




PLANT BREEDING REVIEWS
Volume 41





PLANT BREEDING REVIEWS
Volume 41

Edited by

Irwin Goldman
University of Wisconsin‐Madison

Wisconsin, USA



This edition first published 2018
© 2018 John Wiley & Sons, Inc.

All rights reserved. No part of this publication may be reproduced, stored in a  retrieval 
 system, or transmitted, in any form or by any means, electronic, mechanical,  
photocopying, recording or otherwise, except as permitted by law.  
Advice on how to obtain permission to reuse material from this title is available at 
http://www.wiley.com/go/permissions.

The right of Irwin Goldman to be identified as the author of the editorial material in this 
work has been asserted in accordance with law.

Registered Office(s)
John Wiley & Sons, Inc., 111 River Street, Hoboken, NJ 07030, USA
John Wiley & Sons Ltd, The Atrium, Southern Gate, Chichester, West Sussex, PO19 
8SQ, UK

Editorial Office
9600 Garsington Road, Oxford, OX4 2DQ, UK

For details of our global editorial offices, customer services, and more information 
about Wiley products visit us at www.wiley.com.

Wiley also publishes its books in a variety of electronic formats and by print‐on‐demand. 
Some content that appears in standard print versions of this book may not be available in 
other formats.

Limit of Liability/Disclaimer of Warranty
While the publisher and authors have used their best efforts in preparing this work, they 
make no representations or warranties with respect to the accuracy or completeness of the 
contents of this work and specifically disclaim all warranties, including without limitation 
any implied warranties of merchantability or fitness for a particular purpose. No warranty 
may be created or extended by sales representatives, written sales materials or promotional 
statements for this work. The fact that an organization, website, or product is referred to 
in this work as a citation and/or potential source of further information does not mean 
that the publisher and authors endorse the information or services the organization, website, 
or product may provide or recommendations it may make. This work is sold with the 
understanding that the publisher is not engaged in rendering professional services. The 
advice and strategies contained herein may not be suitable for your situation. You should 
consult with a specialist where appropriate. Further, readers should be aware that websites 
listed in this work may have changed or disappeared between when this work was written 
and when it is read. Neither the publisher nor authors shall be liable for any loss of profit 
or any other commercial damages, including but not limited to special, incidental, 
consequential, or other damages.

Library of Congress Cataloging‐in‐Publication Data

Library of Congress Catalog Control Number: 83-641963

Cover Design: Wiley
Cover Illustration: © browndogstudios/Gettyimages

Set in 10/12pt Melior by SPi Global, Pondicherry, India

10 9 8 7 6 5 4 3 2 1

http://www.wiley.com/go/permissions
http://www.wiley.com


v

Contributors xiii

1. Hari Deo Upadhyaya: Plant Breeder, Geneticist  
and Genetic Resources  Specialist 1
Sangam L Dwivedi

Abbreviations 3
 I. Introduction 3
 II. Biographical Sketch 5
III. Contributions 5

A. Genetic Resources Management and Use 6
1. Representative Subsets 6
2. Climate‐resilient Germplasm 8
3. Seed Nutrient‐dense Germplasm 8
4. Bioenergy 9
5. Germplasm Use in Breeding 9
6. On‐farm Conservation and Use of Diversity 10
7. Wild Relatives and Cultigen Genepool 10
8. Gaps in Collections 12

B. Molecular Biology and Biometrics 13
1. Population Structure and Diversity 13
2. Genome‐wide Association Mapping 13
3. Candidate Genes Associated with Agronomically  

Useful Traits 15
4. Ethnolinguistic Groups Shaped Sorghum Diversity 

in Africa 15
5. Genome Sequencing 16

C. Groundnut Breeding 16
1. Early Maturity 16
2. Drought Tolerance 18
3. Aflatoxin Resistance 18
4. Farmers Participatory Varietal Selection 19

