

Heritability Estimation and Correlation    .......................................... 115
 Bibliography ................................................................................... 115
   Literature Cited ............................................................................... 115  
 Further Readings ............................................................................. 115

   6 QTL Identi fi cation  ........................................................................ 117
   QTL: A Prelude   ............................................................................... 117
   Single-Marker Analysis (SMA)   ...................................................... 119
   Interval Mapping   ............................................................................. 120
   Multiple QTL and Methods to Detect Multiple QTL   ..................... 124
   Composite Interval Mapping   .......................................................... 124
   Multiple Trait Mapping   ................................................................... 125
   Testing for Linked QTL Versus Pleiotropic QTL   ........................... 125
   Multiple Interval Mapping (MIM) or Multiple QTL Mapping  ....... 125
   Statistical Signi fi cance   .................................................................... 140
   Permutation Testing   ........................................................................ 140
   Bootstrapping   .................................................................................. 141
   Permutation Versus Bootstrapping 

and Other Methods   .......................................................................... 141
   QTL × QTL Interaction: Impact of Epistasis   ................................... 142
   QTL × Environment Interaction   ...................................................... 143
   Congruence of QTL: Across the Environments and 

Across the Genetic Backgrounds Is the Key in MAS   ..................... 144
   Meta-QTL Analysis   ........................................................................ 144
   Concluding Remarks on QTL Methods   .......................................... 145
   Alternatives in Classical QTL Mapping   ......................................... 146
   Bulked Segregant Analysis and Selective Genotyping   ................... 146
   Genomics-Assisted Breeding   .......................................................... 146
   Array Mapping   ................................................................................ 147
   Association Mapping   ...................................................................... 148
   Nested Association Mapping   .......................................................... 151
   EcoTILLING   ................................................................................... 152
   Challenges in QTL Mapping  .......................................................... 153
   Confronts with Mapping Populations   ........................................ 153
   Markers and Its Implications   ...................................................... 155
   Segregation Distortion   ................................................................ 155
   Phenotyping  ................................................................................ 156
   Statistical Issues   ......................................................................... 157
   Practical Utility     .......................................................................... 161
 Bibliography ................................................................................... 162
   Literature Cited ............................................................................... 162  
 Further Readings ............................................................................. 163

   7 Fine Mapping  ................................................................................ 165
   Need for Fine Mapping or High-Resolution Mapping   ................... 165
   Types of Molecular Markers Suitable for Fine Mapping   ................ 166



xiContents

   Physical Mapping and Its Role in Fine Mapping   ............................ 166
   Comparative Mapping   ..................................................................... 167
   Genetical Genomics/eQTL Mapping   .............................................. 168
   Map-Based Cloning   ........................................................................ 170
   Validation of QTLs   ......................................................................... 171
   Testing the Markers in Related Germplasm Accessions    ................. 171
 Bibliography ................................................................................... 172
   Literature Cited ............................................................................... 172  
 Further Readings ............................................................................. 172

   8 Marker-Assisted Selection  ............................................................ 173
   Advantages of MAS   ........................................................................ 173
   Limitations in MAS   ........................................................................ 175
   Prerequisites for an Ef fi cient Marker-Assisted 

Selection Program   ........................................................................... 175
   Procedure for a Generalised MAS Program for Selection 

from Breeding Lines/Populations   ................................................... 176
   Marker-Assisted Backcross Breeding   ............................................. 177
   Gene Pyramiding or Stacking   ......................................................... 181
   Accelerated Methods of Gene Pyramiding   ..................................... 181
   Marker-Assisted Recurrent Selection (MARS)   .............................. 181
   Advanced Backcross (AB)-QTL Analysis   ...................................... 184
   Mapping-As-You-Go (MAYG)   ....................................................... 184
   Application of Markers in Germplasm Storage, 

Evaluation and Use   ......................................................................... 184
   Resources for MAS on the Web    ...................................................... 185
 Bibliography ................................................................................... 185
   Literature Cited ............................................................................... 185  
 Further Readings ............................................................................. 186

   9 Success Stories in MAS  ................................................................. 187
   Tomato   ............................................................................................ 187
   Maize   ............................................................................................... 188
   Wheat   .............................................................................................. 188
   Rice   ................................................................................................. 188
   Barley   .............................................................................................. 189
   Soybean   ........................................................................................... 189
   Varieties Released Through MAS   ................................................... 189
   Hybrids Developed Through MAS   ................................................. 190
   MAS in Multinational Companies   .................................................. 190
   Contrasting Stories   .......................................................................... 190
   Conclusions and Future Prospects    .................................................. 190
 Bibliography ................................................................................... 191
   Literature Cited ............................................................................... 191  
 Further Readings ............................................................................. 192

  10 Curtain Raiser to Novel MAS Platforms  .................................... 193
   Current Techniques in Molecular, Biochemical 

and Physiological Studies and Its Integration into MAS   ................ 193



xii Contents

   Molecular Techniques   ..................................................................... 193
   Expression Pro fi ling   ........................................................................ 193
   cDNA Library Construction   ............................................................ 195
   Differential Display and Representational 

Difference Analysis   ......................................................................... 196
   Subtractive Hybridisation   ............................................................... 196
   Microarray  ....................................................................................... 199
   Types of DNA Chips and Their Production   ............................... 200
   Hybridisation and Detection Methods   ....................................... 200
   1. DNA Sequencing by Hybridisation   ........................................ 201
   2. Single Nucleotide Polymorphisms and Point Mutations   ....... 202
   3. Functional Genomics   ............................................................. 202
   4. Reverse Genetics   .................................................................... 202
   5. Diagnostics and Genetic Mapping   ......................................... 203
   6. Genomic Mismatch Scanning   ................................................ 203
   7. DNA Chips and Agriculture   ................................................... 203
   8. Proteomics    .............................................................................. 204
   9. Nucleic Acid Sequencing  ....................................................... 204
   Second-Generation DNA Sequencing   ........................................ 205
   454 Pyrosequencing   ................................................................... 206
   Illumina Genome Analyser   ........................................................ 206
   AB SOLiD   .................................................................................. 207
   Microchip-Based Electrophoretic Sequencing   ........................... 209
   Sequencing by Hybridisation   ..................................................... 210
   Sequencing in Real Time   ........................................................... 210
   Targeted Capture of Genomic Subsets   ....................................... 211
   Handling and Storage of Sequence Information   ........................ 212
   Predicting Function from Sequence   ........................................... 213
   Homology Searches   ................................................................... 213
   Other Sequence Comparisons Strategies    ................................... 214
   Serial Analysis of Gene Expression (SAGE)   .................................. 215
   cDNA-AFLP  ................................................................................... 217 
   RFLP-Coupled Domain-Directed Differential 

Display (RC4D)   .............................................................................. 219
   Gene Tagging by Insertional Mutagenesis  ...................................... 219
   T-DNA Tag   ................................................................................. 220
   Transposon Tags    ......................................................................... 220
   Post-transcriptional Gene Silencing   ................................................ 221
   MicroRNAs   ..................................................................................... 221
   Biochemical Techniques   ................................................................. 222
   Plant Proteomics   ............................................................................. 222
   Why Proteomics?   ............................................................................ 224
   Types of Proteomics  ........................................................................ 225
   Protein Expression Proteomics   .................................................. 225
   Structural Proteomics   ................................................................. 225
   Functional Proteomics    ................................................................ 225
   Protein Analysis   .............................................................................. 225



xiiiContents

   One- and Two-Dimensional Gel Electrophoresis   ........................... 225
   Alternatives to Electrophoresis in Proteomics   ................................ 227
   Acquisition of Protein Structure Information  ................................. 227
   Edman Sequencing   ..................................................................... 227
   Mass Spectrometry    ..................................................................... 228
   Types of Mass Spectrometers   ......................................................... 230
   Peptide Fragmentation   .................................................................... 231
   De Novo Peptide Sequence Information   ......................................... 231
   Uninterpreted MS/MS Data Searching   ........................................... 231
   Proteomics Approach to Protein Phosphorylation   .......................... 232
   Phosphoprotein Enrichment   ............................................................ 232
   Phosphorylation Site Determination 

by Edman Degradation   ................................................................... 233
   Phosphorylation Site Determination 

by Mass Spectrometry   ..................................................................... 233
   Metabolite Pro fi ling Technologies   .................................................. 234
   Physiological Techniques   ................................................................ 234
   Near-Infrared (NIR) Spectroscopy   .................................................. 236
   Canopy Spectral Re fl ectance (SR) and Infrared 

Thermography (IRT)   ....................................................................... 236
   Estimation of Compatible Solutes   .................................................. 236
   Genomics-Assisted Breeding   .......................................................... 237
   Functional Markers   ......................................................................... 238
   Comparative Genomics   ................................................................... 239
   Identi fi cation of Novel Molecular Networks 

and Construction of New Metabolic Pathway   ................................ 240
   Bioinformatics for MAS    ................................................................. 241
 Bibliography ................................................................................... 243
   Literature Cited ............................................................................... 243  
 Further Readings ............................................................................. 244

  11 Recent Advances in MAS in Major Crops  .................................. 245
   Rice  ................................................................................................. 245
   Rice and Drought   ....................................................................... 246
   Mechanisms of Drought Resistance in Rice   .............................. 246
   Phenology   ................................................................................... 246
   Root System   ............................................................................... 247
   Osmotic Adjustment   ................................................................... 247
   Dehydration Tolerance   ............................................................... 248
   Shoot-Related Drought-Resistance Traits   .................................. 248
   Genetic Linkage Map in Rice   .................................................... 250
   QTL Mapping of Drought-Resistance 

Traits in Rice   .............................................................................. 250
   Rice Subspecies and Habitat   ...................................................... 256
   Marker-Aided Selection and Near-Isogenic Lines 

for Drought-Resistance Improvement   ........................................ 257
   Target Population of Environment and Molecular 

Breeding   ..................................................................................... 257



xiv Contents

   Concluding Remarks on MAS in Rice 
for Water-Limited Environments    ................................................ 258

   Cotton  .............................................................................................. 259
   Status of Cotton Molecular Marker Technology   ........................ 260
   Molecular Markers and Polymorphism in Cotton   ...................... 260
   Simple Sequence Repeats (SSRs) in Cotton   .............................. 260
   Cotton Linkage Maps   ................................................................. 262
   QTL Mapping for Yield and Fibre Quality 

Traits in Cotton   ........................................................................... 262
   Speci fi c Challenges in Cotton MAS   .......................................... 263
   Confronts with Mapping Population   .......................................... 263
   QTL × Environment Analysis   ..................................................... 263
   Incongruence Among QTL Studies   ............................................ 264
   Complexities in Integration of Functional 

Genomics with QTL   ................................................................... 264
   Alternatives and Future Perspectives   ......................................... 264
   Meta-analysis of QTL: Synergy Through Networks   .................. 264
   Map-Based Cloning   ................................................................... 265
   Cotton Genome Sequencing   ....................................................... 265
   Advances in Functional Genomics   ............................................. 265
   System Quantitative Genetics: Bridging 

Subdisciplines   ............................................................................ 266
   Association Mapping and Alternatives   ...................................... 266
   Improved Databases   ................................................................... 266
   Concluding Remarks for MAS in Cotton   ................................... 267
   Mungbean  ....................................................................................... 267
   Genetic Diversity and Linkage Mapping 

in Mungbean  ............................................................................... 268
   QTL Mapping in Mungbean   ...................................................... 268
   Legume Comparative Genomics and Its Importance 

in Mungbean MAS   ..................................................................... 269
   Concluding Remarks for MAS in Mungbean    ............................ 270
   Tomato  ............................................................................................ 271
   Conventional Breeding and Tomato Improvement   .................... 271
   Biotechnology and Tomato Breeding   ......................................... 272
   MAS for Bacterial Spot Resistance  ............................................ 273
   MAS for Tomato Yellow Leaf Curl Virus Resistance   ................ 274
   MAS for Other Economic Traits   ................................................ 275
   MAS for Genetic Improvement 

of Fruit Quality Traits  ................................................................. 275
   Fine Mapping and Characterisation 

of Fruit-Size QTL   ....................................................................... 276
   Concluding Remarks for MAS in Tomato    ................................. 276
   Hot Pepper  ...................................................................................... 277
   Progress in MAS in Hot Pepper   ................................................. 277
   Concluding Remarks on MAS in Hot Pepper     ............................ 278
 Bibliography ................................................................................... 278



xvContents

   Literature Cited ............................................................................... 278  
 Further Reading .............................................................................. 280

  12 Future Perspectives in MAS  ......................................................... 281
   MAS in Orphan Crops   .................................................................... 283
   MAS in Developing Countries   ........................................................ 285
   Community Efforts in Developing Countries 

and Their Implications in MAS   ...................................................... 286
   Field and Laboratory Infrastructure Improvement   .......................... 288
   Lessons Learnt and Concluding Remarks    ....................................... 289
 Bibliography ................................................................................... 290
   Literature Cited ............................................................................... 290  
 Further Readings ............................................................................. 290

 About the Author ................................................................................... 293         



1N.M. Boopathi, Genetic Mapping and Marker Assisted Selection: Basics, Practice 
and Benefi ts, DOI 10.1007/978-81-322-0958-4_1, © Springer India 2013

 Farmers, in the given geographical region, cultivate 
only a small set of crop varieties for a long period 
of time. Modern plant breeding programs also 
resulted in severe genetic bottleneck. As a 
consequence, reduction in genetic diversity is 
widespread among crop plants, and it is consid-
ered as a detrimental feature to the future farming 
process. This is because continuous use of same 
cultivars usually leads to at least (1) extensive 
existence of (as well as emergence of new) pest 
and diseases to the given crop species and (2) loss 
of landraces and wild species of the given crop 
plants (which is otherwise referred to as genetic 
erosion). Due to ever increasing population 
growth and continuous shrinking of farming 
lands, farmers are forced to cultivate crop plants 
under a wide range of latitudes and longitudes. 
This requires crop plants which can tolerate vari-
ations in light, temperature, water and nutrients 
besides occurrence of peculiar pest and diseases 
that challenge crop production in these environ-
ments. Conventional breeding approaches such 
as desirable phenotypic selection among the 
breeding materials have considerably contributed 
in genetic improvement of crops. However, only 
a few genetically improved lines are available to 
meet such challenges. The main limitations that 
prevent the further progress through conventional 
breeding methods are lack of adequate genetic/
biochemical/molecular knowledge on expression 
of traits that are bene fi cial to the crop cultivation 
and production. Most of the agronomically and 
economically important traits are quantitative in 
nature and having complex inheritance. Thanks to 

the developments in nucleic acid characterisation 
and manipulation, it is now possible to genetically 
analyse and manipulate such quantitative traits 
using quantitative trait loci (QTL) mapping and 
marker-assisted selection (MAS). Thus, advances 
in molecular marker technologies have opened 
the door to new techniques for construction and 
screening of breeding populations, increase the 
ef fi ciency of selection and accelerate the rates of 
genetic gain. By employing genetic and QTL 
mapping, a marker can either be located within 
the gene of interest or be linked to a gene deter-
mining a trait of interest. Consequently, MAS can 
be executed as a selection for a trait based on 
genotype using associated markers rather than 
the phenotype of the trait. This book is designed 
to describe the basics of genetic and QTL mapping 
using molecular markers and practicing MAS in 
crop plants with step-by-step procedures. In 
general, MAS scheme in genetic improvement of 
crop plants for the given trait involves (1) charac-
terisation of germplasm for the trait of interest, 
(2) selection of extremely diverse parents, (3) 
development of mapping population, (4) selection of 
appropriate combinations of molecular markers 
and genotyping of parents and mapping popula-
tion, (5) construction of genetic or linkage map, 
(6) phenotyping of mapping population for the 
selected trait, (7) QTL analysis by combining the 
data obtained from step 5 and 6, (8)  fi ne mapping 
and validation of QTLs and (9) executing MAS 
for the target trait. Therefore, this  fi rst chapter of 
this book is keen to describe the leading vital step 
in MAS: characterisation of germplasm. 