D. Chickpea Breeding 20
IV. Upadhyaya, the Man 20

Contents



vi CONTENTS

A. Personality 20
B. Educator and Leader 27
C. International Collaborations 28
D. Recognition 28

1. Awards 28
2. Honours 30
3. Service 30

V. Publications 30
VI. Products 31

A. Cultivars 31
B. Registrations 31

References cited and further reading 33

2. Crop Improvement Using Genome  Editing 55
Nathaniel M Butler, Jiming Jiang and Robert M Stupar

Abbreviations 56
I. Introduction 57

II. Conceptual Framework for Genome Editing 60
A. Development of Sequence‐Specific Nucleases 60

1. Early Nucleases 62
2. Designer Nucleases 62
3. RNA‐guided Nucleases 65

B. DNA Repair Pathways 66
1. Non‐homologous End‐joining 66
2. Homologous Recombination 69

C. Modes of Modifications 70
1. NHEJ‐mediated Modifications 70
2. HR‐mediated Modifications 71

III. Plant Transformation Strategies 72
A. Agrobacterium‐mediated Transformation 73
B. Protoplasts and Biolistics 75
C. Plant Viral Systems 76

IV. Harnessing Breaks for Targeted Mutagenesis 77
A. Detecting and Stabilizing Targeted Mutations 78
B. Targeted Mutagenesis in Polyploids 81

V. Precision Gene Editing via Homologous   
Recombination 82

VI. Genome Editing at the Genome Level 85
A. Large Deletions 85
B. Chromosomal Rearrangements 86
C. Epigenetic Remodelling and Base Editing 87



CONTENTS vii

VII. Future Perspectives 88
A. Nuclease Decisions and Considerations 89
B. Crop Challenges and Advantages 90
C. Regulation of Nuclease Technology 91

Acknowledgements 92
Literature Cited 92

3. Development and Commercialization of CMS  
Pigeonpea Hybrids 103
KB Saxena, D Sharma, and MI Vales

Abbreviations 105
I. Introduction 106

II. Reproductive Cycle and Morphology of Pigeonpea 108
A. Induction of Flowering 108
B. Maturity Range 109
C. Flower Structure 110
D. Flowering Pattern 111
E. Pollination and Fertilization 111
F. Natural Cross‐pollination 112

1. Cross‐pollinating Agents 112
2. Extent of Out‐crossing 114

III. Crop Production 115
A. General Agronomy 115
B. Major Production Constraints 115

1. Diseases 115
2. Insect Pests 117
3. Waterlogging 117

IV. Extent and Nature of Heterosis in Pigeonpea 118
V. Genetic Male Sterility‐based Hybrid Technology 119

A. Genetic Male Sterility Systems 119
B. Heterosis in GMS‐based Hybrids 121
C.  Release of the First GMS‐based  

Pigeonpea Hybrid 121
D. Hybrid Seed Production Technology 122
E. Assessment of GMS‐based Hybrid Technology 123

VI. Temperature‐sensitive Male Sterility 124
VII. Cytoplasmic‐nuclear Male Sterility‐based  

Hybrid Technology 125
A. Early Efforts to Produce CMS System 126
B. Breakthrough in Breeding Stable CMS Systems 126
C. Diversification of Cytoplasm 127



viii CONTENTS

1. A1 CMS System from Cajanus sericeus  
(Benth. ex Bak.) van der Maesen 128

2. A2 CMS System from Cajanus scarabaeoides  
(L.) Thou 128

3. A3 CMS System from Cajanus volubilis  
(Blanco) Blanco. 128

4. A4 CMS System from Cajanus cajanifolius  
(Haines) Maesen 129

5. A5 CMS System from Cajanus cajan (L.) Millsp 129
6. A6 CMS System from Cajanus lineatus  

(W & A) van der  Maesen 130
7. A7 CMS from Cajanus platycarpus  

(Benth.) van der Maesen 130
8. A8 CMS System from Cajanus reticulatus  

(Aiton) F. Muell 130
9. A9 CMS System from Cajanus cajan (L.) Millsp 131

D. Effect of Pigeonpea Cytoplasm on Yield 131
E. Fertility Restoration of A4 CMS System 132

VIII. Breeding New Hybrid Parents 133
A. Fixing Priorities 133
B. Selection of Hybrid Parents from Germplasm  

and Breeding Populations 134
C. Isolation of Fertility‐Restoring Inbred Lines 

from Heterotic Hybrids 136
D. Breeding Dwarf Parental Lines 137
E. Breeding Determinate/Non‐determinate  