  1      Germplasm Characterisation: 
Utilising the Underexploited 
Resources                



2 1 Germplasm Characterisation: Utilising the Underexploited Resources

 Traditional collections, exotic accessions and 
the wild species of crop plants, which are main-
tained in the germplasm banks, possess excellent 
tolerance to the biotic and abiotic stresses that are 
prevalent in the above-said existing and new crop 
production environments. Such germplasm collec-
tions provide potential resources for future crop 
improvement program that is designed to cope 
with the many biotic and abiotic stresses. Hence, it 
is important to characterise and understand the 
genetic variation that exists in germplasm for their 
effective and pro fi cient utilisation in crop breeding 
programs using MAS. Characterisation of germ-
plasm facilitates identi fi cation and selection of 
bene fi cial genes or alleles in the related wild spe-
cies and landraces via MAS. It involves screening 
each entry for morphological and agronomic 
characters using a standard descriptor list. As 
many characteristics as possible should be recorded 
using coded qualitative scores. Further, gathering 
passport data (such as country, site and location of 
collection) permits selection of germplasm on a 
geographical basis. In addition, a range of molecu-
lar markers (e.g. isozymes, RAPD, AFLP and 
microsatellites) are also used for classi fi cation of 
germplasm, and this data would be useful for more 
detailed genetic diversity analysis. Thus, screen-
ing thousands of accessions for pest and disease 
resistance and tolerance to different abiotic stresses 
and systematic studies of the wild species and 
molecular studies of genetic diversity provide data 
on species taxonomy and genetic relationships. 
Based on this information, a core set of germplasm 
entries can be selected for selection of parents. 
Knowledge on genetic diversity and relationship 
among elite breeding materials constituting the 
germplasm (see below) can have a signi fi cant 
impact on the selection of parents in crop improve-
ment program. Selection of parents is also impera-
tive in QTL mapping (see below). 

   Phenotyping for Morphological 
and Agronomic Characters    

 The most salient hurdle to the effective utilisation 
of germplasm in development of improved crop 
cultivars is the troubles in accurately phenotyping 

the germplasm. Combining precise phenotyping 
of germplasm with dissection of genetic and func-
tional basis of yield and other agronomically and/
or economically important traits under various 
biotic and abiotic stresses would give unprece-
dented ways to characterise the crop germplasm. 
Thus, precise phenotyping practice is the  fi rst key 
step, and its successful completion de fi nitely 
would guarantee a better germplasm characterisa-
tion. To this end, it is imperative to have knowl-
edge on factors that affect the quality of phenotypic 
data, de fi ning the nomenclature and mechanisms 
of crop productivity under different climatic and 
stress conditions. All these limiting factors should 
be addressed adequately for the target crop and 
trait. There is no general procedure that  fi ts well 
to all the crops and for all the target traits. It 
de fi nitely varies from crop to crop (and even 
within the species) and trait to trait. As an exam-
ple, a detailed phenotyping procedure in rice for 
characterising the germplasm for one of the most 
important abiotic stress, drought, is elucidated 
hereunder. However, many of the concepts pre-
sented herein are equally useful to other crops too 
for drought-resistance screening. 

   Case Study in Rice Germplasm 
Characterisation for Drought Resistance 

   Realisation of the Essential Requirements 
 It has long been realised that release of rice 
cultivars with enhanced resistance to drought 
conditions and with high yield stability is essen-
tial to ensure food security in the twenty- fi rst 
century due to frequent occurrence and rigorous-
ness of water stress around the world. Hence, we 
need to genetically tailor new cultivars that can 
withstand drought and its other closely related 
environmental constraints such as high tempera-
ture, salinity and nutrient de fi ciency. In the past, 
traditional breeding strategies have shown sev-
eral promising achievements. However, the 
progress has shown to be slow in several occasions 
mainly due to lack of knowledge on drought-
resistance mechanisms and their appropriate 
screening methods and strategies, poor herita-
bility of traits under water stress in  fi eld, lack of 
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comprehensive interpretation of results at molecular, 
biochemical, physiological, genetical and agro-
nomical perspectives, etc. Hence, before pro-
ceeding further, it is important to set the scene on 
long-term and short-term objectives. 

 As stated earlier,  fi rst we should describe the 
nomenclature and mechanism of expression of 
target trait. In general, the term ‘drought’ is 
referred in agriculture as a condition in which 
the amount of water available via rainfall and/or 
irrigation is insuf fi cient to meet the transpira-
tion needs of the crop. Plants adapt different 
mechanisms to withstand and mitigate the nega-
tive effects of such water de fi cit. In general, 
there are traits that (1) help plants to survive 
under drought stress and (2) mitigate yield 
losses in crops when exposed to a water stress. 
Therefore, it is essential to judge the overall 
phenotypic value of given germplasm accession 
in terms of yield under water stress in the given 
environment. In other words, the knowledge 
generated by any drought-related study should 
address their impact on the yield and its compo-
nent traits either directly or indirectly. Several 
absolute reviews and committed volumes and 
book chapters have addressed the mechanisms 
underlying drought-resistance and breeding 
strategies that can improve yield under water 
stress (please see further readings). Provided 
below is the very simple synopsis of this knowl-
edge and its application in characterising rice 
germplasm for drought resistance in a labora-
tory that has minimum facilities. 

 To begin well, the major critical step is to 
de fi ne the environment to which the breeding 
program is targeted (referred some times as target 
population of environments). Each crop is grown 
in a complex set of socio-physical and biological 
environments, and there is no single and similar 
environment even on the same farm. The 
identi fi cation and characterisation of a target 
environment is facilitated by the use of historic 
records of weather data, cropping pattern fol-
lowed during the past, etc. Simulation models 
can also be used to describe the target environ-
ment by the frequency of occurrence of water 
stress and based on the soil moisture pro fi le. This 
helps to shortlist the type (e.g. early/mid/terminal 

water stress), severity (e.g. mild/moderate/severe) 
and duration (e.g. short/long duration) of water 
stress in the given environment. This also helps to 
describe other associated stresses such as high 
temperature, dry and high wind speed and nutrient 
de fi ciency. Another key point in characterising 
the germplasm within the given environment is 
observation of genotype by environment interac-
tions on expression of yield traits. This observa-
tion may include additional factors of environment 
such as rainfall pattern; maximum and minimum 
temperature; relative humidity; soil physical 
(e.g. texture), chemical (e.g. presence of heavy 
metal or other toxic elements) and biological 
factors (e.g. bene fi cial and harmful microbial 
load); diseases (e.g. foliar diseases); pests/
bene fi cial insects (e.g. pollinators); and parasites. 
Thus, it is nearly impossible to  fi nd a single envi-
ronment that represents the target population of 
environments. An ideal strategy would be pheno-
typing for drought tolerance and yield stability 
across a broad range of sites within the given envi-
ronment with at least three replications in Latin 
square design. Latin square design effectively tak-
ing care of  fi eld heterogeneity. During the past 
decades, it has been repeatedly shown in several 
crops that multi-environment trails are instrumental 
in increasing yield potential under drought. Thus, 
it is essential to de fi ne the set of environments, 
 fi elds and seasons in which the given germplasm 
entry is expected to do well before beginning the 
genetic mapping and MAS.   

   Traits Useful for Characterisation 

 Considering the fact that farmers ultimately har-
vest grain in rice, it is vital to interpret cause–
effect relationships (usually with correlation 
studies) between morpho-physio-agronomical 
traits and grain yield (or other economic traits 
in case of other crops) under drought conditions. 
It should be noted that the sign and magnitude of 
this relationship are not universal and can change 
widely according to frequency, timing and intensity 
of water stress periods. Thus, the traits that are 
potential in characterising rice germplasm for 
improving yield under water-limited conditions 
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should be genetically (i.e. causally) correlated 
with yield and preferably would have higher 
heritability than yield (see chapter 5 for heritability 
calculation). Presence of suf fi cient genetic vari-
ability and lack of yield penalties under favour-
able conditions are considered as additional 
features of these traits. Ideally, measurement of 
such trait(s) must be non-destructive (i.e. use of 
small number of plants or plant samples), rapid 
(e.g. without using lengthy procedures to cali-
brate sensors to individual plants), accurate and 
inexpensive and,  fi nally, should provide long-
term ecophysiological performance of the crop. 
Such traits should be cheaper and easier to mea-
sure than grain yield under stress. The reader 
could now realise the dif fi culty in identifying 
such potential trait since there is no single trait 
that can satisfy all the above-said requirements. 
Very often, experiments are lost due to pest or 
erratic weather damage before recording  fi nal 
yield. In such conditions, these traits are useful. 
Based on the peer-reviewed literature, carefully 
tested under different experimental procedures 
and personal experience, the following traits are 
listed as potential candidates for characterising 
rice germplasm. As a caution, it should be noted 
that these traits are not  fi nal and they are not suit-
able for all the water-limited environments. 
Readers are requested to  fi nalise the traits based 
on the target environment, breeding objective, etc. 
However, the concept and procedure of charac-
terising the plant germplasm described here is the 
same for all the plants. By ensuring random repre-
sentative plants are selected for measurement of 
traits in the each plot, sampling bias can be 
avoided. Again it is highlighted that the secondary 
traits (other than the grain yield) should always be 
associated (good statistical correlations) with 
yield, and it is essential in depicting any  fi nal con-
clusion on the germplasm characterisation. 

   Early Vigour 
 Several physiological and biochemical studies 
have shown that selection of germplasm acces-
sions that shown early and vigorous establish-
ment allow the stored water available for later 
developmental stages when soil moisture becomes 
progressively exhausted and increasingly limiting 

for yield. On the other hand, excessively vigorous 
leaf development could cause early depletion of 
soil moisture. Thus, the optimal degree of vigour 
should be selected, and besides genetic potential, it 
also depends on the characteristics of the given 
environment. Keeping all these in mind, the rice 
germplasm should be screened for each accession 
to count the number of days required to germinate 
and develop a particular leaf area under  fi eld 
conditions.  

   Flowering Time 
 Another critical factor that optimises adaptation 
(and produce better yield) under low water avail-
ability is  fl owering time. It was established in 
almost all the crops that there is positive asso-
ciation between yield and  fl owering time across 
different levels of water availability. Days to 
achieve 50%  fl owering can be phenotyped quite 
easily and effectively under both irrigated con-
trol and water-stressed experimental conditions, 
and it can be used as a valuable trait for drought 
tolerance breeding program. Flowering delay 
(=days to  fl owering under stress conditions – 
days to  fl owering under irrigated control) could 
serve as a potential additional trait to the 50% 
 fl owering.  

   Chlorophyll Concentration, Leaf Rolling 
and Leaf Drying 
 The traits that have been phenotyped to indirectly 
estimate photosynthetic potential (a critical ele-
ment that decides  fi nal yield) are chlorophyll 
concentration, leaf rolling and leaf drying, all of 
which are interconnected. Total and individual 
components of chlorophylls and chlorophyll sta-
bility index can be measured both under normal 
and water stressed conditions. Similarly, leaf roll-
ing and drying scores need to be phenotyped by 
essentially following the procedures around 
midday.  

   Grain Yield 
 The main objective of drought tolerance breeding 
program is to develop a variety that produces 
higher yield when compared to currently avail-
able varieties in the given environment under the 
types of drought stress that occur most frequently. 
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Further, if water stress does not occur in some 
years, that variety should also produce high yields 
in the absence of stress. Thus, in farmers’ view-
point, a drought-tolerant variety is the one that 
produces higher yield relative to other cultivars 
under drought stress and produce sustainable 
yield under normal conditions. Hence, all the 
protocols and strategies that focus on breeding 
for drought tolerance should be designed in this 
light. To increase the ef fi ciency of direct selec-
tion for yield, it is essential to ensure that the test-
ing environment is a true representation of the 
target environments; large numbers of germplasm 
entries (usually > 500) are screened in order to 
increase the selection intensity; uniform manage-
ment of drought stress across the trails, sites and 
seasons with reasonable levels of replications (it 
was noticed that increasing the number of loca-
tions is more effective than increasing the num-
ber of replications within the location); and use 
of best experimental design to address the  fi eld 
variation. 

 The traits mentioned above are very far from 
being exhaustive. Therefore, the use of the above 
said and other traits as selection criteria for yield 
should be exercised cautiously and only after 
de fi ning the target environment. Irrespective of 
the procedures used and experimental designs 
employed, each phenotyping score might have a 
speci fi c background, and hence results should be 
inferred accordingly in characterising the germ-
plasm. Availability of a good record of meteoro-
logical parameters (rainfall, temperatures, wind, 
evapotranspiration, light intensity and relative 
humidity) allows meaningful interpretation of 
the results. Collection of meaningful phenotypic 
data in  fi eld experiments greatly depends on 
experimental design, heterogeneity of experi-
mental conditions between and within experi-
mental units, size of the experimental unit and 
number of replicates, number of sampled plants 
within each experimental unit and genotype × envi-
ronment × management interactions. Further 
variations due to phenology (duration for each 
developmental phases) and other environmental 
stresses should also be considered while evaluat-
ing the germplasm. Poor attention on these fac-
tors may lead to erroneous conclusions, particularly 

in terms of interpreting cause and effect relation-
ships between yield and drought tolerance traits.    

   Allele Mining 

 Allele mining refers to identi fi cation of naturally 
occurring allelic variation at agronomically 
important genetic loci (otherwise called as 
genes). This can be performed by using a variety 
of approaches including mutant screening, QTL 
and AB-QTL analysis, association mapping and 
genome-wide survey for the signature of arti fi cial 
selection (each method is described in details in 
subsequent chapters). Though several methods 
have been described, ef fi cient extraction and 
exploitation of the adaptive variation and valu-
able traits present in the germplasm is yet to be 
uncovered. For example, several traditional and 
improved cultivars from drought-prone areas 
have some tolerance to reproductive stage 
drought stress, but they have rarely been used in 
molecular breeding program. A more extensive 
survey of these germplasm may lead to the 
identi fi cation of new germplasm entries carrying 
superior alleles for agronomic and economic 
crop traits. Such unique alleles can be integrated 
into molecular crop breeding program that aimed 
to combat pest and diseases; to promote yield, 
quality or nutritional properties; or to improve 
abiotic stress tolerance. 

 Thus, the successful allele mining procedure 
is highly dependent on the use of diverse germ-
plasm collections, especially those rich in wild 
species. This is because the majority of allelic 
variation at the gene(s) of interest is largely 
assumed to occur in the wild relatives of a crop 
(i.e. not in the cultivating crop varieties) due to 
the unavoidable loss of variation during the 
domestication process. Several efforts have been 
made to identify useful new alleles that are pres-
ent in the wild gene pool in almost all the crop 
plants. Despite those efforts, unfortunately, entire 
germplasm entries have not yet been ef fi ciently 
characterised for their novel phenotypes due to 
several challenges including lack of resources 
for evaluating huge collections. Alternatively, 
core collection of germplasm has been proposed 
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as materials for allele mining. A representative 
subset of the complete collection of germplasm 
that has been optimised to contain maximal diver-
sity in a minimal number of accessions is referred 
to as core collection. Thus, while maintaining 
maximum allelic diversity at loci controlling 
traits of interest, core collections help in integra-
tion of novel useful alleles into molecular or con-
ventional breeding programs by reducing the 
number of accessions. This will lead to the devel-
opment of broad and diversi fi ed elite breeding 
lines with superior yield and enhanced adaptation 
to diverse environments. 

 Best core collections can be constituted by 
assembling a wide range of evidence on diversity 
and subsequently sampling those accessions that 
are representative of this diversity. One such simple 
generic factor is geographic origin. Conventional 
accessions from different parts of the world usually 
have had an independent history of domestication 
for thousands of years and are therefore likely to 
show differences across the genome. Construction 
of such core collection can discover at least the 
majority of new alleles in a relatively small number 
of accessions. On the other side, one key factor to 
be remembered at this time is even a carefully con-
structed core collection will not allow to discover 
the complete list of alleles in all possible combina-
tions. Hence, it is essential to screen the whole ger-
mplasm. When cheaper and faster technologies for 
allele mining are developed, this effort would not 
be a titanic task. 