Parental Lines 137
F. Disease‐resistant Parental Lines 138
G. Use of a Naked‐Eye Polymorphic Marker in Hybrid 

Breeding 139
H. Formation of Heterotic Groups 140
I. Inbreeding Depression 141

IX. Application of Genomics in Breeding Hybrids 142
A. Understanding the Molecular Genetics Basis  

of the A4 CMS System 143
B. Tagging Fertility‐restoring Genes 143
C. Assessment of Genetic Purity 144
D. Potential Role in Breeding Two‐line Hybrids 145

X.  Commercialization of Hybrid Pigeonpea Technology 146
A. Standard Heterosis 146

1. Early‐maturing Hybrids 146
2. Medium‐ and Late‐maturing Hybrids 147



CONTENTS ix

B. Release of the World’s First Commercial  
Legume Hybrid 149

C. Hybrid Seed Production Technology 152
D. Economics of Hybrid Seed Production 153

XI. Outlook 154
Acknowledgements 157
Literature Cited 157

4. The Evolution of Potato Breeding 169
Shelley H Jansky and David M Spooner

Abbreviations 170
I. Introduction 170

II. Classification of Cultivated Potato 171
III. Origin of the Cultivated Potato 173
IV. Dynamics of Potato Landrace Evolution 176
V. Origin of the European Potato 178

VI. Nineteenth Century Potato Breeding 179
VII. Early Twentieth Century Potato Breeding 184

VIII. Conventional Potato Breeding 189
IX. Late Twentieth Century Potato Breeding 191
X. Twenty‐first Century Potato Breeding 196

A. Is Tetraploidy Necessary for High Tuber  
Yield in Potato? 196

B.  What are the Advantages of Moving to the  
Diploid Level and Developing Inbred Lines? 198

C. Is It Possible to Develop Diploid Inbred  
Lines in Potato? 200

XI. Conclusions 202
Literature Cited 203

5. Flavour Evaluation for Plant Breeders 215
JC Dawson and GK Healy

Abbreviations 217
I. Introduction 217

A. Scope of the Chapter 218
B. Justification for Rapid Sensory Methods 219
C. History 220

II. Types of Rapid Sensory Analysis Methods 221
A. Performance Relative to Conventional Methods 222
B. Methods of Rapid Sensory Evaluation 224



x CONTENTS

1. Evaluation of Individual Product Attributes 224
Method 1: Intensity Scales 224
Method 2: Flash Profiling 225
Medhod 3: Check All That Apply (CATA) 226

2. Evaluation of Global Differences 227
Method 4: Sorting 227
Method 5: Projective Mapping 228

3. Evaluation in Comparison to a Reference 230
Method 6: Paired Comparisons 230
Method 7: Polarized Sensory Positioning 231
Method 8: Open‐ended Evaluations 232

4. Use of Professional Experts in Evaluation 232
C.  Numbers of Assessors and Numbers  

of Samples for Trained, Untrained and  
Expert Panels 235

III. Data Analysis for Rapid Sensory Methods 236
A. Principal Component Analysis 237
B. Multi‐dimensional Scaling 237
C. Multiple Correspondence Analysis 238
D. Generalized Procrustes Analysis 239
E. Multiple Factor Analysis 239

IV. Example of Using Sensory Analysis for Breeding 241
A. Background, Goals and Partners 241

1. Participant Recruitment and Priority Setting 241
2. Cultivar Trials 243

B. Flavour Evaluation Methods Used 243
1. Evolution of Flavour Evaluation Methods 243
2. Intensity Scaling Methods Used with  

Crew Members 244
3. Chef Projective Mapping Evaluation 245

C. Statistical Methodology 246
1. ANOVA with Intensity Scaling Methods 246
2.  Principal Component Analysis of Field  

Crew Flavour Evaluation Means 246
3.  Multiple Factor Analysis of Chef Projective  