 To this end, large-scale genome sequencing 
projects and functional genomic efforts on sev-
eral major food crops provide a directory of all 
the genes in the given crop with their function. 
Though this information has been generated 
using the reference crop cultivar or accession, 
this can also be extended to other varieties/species 
too, in light of allele mining. This is possible 
because of genome synteny and gene(s) 
sequence conservation among the species. 
Several approaches has been designed to isolate 
novel alleles from the related species and genera 
using this sequence information, and it would 
result in direct access to key alleles conferring 
resistance to biotic stresses, tolerance to abiotic 
stresses, greater nutrient use ef fi ciency, enhanced 
yield and improved quality and nutrition. One 
among the technique, which employs simple 
polymerase chain reaction (PCR; refer box 3.1 
in chapter 3) strategy to isolate useful alleles 
from rice germplasm, has been given in Box  1.1  
as an example. It is also worth to mention here 
the role of EcoTILLING in allele mining. A 
variant of ‘targeting induced local lesions in 
genomes (TILLING)’, known as EcoTILLING, 
was developed to identify multiple types 
of polymorphisms in germplasm collections 
or breeding materials (Comai et al.  2004  ) . 
EcoTILLING allows characterisation of natural 
alleles at a speci fi c locus across several germ-
plasm entries in a rapid and affordable way (see 
chapter x for more details).     

(continued)

 There are >100,000 germplasm accessions/
entries deposited at International Rice Gene 
Bank, IRRI, the Philippines. Each genotype 
has ~50,000 estimated genes. Every gene has 
an unknown number of alleles and each allele 
may change the way the rice adapts or grows 
or seems or tastes. Hence, understanding the 
function of each allele has utmost importance 
that decides future rice breeding. Publically 
available rice genome sequence database and 

physical map location of each rice gene (refer 
international rice genome sequencing project 
(IRGSP) home page at   http://rgp.dna.affrc.go.
jp/IRGSP/download.html     or gramene at   http://
www.gramene.org/resources/     for example) 
form the base for allele mining. The  fi rst step 
in allele mining is deciding which part of the 
genome we should explore. In other words, 
allele mining can be conducted on speci fi c 
genes that are involved in the particular 

  Box 1.1 Rapid and Inexpensive Strategy for Allele Mining in Rice    

http://rgp.dna.affrc.go.jp/IRGSP/download.html
http://rgp.dna.affrc.go.jp/IRGSP/download.html
http://www.gramene.org/resources/
http://www.gramene.org/resources/
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Box 1.1 (continued)
mechanism of phenotypic trait expression. 
Usually allelic differences (also called as allelic 
polymorphism) will be a result of differences 
in intron and exon sequences or in the regula-
tory regions of the given gene. For example, 
the genes involved in abiotic stress tolerance 
(like genes code for heat-shock proteins, tran-
scription factors, late embryogenesis abundant 
proteins) can be  fi shed out from the genome 
sequence, and primers that are speci fi cally 
 fl anking the conserved genic regions can be 
designed. Primer3 is the most frequently used 
freely available online software (  http://frodo.
wi.mit.edu/    ) for primer designing. We need to 
paste the target sequence in FASTA format in 
the box provided, and by clicking the ‘PICK 
PRIMER’ radio button, we can obtain appro-
priate primers that  fl ank the target sequence. 
Since the selected genes are members of multi-
gene family, the members may have conserved 
genic sequences. In general, member of multi-
gene family dispersed around the genome or 
may have remained as tandem repeats within a 
single genetic locus. Thus, these primers can 
be used in PCR-based allele mining that pro-
vides an opportunity to test the evolutionary 
range over cultivated rice and its relatives. To 
increase the ef fi ciency of identifying polymor-
phic alleles, it is better to design primers in the 
5 ¢  or 3 ¢  untranslated regions of the selected 
genes since these DNA sequences have shown 
to have variation in multi-gene family when 
compared to coding sequences. Thus, it is 
important to have a balance in targeting the 
conserved genic sequence and maintaining the 
genetic variation. Once the candidate gene(s) 
was explored, discovering new alleles for the 
selected candidate gene(s) should be  performed 
with the germplasm collection. It should not start 
with the  fi rst accession and work through the 
collection. This is because such effort would 
be inef fi cient, since the  second accession might 
be similar to the  fi rst accession at the given 
loci. Hence, analysing second accession would 

not result any additional information. Instead, 
we need to employ a subset of highly distinctive 
accessions, namely, core collections (see the 
text for more information on core collection). 

 The ampli fi ed PCR product using the prim-
ers designed with the above-said principle rep-
resents either entire allele or functional 
component of the allele (i.e. depending on the 
primer designing strategy that have employed). 
If it is component of the gene, the full length 
gene should be ampli fi ed with same strategy 
explained above. The identi fi ed polymorphic 
allele needs to be sequenced, and at the end of 
this experiment, we could identify, isolate and 
characterise the novel alleles of genes that are 
candidates for the target trait (in this case, it is 
abiotic stress tolerance). Since we do have data 
on  fi eld-based phenotyping of the given rice 
germplasm, we can group those accessions 
that are having similar alleles and  tolerance 
level. The strategy that associates alleles or 
genomic regions to the given phenotype using 
linkage disequilibrium or association mapping 
is described separately in detail (see chapter 6). 
Brie fl y, association mapping assumes that 
an allele responsible for the expression of a 
phenotype, along with the markers that  fl ank 
the allelic locus, will be inherited as a block. 
Hence, use of such  fl anking markers or allelic 
sequence itself as a marker will predict the 
performance of a progeny that express the 
favourable phenotype. We can also proceed 
further in characterising the key biochemical 
and physiological mechanisms of tolerance 
using the functional genomics tool. Thus, upon 
complete characterisation of these alleles, 
molecular backcross breeding strategy can be 
employed to transfer this useful allele into elite 
variety. Development of such new combina-
tion of useful alleles from different genes in 
different accessions will lead to breed for a 
novel variety that meets the farmer’s and con-
sumer’s needs. However, this technique has 
some drawbacks: (1) lack of speci fi city during 

(continued)

http://frodo.wi.mit.edu/
http://frodo.wi.mit.edu/
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   Genetic Diversity and Clustering 

 Study of genetic diversity exists in the germplasm 
(i.e. investigation on genetic variation among 
individuals or groups of individuals) is usually a 
collective process. There are several methods and 
strategies available to study the germplasm in 
terms of genetic diversity which is essential to 
reveal the genetic relationships among the ger-
mplasm entries. Precise estimation of genetic 
relationship depends on sampling strategies, use 
of several data sets, selection of genetic distance 
estimate strategies, clustering procedures or other 
multivariate methods, etc. Thus, careful combi-
nations of these features and use of appropriate 
statistical programs and strategies are the key 
in these data analysis (refer Mohammadi and 
Prasanna  2003  for further details). In general, the 
germplasm data comprises numerical measure-
ments and combinations of different types of 
variables. Pedigree data, passport data, morpho-
logical data, biochemical data, storage proteins 
data and more recently DNA-based marker data 
are being used to reliably estimate the genetic 
relationship in crop plants (for details on markers 
and its application, see chapter 3). The selection 
of data sets is decided by the objective of the 
experiment, the level of resolution required, 
availability of resources and infrastructure facili-
ties and impact of operational, cost and time con-
straints. Each data provide a speci fi c type of 
information. For example, when we use the 
molecular data, genetic distance or similarity or 
relationship among individuals of the given germ-
plasm is usually calculated as a quantitative 
measure that differentiates the two individuals at 
sequence or allelic frequency level. Wide range 

of genetic distance measurement methods are 
available, and use of such method is highly 
decided by the selection of software tool we 
employ for the analysis. Among the genetic 
distance measurement methods, modi fi ed Roger’s 
genetic distance (GD 

MR
 ) is the most frequently 

used measure. There are several constraints while 
employing the data for the analysis of genetic 
distance. One most frequently occurring problem 
is use of molecular marker data. When certain 
genotypes did not show any ampli fi cation for 
some marker alleles, it is often dif fi cult to assume 
whether such lack of ampli fi cation is due to null 
alleles or failure in molecular experiment. In such 
cases (i.e. when we are not sure about the null 
status of a genotype at this speci fi c marker locus), 
it should be considered as missing data during 
genetic distance measurements; otherwise it will 
lead to erroneous inference. It should also be 
noted that use of dominant and co-dominant types 
of marker can also in fl uence the genetic distance 
measurements due to unknown statistical distri-
butions. In order to overcome this limitation, 
several alternatives, including bootstrapping 
method, have been proposed in certain statistical 
software. When a scientist wish to use more than 
one genetic distance measures to analyse the data 
set, it is essential to understand the correspon-
dence between matrices derived from those 
measures. To reliably test this correspondence, a 
popularly known ‘Mantel test’ can be engaged 
and it has been widely followed in crop plants. 
Resampling techniques such as ‘bootstrapping’ 
and ‘jackknife’ are also used predominantly in 
the recent publications, particularly in relation to 
application of marker data in genetic diversity 
analysis. Especially, to  fi nd the smallest set of 
markers that can provide an accurate assessment 

Box 1.1 (continued)
primer annealing may lead to ampli fi cation of 
non-speci fi c PCR products, (2) usually PCR 
will not be successful for those distantly related 
genera due to poor conservation of primer 
sequences and (3) when the length of gene 

sequence is beyond the limit of PCR, it would 
be dif fi cult to proceed further for complete 
allelic characterisation using this strategy; 
alternatively, PCR walking would be useful in 
mining such alleles. 
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of genetic relationships among the germplasm 
entries, resampling techniques have provided 
useful measures. The latest versions of statistical 
programs used in genetic diversity analysis 
(see below) have these features. Interpreting the 
resampling techniques is also simple. For exam-
ple, a simple rule of thumb is that internal tree 
branches that have >70% bootstrap are likely to 
be correct at the 95% probability level. 

 When sample sizes of germplasm increases, it is 
important to classify and order genetic variability 
among germplasm by using established multivari-
ate statistical algorithms such as cluster analysis, 
principal component analysis, principal coordinate 
analysis and multidimensional scaling. Interestingly, 
multivariate analytical techniques simultaneously 
analyse multiple measurements on each individual 
of the germplasm and analyse the genetic diversity 
irrespective of the data set (i.e. morphological, 
biochemical or molecular data can be used). 
This book has focused only on clustering method 
(especially on salient statistical methodologies and 
other considerations with respect to this method) 
and is described in Box  1.2 . 

   Software 

 Numerous software programs are available for 
assessing genetic diversity, such as Arlequin, 
DnaSP, PowerMarker, MEGA2, PAUP, TFPGA, 
GDA, GENEPOP, NTSYSpc, Structure, Gene
Strut, POPGENE, Maclade, PHYLIP, SITES, 
CLUSTALW and MALIGN. Most of them are 
freely available in the World Wide Web. Most of 
the programs perform similar tasks, with the main 
differences being in the user interface, type of 
data input and output, and platform. Thus, choos-
ing which to use depends profoundly on individ-
ual favourites.  

   Principle Behind the Genetic Diversity 
Analysis 

 When a rectangular data matrix  Xn * p  is prepared 
(where ‘ n ’ rows corresponding to ‘ n ’ different 
genetic objects and ‘ p ’ columns corresponding to 

‘ p ’ different types of phenotypic and/or  binary  
molecular data), the term genetic diversity among 
the  n  genetic objects refers to grouping of the ‘n’ 
objects into an appropriate number of classes 
(usually less than ‘ n ’), and the objects within 
classes are relatively homogeneous with respect 
to the data ‘ p ’. The statistical techniques, 
classi fi cation and ordination are used for group-
ing the ‘ n ’ entities based on the ‘ p ’ types of phe-
notypic and/or binary molecular data. Application 
of these techniques requires an a priori selection 
of an appropriate quantitative measure of prox-
imity (similarity/dissimilarity/distance) among 
the given entities. In consequence to the selection 
of appropriate proximity measure, the data matrix 
 Xn * p  is converted to a square proximity matrix 
M n * n  of ‘ n ’ rows and ‘ n ’ columns corresponding 
to the ‘ n ’ genetic entities. Implementation of an 
appropriate sequential agglomerative hierarchi-
cal nonoverlapping (SAHN) classi fi cation tech-
nique and an appropriate ordination technique on 
the proximity matrix,  Mn * n , yields a dendrogram 
and a two- or three-dimensional ordination plot, 
respectively. Such dendrogram and the ordina-
tion plot, which are the graphical end products of 
classi fi cation and ordination, elucidate the under-
lying structure of genetic diversity among the ‘ n ’ 
genetic objects. In general, SAHN clustering 
takes dissimilarity matrix  Dn * n  = { dij } as input 
data. Initially, two closest objects are joined based 
on their  dij  values, giving ( n  − 1) clusters, one 
contains two objects and others have a single 
member. In each succeeding steps, two closest 
clusters are merged. But to do so, we need appro-
priate de fi nition of dissimilarity between clusters 
based on dissimilarity between their constituent 
objects. This is the point at which different SAHN 
methods differ. There are several SAHN methods 
including unweighted pair group method using 
arithmetic averages (UPGMA), single linkage 
method, complete linkage method (compromise 
between single and complete linkage preferred 
due to its robust nature), Ward’s method (useful 
for continuous variables such as plant height and 
yield) and weighted average linkage (WPGMA). 
Other SAHN methods that are rarely used in 
practice are centroid (UPGMC), median 
(WPGMC), and  fl exible. SAHN classi fi cation 
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results are represented by 2-D diagram known as 
dendrogram. The dendrogram depicts the fusion 
of objects/clusters at each step of the analysis 
along with a numerical measure of (dis) similar-
ity. Thus, hierarchical clustering methods are 
agglomerative or divisive. Agglomerative meth-
ods proceed by a series of successive fusions of  n  
objects into groups. Divisive methods proceed by 
separating  n  objects into successively  fi ner 
groups. Groupings or divisions produced by a 
hierarchical method are  fi nal; thus, defects in 
clusters, once introduced, cannot be repaired. 
Agglomerative methods are more widely used 
than divisive methods. Single linkage, complete 
linkage, centroid, Ward’s and group average are 
the most widely used agglomerative clustering 
methods. The group average method, also called 
as average linkage or UPGMA method, has been 
widely used for germplasm analysis in plant 
breeding. The clustering method by data structure 
interactions can be signi fi cant. The aim of cluster 
analysis is to  fi nd an optimum tree (or phenogram 
or dendrogram) or set of clusters. Hierarchical 
algorithmic clustering methods are used to repre-
sent distance matrices as ultrametric trees. If the 
distances are ultrametric, then the  fi t of the data 
to an ultrametric tree is exact. If the distances are 
not ultrametric, then the  fi t of the data to an ultra-
metric tree is not exact. The reliability of the esti-
mated diversity elucidated by a dendrogram and/
or an ordination plot depends on many factors. 
However, the most critical factor is the accuracy 
with which the phenotypic and molecular scores 
in the data matrix  Xn * p  are recorded and 
estimated.  

   Principle of Measuring Goodness of Fit 
of a Classi fi cation 

 When genetic diversity analysis was done with 
more than one statistical software (see above), 
comparison of dendrograms, with each other or 
with their proximity matrices, is required for vali-
dation of clustering results. For example, we may 
like to test whether different subsets of p variables 
or different clustering methods applied on same 
data provided the similar results. Statistical mea-
sures to address such questions include cophe-

netic correlation and Mantel’s permutation test. 
These are implemented in statistical program 
itself (e.g. in NTSYSpc). There are other mea-
sures such as kappa coef fi cient, Rand index, 
adjusted Rand index and BC coef fi cient, but rarely 
employed. Cophenetic matrix of cophenetic val-
ues is generated from the dendrogram to compute 
cophenetic correlation. Values of cophenetic cor-
relation above 0.80 indicate a good agreement 
(see Box  1.2 ). The Mantel test provides a measure 
of statistical signi fi cance for the observed cophe-
netic correlation. When the same n objects are 
separately clustered using phenotypic and molec-
ular data, results can be synthesised into a single 
consensus dendrogram using strict consensus or 
majority consensus rules (refer NTSYSpc manual 
for performing such analysis). Strict consensus rule 
delivers a consensus dendrogram, each subset of 
which is in each individual constituent dendrogram. 
In a majority consensus dendrogram, each subset 
in it is in a majority of the individual constituent 
dendrograms. Before attempting to obtain a con-
sensus dendrogram, it may be useful to  fi rst com-
pute cophenetic correlations to get an idea of the 
extent to which the constituent dendrograms rep-
resent similar results. Bootstrap can be used to 
assess reliability of results produced by a dendro-
gram. WinBoot performs bootstrap on binary 
data to determine con fi dence limits of UPGMA-
based dendrogram.   