Mapping Data 247
D. Results 247

1.  Field Crew Flavour Evaluation with  
Intensity Scaling 247

2. Chef Flavour Evaluations 250
3. Participant Feedback and Next Steps 253

V. Outlook 254



CONTENTS xi

Acknowledgements 256
Literature Cited 256

6. The Genetic Improvement of Black Walnut for  
Timber Production 263
James R McKenna and Mark V Coggeshall

Abbreviations 264
I. Introduction 265

II. Biology of Black Walnut 268
A. Leafing Date 268
B. Flowering 268

1. Female Flowers 269
2. Male Flowers 270

C. Pollen Collection 270
D. Artificial Pollination 271

III. Breeding 272
A. Breeding Strategies 272
B. Selection 272
C. Age‐to‐Age Correlations 273
D. Improvement 274
E. Analysis 274

IV. Evaluation of Heritable Traits 274
A. Geographic Variation 274
B. Growth 275
C. Timber Quality 275
D. Wood Quality 276

V.  Host Plant Resistance to Pathogens and Insect Pests 277
A. Insect Resistance 277
B. Anthracnose 277
C. Thousand Cankers Disease 278
D. Bunch Disease – Witches Broom 278

VI. Propagation 279
A. Seed Propagation 279
B. Grafting 280
C. Rooting 281

VII. Plot Management 281
A. Progeny Tests 281
B. Clone Banks 282
C. Seed Orchards 283

VIII. Future Directions 283
Literature Cited 283



xii CONTENTS

7. A Life in Horticulture and Plant Breeding:  
The Extraordinary  Contributions of Jules Janick 291
Irwin Goldman and Rodomiro Ortiz

Abbreviations 292
I. Introduction 292

II. Honors and Commendations 297
III. Students and Teaching 297
IV. Editorial Work 299
V. Books and Proceedings 303

VI. Research 306
A. Patents 307
B. Book Chapters, Reviews and Introductions 307
C. Journal Publications 310
D. Popular and Extension Articles 320
E. Book Reviews 329
F. Encyclopaedia Articles 331

VII. Public Addresses, Invited Seminars and Speeches 332
VIII. Service Contributions 355

IX. Epilogue 358
Literature Cited 360

Author Index 361
Subject Index 363
Cumulative Subject Index 365
Cumulative Contributor Index 389



xiii

Contributors

Nathaniel M Butler, Department of Horticulture, University of Wisconsin, 
Madison, WI

Mark V Coggeshall, USDA Forest Service, Northern Research Station, 
Hardwood Tree Improvement and Regeneration Center, West State 
Street, West Lafayette, IN, USA

JC Dawson, Department of Horticulture, University of Wisconsin‐ 
Madison,  Madison, WI

Irwin Goldman, Department of Horticulture, University of Wisconsin‐
Madison, Madison, WI

GK Healy, Department of Horticulture, University of Wisconsin‐Madison, 
Madison, WI

Shelley H Jansky, United States Department of Agriculture – Agricultural 
Research Service, and University of Wisconsin, Madison, WI

Jiming Jiang, Department of Horticulture, University of Wisconsin, 
Madison, WI

Sangam L Dwivedi, International Crops Research Institute for the 
Semi‐Arid Tropics (ICRISAT), Patancheru, Telangana, India

James R McKenna, USDA Forest Service, Northern Research Station, 
Hardwood Tree Improvement and Regeneration Center, West State 
Street, West Lafayette, IN, USA

Rodomiro Ortiz, Swedish University of Agricultural Sciences, 
Department of Plant Breeding, Sweden

KB Saxena, International Crops Research Institute for the Semi‐Arid 
Tropics (ICRISAT), Patancheru, Telangana, India

D Sharma, International Crops Research Institute for the Semi‐Arid 
Tropics (ICRISAT), Patancheru, Telangana, India

David M Spooner, United States Department of Agriculture – Agricultural 
Research Service, and University of Wisconsin, Madison, WI

Robert M Stupar, Department of Agronomy and Plant Genetics, University 
of Minnesota, St. Paul, MN

MI Vales, Department of Horticultural Sciences, Texas A&M University, 
College Station, TX





1

1

Plant Breeding Reviews, Volume 41, First Edition. Edited by Irwin Goldman. 
© 2018 John Wiley & Sons, Inc. Published 2018 by John Wiley & Sons, Inc.

Hari Deo Upadhyaya: Plant Breeder, 
Geneticist and Genetic Resources 
 Specialist
Sangam L Dwivedi
International Crops Research Institute for the Semi‐Arid Tropics 
 (ICRISAT), Patancheru, Telangana, India

ABSTRACT

This chapter discusses Hari Deo Upadhyaya, a plant breeder, geneticist and 
genetic resources specialist, and his contributions in management and utiliza-
tion of genetic resources, molecular biology and biometrics, and in groundnut 
breeding. Hari’s contributions in genetic resources include enriching germ-
plasm collections; forming representative subsets in the form of core and/or 
mini-core collections in chickpea, groundnut, pigeonpea, pearl millet, sorghum, 
and six small millets; unlocking population structures, diversity and associa-
tion genetics; and identifying genetically diverse and agronomically desirable 
germplasm accessions for use in crop breeding. The Consultative Group on 
International Agriculture Research (CGIAR) recognized his concept and process 
of forming mini-core collection as International Public Goods (IPGs) and 
researchers worldwide are now using mini core-collections as useful genetic 
resources in breeding and genomics of the aforementioned crops. A genebank 
manager’s role isn’t just confined to collection, maintenance, and archiving 
germplasm. Hari’s spirited efforts prove so and they led many to realize the 
abundant opportunities to mine and enhance the value of the genetic resources 
in crop improvement programs. As a geneticist, his seminal work on wilt resist-
ance in chickpea laid a strong foundation for the wilt resistance breeding pro-
grams globally. His contributions as a groundnut breeder resulted in the release 
of 27 cultivars in 18 countries, some widely grown, and 24 elite germplasm 
releases with unique characteristics made available to groundnut researchers 
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worldwide. Hari’s inimitable ability and scientific competence allowed him to 
collaborate with diverse groups and institutions worldwide. His scientific con-
tributions in germplasm research and groundnut breeding have been recog-
nized with several prestigious global awards and honors. A prolific writer and 
with immense passion for teaching, Hari Upadhyaya has established a school 
of his own for the management, evaluation and use of genetic resources for 
crop improvement.

KEYWORDS: Breeding, Climate resilient germplasm, core and mini-core collec-
tions, crop wild relatives, cultivars, elite germplasm, farmers participatory variety 
selection, molecular breeding, population structure and diversity, on-farm conser-
vation of germplasm
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ABBREVIATIONS

ASA American Society of Agronomy
CGIARC Consultative Group on International Agricultural Research 

Consortium
CSSA Crop Science Society of America
ICRISAT International Crops Research Institute for Semi‐Arid 

Tropics
NARS National Agricultural Research Systems
R4D Research for development
SNP Single nucleotide polymorphisms

I. INTRODUCTION

Hari Deo Upadhyaya, whom many of us know as Hari, has been known 
to me since 1980, when he joined the International Crops Research 
Institute for the Semi‐Arid Tropics (ICRISAT), Patancheru, India, as a 

VI. PRODUCTS
A. Cultivars
B. Registrations
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postdoctoral fellow in chickpea breeding. After completing his post-
doctoral assignment at ICRISAT, Hari then moved for a short period to 
work as the Pool Officer at ‘GB Pant’ University of Agriculture and 
Technology (GBPUAT), Pantnagar, India, the first agricultural univer-
sity established on a US ‘Land Grant’ pattern in India. He then took up 
a regular position at the University of Agriculture Sciences (UAS), 
Dharwad, India, where he worked for almost for eight years, first as a 
soybean breeder (as Assistant Professor), and then as the head of the 
oilseeds scheme and a groundnut breeder (as Associate Professor). He 
did a remarkable job as an oilseed breeder, and he set up and took the 
 soybean and groundnut breeding programs to newer heights.