   Genetic Diversity Analysis Using 
Molecular Markers 

 Success of any crop breeding program is based on 
(1) the knowledge of and (2) availability of genetic 
variability for ef fi cient selection. Genetic similar-
ity (or genetic distance) estimates among geno-
types are helpful in at least two ways: (1) selecting 
parental combinations for creating segregating 
populations so as to maintain genetic diversity in 
a breeding program and (2) the classi fi cation of 
germplasm into heterotic groups for hybrid crop 
breeding. Establishment of heterotic groups can 
be based on geographical origin, agronomical 
traits, pedigree data or on molecular marker 
data. Before the use of molecular markers, 
genetic diversity was estimated from pedigree or 
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agronomic and morphological characteristics. 
However, the estimates based on pedigree infor-
mation are generally overestimated and often 
found unrealistic. For example, the morphologi-
cally based genetic diversity estimates suffer from 
the drawback that morphological characteristics 
are limited in number and are in fl uenced by the 
environment. Therefore, neither pedigree-based 
nor morphologically based estimates may not 
re fl ect the actual genetic difference of the studied 
populations. On the other hand, molecular mark-
ers are not in fl uenced by environment and likely 
re fl ect true genetic similarity (or dissimilarity) 
and do not require previous pedigree information 
which is valuable for crops where pedigree infor-
mation is lacking. Various types of molecular 
markers are available for genome analysis. Simple 
sequence repeats (SSRs) in particular have been 
reported to be very useful to analyse the structure 
of germplasm collections as these are abundant, 
co-dominant, multi-allelic, highly polymorphic 
and chromosome speci fi c. SSR markers have been 
extensively used in genetic diversity studies in 
many plants including wheat, pearl millet, sor-
ghum, triticale, cotton, rice and maize. There are 
also other types of DNA- and RNA-based mark-
ers that have shown their potential utility in genetic 
diversity analysis (see chapter 3 for more detailed 
description on markers). However, molecular 
markers should be used in caution when they are 
engaged in genetic diversity analysis because of 
the following issues.
    1.    There are two approaches that are commonly 

used in studies of genetic diversity within and 
among populations or groups of individuals 
using molecular markers. In the  fi rst, allele fre-
quencies over a number of polymorphic loci 
are determined, and parameters based on the 
allele frequencies are used for partitioning 
genetic variation into components for variation 
within and between units. This approach may 
be chosen when dominant markers (such as 
RAPDs, AFLPs and ISSRs) are applied to hap-
loid individuals or co-dominant markers (such 
as allozymes, RFLPs and SSRs) used with hap-
loid or diploid species with the assumption of 
no linkage between loci. With dominant mark-
ers, individuals that are heterozygous for a 
DNA band at a speci fi c position cannot be 

distinguished with certainty from individuals that 
are homozygous for that band (see chapter 3). 

 In the second approach, a genetic dissimi-
larity matrix constructed using molecular data 
from all possible pairwise combinations of 
individuals and is used for characterising pop-
ulation structure based on relative af fi nities of 
each tested individual. This approach requires 
proper methods for assessing dissimilarity 
between individuals, and it is particularly use-
ful in the case of possible linkages between 
different loci. The choice of a suitable index of 
similarity is a very important and decisive 
point for determining true genetic dissimilarity 
between individuals, clustering and analysing 
diversity within populations and studying rela-
tionship between populations. This is because 
different dissimilarity indices may yield con-
trary outcomes. Many researchers have pre-
ferred for various well-documented reasons 
to use the second approach either alone or in 
combination with the  fi rst approach. However, 
the bases for choosing the most appropriate 
coef fi cient of dissimilarity depending on type 
of marker and ploidy of the organism in ques-
tion have not received suf fi cient attention in 
published research articles.  

    2.    Molecular markers are commonly used to 
characterise genetic diversity within or between 
populations or groups of individuals because 
they typically detect high levels of polymor-
phism. Furthermore, RAPDs and AFLPs are 
ef fi cient in allowing multiple loci to be analysed 
for each individual in a single gel run. In 
analysing banding patterns of molecular mark-
ers, the data typically are coded as (0,1)-vectors, 
1 indicating the presence and 0 indicating the 
absence of a band at a speci fi c position in the 
gel. With diploid organisms and co-dominant 
markers, the banding patterns may be translated 
to homozygous or heterozygous genotypes at 
each locus, and the allelic structure derived is 
utilised for comparison between individuals. 
Several measures including the Dice (Nei and 
Li), Jaccard and simple match (or the squared 
Euclidean distance) coef fi cients are commonly 
employed in the analyses of similarity of indi-
viduals (binary patterns) in the absence of 
knowledge of ancestry of all individuals in the 
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populations. These similarity coef fi cients are 
de fi ned differently and therefore they may yield 
different results for both the qualitative and 
quantitative relationships between individuals. 
Although these coef fi cients may not yield 
identical results, most published studies do not 
offer any rationale to support the choice of the 
coef fi cient that was used in relation to the type 
of marker evaluated or the ploidy and mating 
system of the organism being studied. Each of 
these factors may in fl uence how accurately the 
direct application of a given similarity coef fi cient 
to the (1,0)-vectors will re fl ect the true genetic 
similarity of any pair of individuals. In most 
published studies, the similarity coef fi cient used 
was apparently chosen simply because it was 
used in an earlier publication or it is available 
in the software package used to analyse the data. 
In some cases, two or three similarity coef fi cients 
are used with the same data set with the 
expectation that if the results are robust; the dif-
ferent coef fi cients should reveal essentially the 
same patterns of diversity. If two similarity 
coef fi cients reveal somewhat different patterns 
of relationships between individuals, there is 
hardly any rationale presented to suggest which 
pattern is more valid, and often only one of the 
patterns is presented in the publication. As a 
general rule, we should expect an appropriate 
similarity coef fi cient to produce a consistent 
measure of the proportion of differentiating 
factors showing similarity between any pair of 
individuals relative to the total number of fac-
tors in which differences could have been 
detected if the individuals showed no detect-
able similarity. That is, the similarity coef fi cient 
employed should accurately re fl ect our best 
understanding of the phenotypes observed and 
the genetic basis for them.  

    3.    With co-dominant markers, each recognisable 
allele at a given locus is ordinarily associated 
with a single band at a unique position in the 
gel. Thus, in the case of diploid organisms for 
a given locus, a homozygote will have one 
band and a heterozygote will have two. Null 
alleles (no band) are rarely seen. Therefore, 
the shared absence of a band at a speci fi c 
position should not be considered in measures 
of similarity with co-dominant markers. 

Clearly with co-dominant markers, the genetic 
similarities between pairs of individuals can-
not be characterised simply in terms of the 
proportion of bands that are shared between 
two individuals. Also, if there are multiple 
alleles per locus, as expected for SSRs, which 
are highly variable, the total number of bands 
expressed by all the individuals in a sample 
will likely be much greater than the number 
of loci involved. Therefore, the banding 
pro fi les should be adjusted to represent the 
allelic patterns of individuals across all loci 
studied and to represent the total number of 
loci and the number of shared alleles rather 
than the total number of bands and the number 
of shared bands, respectively, and the adjusted 
values should be employed for measuring 
similarity between individuals.  