In 1991, Hari returned to ICRISAT as a Senior Groundnut Breeder. 
In  late 1997, ICRISAT reorganized its research portfolio, and moved 
Hari on a part‐time basis to the Genetic Resources Unit, as part of the 
Crop Improvement Program. In 2002, Hari was appointed as a Principal 
Scientist and Head of the Genebank, ICRISAT, Patancheru, India, a 
position he still holds in the ‘new organizational structure’, where he 
has to manage the ICRISAT administrative Research for Development 
(R4D) portfolios with respect to management and utilization of genetic 
resources in crop improvement programs.

Hari knows very well that greater use of germplasm in crop breeding 
is the way forward for better conservation and use of genetic resources, 
and to address food and nutritional security in the developing world. 
As a principal scientist (in genetic resources), Hari performed exceed-
ingly well, while promoting the greater use of genetic resources in crop 
improvement. Today, the representative subsets (i.e. the core and mini‐
core collections) of the ICRISAT crops (i.e. chickpea, groundnut, pearl 
millet, pigeonpea, sorghum, finger millet) and small millets (i.e. barn-
yard millet, foxtail millet, kodo millet, little millet, proso millet) have 
been made available, and globally researchers are using these subsets to 
identify new sources of variation to support crop breeding in their 
respective regions.

Hari’s seminal work with Rodomiro Ortiz on the process and concept 
of forming the mini‐core collection has been recognized as an 
‘International Public Good’. Hari has published a total of 812 articles, 
of which 291 have undergone international peer review. These include 
research articles, commissioned reviews, and book chapters, and he 
has averaged 11.6 such articles per year, with three articles per year as 
first author. Twenty‐seven cultivars of groundnut that were bred by 
Hari are being cultivated in 18 countries in Africa and Asia.

Over my long association with Hari, I have found him to be a person 
with the highest scientific competence and integrity, and a successful 
plant breeder and genebank manager. Hari’s leadership in managing 
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one of the largest Consultative Group on International Agricultural 
Research (CGIAR) Consortium genebanks is very much reflected in a 
recently concluded external review, when the panel remarked that ‘The 
ICRISAT genebank is functioning to high technical and scientific stand-
ards, and is very good in comparison with other international genebank 
operations. The users of the ICRISAT genebank are satisfied and appre-
ciation of the genebank is wide spread.’

II. BIOGRAPHICAL SKETCH

Hari was born on 12th August 1953, in the small village of Shiwala, in 
Khair Tehsil, District Aligarh, Uttar Pradesh, India. He is the seventh of 
the eight children of Mr Gopi Chand Upadhyaya and Mrs Longsri Devi 
Upadhyaya. He passed his high school examinations (X standard) with 
Biology as his main subject, and got a distinction in Mathematics. Hari 
did a BSc (with honours) at Aligarh Muslim University, Aligarh, India, 
and then moved to the GB Pant University of Agriculture and 
Technology, Pantnagar, India, to complete his MSc and PhD, both in 
Plant Breeding. Hari is married to Ms Sudha, and is blessed with two 
sons, Abhisheik Deo and Aaditya Deo. Interestingly, neither of his sons 
has followed in his footsteps, as they chose Information Technology for 
their career path. Hari derives great strength from his wife and children 
in his scientific endeavours.

III. CONTRIBUTIONS

Unlike traditional germplasm botanists and curators, whose vision is 
always centred on collection, conservation, characterization and docu-
mentation of germplasm, Hari’s basic training in plant breeding and 
genetics helped him to think beyond routine genebank activities, to 
include enhancing the value of genetic resources in the breeder’s percep-
tion. Plant breeders are often reluctant to use exotic germplasm, largely 
because of the fear of linkage drag, breakdown of co‐adapted gene com-
plexes, and lengthening of the breeding cycle for the development of 
new cultivars. Hari strongly believes in promoting the use of germplasm 
in crop improvement programs, the generation and use of new knowl-
edge (i.e. physiological, genetic, molecular) of trait expression and inher-
itance in applied breeding, and the sharing of breeding populations and 
advanced varieties, and also of knowledge, to help the global community 
to increase the production and productivity of staple food crops. Hari 
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invested heavily to add value to the germplasm collections, and uses this 
in the crop breeding at ICRISAT and in the national programs globally.

A. Genetic Resources Management and Use

1. Representative Subsets. The use of germplasm in crop improvement 
programs globally is restricted due to:

(i) the large sizes of collections of many crop species;
(ii) the non‐availability of representative subsets; and

(iii)  the lack of accurate and precise information on the agronomic 
worth of individual germplasm.

Hari saw the need, as advocated by Frankel and Brown (1984) to form 
reduced subsets that represent the diversity of the entire collection of a 
given species preserved in the genebank, and he initiated work to 
develop representative sets for ICRISAT mandate crops and small 
 millets. Using passport and characterization data and statistical tools, 
Hari first developed the core collections (10% of the entire collection of 
a species stored in the genebank) for chickpea and, later, for pigeonpea, 
groundnut, pearl millet, and small millets (Table 1.1).

Table 1.1. Core collections formed by Hari Deo Upadhyaya in chickpea, groundnut, 
pearl millet, pigeonpea, and small millets.

Crop

Number of  
accessions  
used

Number of  
traits involved

Number of  
accessions in  
core Reference

Pearl millet 20,766 22 2,094 Upadhyaya et al.,  
2009a

Chickpea 16,991 13 1,956 Upadhyaya et al.,  
2001a

Pigeonpea 12,153 14 1,290 Reddy et al., 
2005

Groundnut 14,310 14 1,704 Upadhyaya et al., 
2003

Finger millet 5,940 14 622 Upadhyaya et al., 
2006c

Foxtail millet 1,474 23 155 Upadhyaya et al., 
2008b

Proso millet 833 20 106 Upadhyaya et al., 
2011i

Barnyard millet 736 21 89 Upadhyaya et al., 
2014c

Kodo millet 656 20 75 Upadhyaya et al., 
2014c

Little millet 460 20 56 Upadhyaya et al., 
2014c
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The chickpea core collection consisted of 1,956 accessions that had 
been selected from 16,991 accessions (Upadhyaya et  al., 2001a). 
Rodomiro Ortiz, the then Director of Genetic Resources and the 
Enhancement Program, ICRISAT, challenged Hari and Paula Bramel 
(a  co‐author with Hari) about how useful the core collections were, 
with such large numbers of accessions for screening a desired trait for 
further use in breeding. After evaluating 1,956 accessions, together 
with controls for one season, in an augmented design, Hari concluded 
that it was a Herculean task to accurately and cost‐effectively generate 
datasets even for the core collection accessions.

Hari and Rodomiro Ortiz discussed this and adopted the approach of 
re‐sampling the core collection to define a ‘core of the core’ or ‘mini‐core’, 
subset. Here, they used the evaluation data (22 morphological and agro-
nomic traits) of the core collection (1956 accessions) and statistical theory 
to sample the variability to form the mini‐core collection (211 accessions) 
in chickpea. This represented the diversity that was present in the core col-
lection, and also the entire collection, as shown by the similar means, vari-
ances, frequency distributions and preserved co‐adapted gene complexes, 
both for the core and mini‐core collections (Upadhyaya and Ortiz, 2001).

Hari and Rodomiro jointly wrote a manuscript on the chickpea mini 
core collection, with Rodomiro as corresponding author, and submitted 
it to Theoretical Applied Genetics. To their surprise, exactly two weeks 
later, they got a response from the editor to say that the manuscript was 
accepted for publication. This development encouraged Hari to follow 
this approach, and in subsequent years, he developed mini‐core collec-
tions for other crops as well (Table 1.2). In all cases, both the core and 
mini‐core collections fulfilled the statistical tests for the preservation of 

Table 1.2. Mini‐core collections formed by Hari Deo Upadhyaya in chickpea, ground-
nut, pearl millet, pigeonpea, sorghum, and small millet.