    4.    For dominant markers, it is generally assumed 
that each band represents a different locus and 
that the alternative to a band at the gel position 
characteristic of that locus is the absence of a 
band anywhere in the gel. Thus, for dominant 
markers, there is a direct identity assumed 
between the number of unique bands observed 
and the number of identi fi able loci for the sam-
ple of individuals. On the other hand, the inter-
pretation of shared absences of speci fi c bands 
by two individuals may depend on the degree 
of genetic similarity among individuals within 
the sample. That is, the interpretation may be 
different when the individuals are drawn from 
different taxa in a phylogenetic tree than when 
the individuals are all from closely related pop-
ulations of a single species.  

    5.    The key problem with analysis of genetic rela-
tionships between individuals with molecular 
markers is measuring their dissimilarity. There 
are no acceptable universal approaches for 
assessing genetic dissimilarity between indi-
viduals based on molecular markers. Different 
dissimilarity measures are relevant to, and 
should be used with, multi-locus dominant 
and co-dominant DNA markers as well as with 
diploid (polyploid) and haploid individuals. 
The Dice dissimilarity index is suitable for 
haploids with co-dominant molecular mark-
ers, and it can be applied directly to (0,1)-vec-
tors representing multi-locus multi-allelic 
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banding pro fi les of individuals. None of the 
Dice, Jaccard and  simple mismatch coef fi cient 
is appropriate for diploids (polyploids) with 
co-dominant markers, because there is no way 
for direct processing of  fi ngerprint pro fi les. 
By transforming multi-allelic banding patterns 
at each locus into the corresponding homozy-
gous or heterozygous states, a new measure of 
dissimilarity within loci needs to be used and 
may be expanded for measuring dissimilarity 
between multi-locus states of two individuals 
by averaging across all co-dominant loci 
tested. The  simple mismatch coef fi cient can 

be considered as the most suitable measure of 
dissimilarity between banding patterns of 
closely related haploid forms, whereas for dis-
tantly related haploid individuals, the Jaccard 
dissimilarity is recommended. In general, no 
suitable method for measuring genetic dis-
similarity between diploids with dominant 
markers can be proposed. Therefore, analyses 
of genetic dissimilarity between diploid (poly-
ploid) organisms with dominant markers 
should be viewed with caution unless the 
organism is highly inbred and therefore highly 
homozygous.         

(continued)

  Box 1.2 Cluster Analysis 
 Cluster analysis refers to mathematically 
grouping (or clustering) the individuals of the 
germplasm based on their similar characteris-
tics. Thus, individuals within the cluster show 
high internal homogeneity and individuals 
between the cluster exhibit high external 
 heterogeneity. Broadly, there are two types of 
clustering strategies. One is based on distance-
based method (in which a pairwise distance 
matrix is used which leads to a graphical 
 representation such as a tree or dendrogram) 
and another method is based on model-based 
methods such as parametric models (infer-
ences on each cluster and their relationship is 
obtained by maximum likelihood or Bayesian 
methods). It has been established that the later 
method is innovative and useful due to the 
constraints associated with former method 
with respect to multi-locus genotypic data. 
However, at present, the distance-based meth-
ods are most frequently used, and step-by-step 
procedure for clustering analysis using this 
method is explained hereunder. 

 Hierarchical and nonhierarchical methods 
are commonly used in distance-based cluster-
ing analysis, and hierarchical clustering meth-
ods are most commonly employed in analysis 
of genetic diversity in crop plants. These 
methods perform either by a series of succes-
sive merger (called as agglomerative hierar-

chical method) or successive divisions of 
group of individuals (see above). The most 
similar individuals are  fi rst grouped and 
these initial groups are merged according to 
their similarities. Among the various agglom-
erative hierarchical methods, unweighted 
paired group method using arithmetic aver-
ages (UPGMA) is the most commonly adopted 
clustering algorithm followed by Ward’s mini-
mum variance method. For your information, 
the nonhierarchical clustering procedures do 
not involve in construction of dendrogram, 
and hence, it can be done using statistical soft-
ware such as SAS or SPSS. However, this 
method is not usually followed in crops pri-
marily due to lack of prior information about 
the optimal number of clusters that are required 
for  accurate assignment of individual objects. 

 Among the different types of clustering 
methods (such as UPGMA, unweighted paired 
group method using centroids (UPGMC), 
 single linkage, complete linkage and median), 
UPGMA dendrograms have been used exten-
sively in the published reports since it provide 
consistency in grouping germplasm objects 
with relationships computed from different 
data types. However, despite some advantages 
in UPGMA, a single clustering method might 
not be useful or effective in uncovering genetic 
relationships, and it would be desirable to 
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Box 1.2 (continued)
 analyse the congruence among results obtained 
by different clustering procedures. The 
ef fi ciency of different clustering algorithms 
can be estimated by calculating cophenetic 
correlation coef fi cient (see above). It is a prod-
uct moment correlation coef fi cient measuring 
agreement between dissimilarity–similarity 
indicated by a phenogram–dendrogram as 
 output analysis and the distance–similarity 
matrix as input of cluster analysis. Using this 
coef fi cient value, the degree of  fi t of the den-
drogram can be subjectively  fi xed as 0.9  £   r , 
very good  fi t; 0.8  £   r  < 0.9, good  fi t; 0.7  £   r  < 0.8, 
poor  fi t; and  r  < 0.7, very poor  fi t. At the same 
time, it should be kept in mind that low 
coef fi cient score does not mean that the den-
drogram has no use. This poor coef fi cient value 
only indicates that some distortion might have 
occurred. It is also worth to note that whatever 
algorithm is used for dendrogram construction, 
in order to assess the   reliability of the nodes, it 
is essential to carry out bootstrapping of the 
allele frequencies followed by calculation of 
genetic distances   .

 Therefore, while studying the genetic diver-
sity in crop plants, it is vital to decide the follow-
ing points: (1) careful and effective use of 
different types of data variables like continuous, 
discrete, ordinal, multistate and binomial; (2) use 
of multiple data sets such as morphological, bio-
chemical and molecular data; and (3) appropriate 
selection of clustering algorithms. Depending on 
the genetic materials being analysed and objec-
tives of the experiment, different strategies (since 
there is no single strategy that addresses all the 
issues in genetic diversity analysis) are required 
to formulate, and hence readers are requested to 
refer to the bibliography to proceed further in 
their crop and materials of interest. 

 There are many statistical packages avail-
able for analysing genetic diversity (see above 
and Labate  2000  ) . There is still a need for 
developing a comprehensive and easy-to-use 

statistical packages that provide integrated 
study on genetic diversity at various levels. 
However, because of user-friendliness and 
availability of several features, NTSYSpc (F. 
J. Rohlf, State University of New York, Stony 
Brook, USA) and PHYLIP (J. Felsenstein, 
University of Washington, Seattle, USA) have 
been extensively employed in publications. 
The procedure for employing NTSYSpc for 
genetic diversity analysis using molecular 
marker data is provided below. 

Computer software, NTSYS pc  (Numerical 
Taxonomy and multivariate analysis SYStem), 
is a system of program modules used to discover 
and describe the patterns of biological diversity 
that can be demonstrated in a set of multivariate 
data. There are modules in NTSYS pc  that 
 perform cluster analysis. The  fi rst crucial step in 
genetic diversity analysis using the marker (or 
DNA  fi ngerprinting) data is the measurement 
of similarity among germplasm entries. When 
DNA pro fi les of two individual plants are com-
pared, certain number of bands will be common 
(or shared or monomorphic) between the two 
DNA pro fi les (even by chance). The number or 
proportion of common bands is expected to be 
larger if the two individuals are biologically 
related. It is therefore important to objectively 
measure the expected degree of similarity due to 
chance of relatedness. Hierarchical clustering 
(which is going to be used in the below proce-
dure) provides not only information about the 
object that belong to each cluster but also gives 
us an idea about which ones are closest to each 
other and how dissimilar with the other objects 
in the cluster. Subsequently, such analysis is 
used for phylogenetic tree estimation, which is 
then visualised as a graphical dendrogram. This 
entire process involves  fi rst computing a matrix 
of similarity coef fi cients for all pairs of OUT 
(operational taxonomic units) and then perform-
ing the actual cluster analysis based on the 
 similarity index by UPGMA. The resulting 

(continued)