Crop
Entire  
collection

Mini‐core  
number

% of entire  
collection

Traits 
used Reference

Sorghum 22,473 242 1.08 21 Upadhyaya et al.,  
2009b

Pearl millet 20,766 238 1.14 18 Upadhyaya et al.,  
2011 l

Chickpea 16,991 211 1.24 22 Upadhyaya and  
Ortiz, 2001

Pigeonpea 12,153 146 1.2 34 Upadhyaya et al.,  
2006e

Groundnut 14,310 184 1.28 34 Upadhyaya et al.,  
2002a

Finger millet 5,940 80 1.34 20 Upadhyaya et al.,  
2010c

Foxtail millet 1,474 35 2.37 21 Upadhyaya et al.,  
2011e
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means, variances, and frequency distributions, and the co‐adapted gene 
complexes of the entire collections (in the case of the core collections) 
or core collections (in the case of the mini‐core collections).

2. Climate‐resilient Germplasm. Global warming is putting signifi-
cant stress upon agricultural production and the nutritional quality of 
staple crops in many parts of the world. Southern Asia and Sub‐Saharan 
Africa will be the most adversely affected regions, due to climate change 
and the variability effects. ICRISAT‐mandated crops are widely grown 
and consumed in these regions (http://faostat.fao.org/site/567/default.
aspx#ancor).

The identification and use of climate‐resilient germplasm in crop 
breeding is the way forward to develop ‘climate‐smart’ crop cultivars. 
Hari adopted a two‐pronged strategy, first by working with ICRISAT 
researchers, and second by providing the seeds of several sets of mini‐
core collections to NARS partners and working with them to evaluate 
these subsets for agronomic traits, including stress tolerance. The end 
result was the identification of several sources of resistance to abiotic 
and biotic stresses in chickpea and groundnut, with some accessions 
combining stress resistance and tolerance in good agronomic back-
grounds (Upadhyaya et al., 2013a, 2014d). Using a similar approach, 
Hari and his colleagues identified a number of drought‐tolerant and 
salinity‐tolerant germplasm accessions in finger millet and/or foxtail 
millet (Krishnamurthy et al., 2014a, 2014b, 2016).

Blast (Pyricularia grisea) is a devastating disease in pearl millet and 
finger millet, which has many pathotypes. The work of Hari and his 
colleagues on screening the pathogenic variability led them to identify 
accessions that were resistant to multiple pathotypes in pearl millet 
(Sharma et al., 2015), finger millet (Babu et al., 2013b, 2015) and fox-
tail millet (Sharma et al., 2014). Downy mildew (Sclerospora gramini-
cola [Sacc.] Schröt) is a highly destructive and widespread  disease of 
pearl millet, while grain mould and downy mildew (Peronosclerospora 
sorghi) are also important diseases of sorghum. Hari and his colleagues 
identified a number of accessions with resistance to multiple patho-
types in pearl millet (Sharma et al., 2015) and sorghum (Sharma et al., 
2010, 2012). In addition, they identified some lines with good agro-
nomic value, such as early maturity and resistance, and resistance and 
high seed/fodder yield potential, in both finger millet and pearl 
millet.

3. Seed Nutrient‐dense Germplasm. Widespread micronutrient malnutri-
tion in human beings, as a result of deficiency of iron (Fe), zinc (Zn) 

http://faostat.fao.org/site/567/default.aspx#ancor
http://faostat.fao.org/site/567/default.aspx#ancor
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and β‐carotene, has an enormous socio‐economic cost for society in 
the  developing world (Stein, 2010). Hari saw the need to identify seed 
nutrient‐dense (i.e. Fe, Zn) germplasm to support crop breeding.  After 
evaluating the mini‐core collections for two seasons, Hari identified a 
number of different germplasm sources with high seed Fe and/or Zn 
concentrations in groundnut (Upadhyaya et al., 2012d), pearl  millet 
(Rai et al., 2015), sorghum (Upadhyaya et al., 2016c), finger millet 
(Upadhyaya et al., 2011d), and foxtail millet (Upadhyaya et al., 2011e). 
Finger millet and foxtail millet are rich sources of seed protein and cal-
cium (Ca), with some accessions in both of these crops showing excep-
tionally high protein and Ca contents (Upadhyaya et al., 2011d, 2011e).

4. Bioenergy. Sorghum is a crop that is used for food, feed, and 
 bioenergy. The stalks are rich in sugar (as measured by Brix). How-
ever, the stalk sugar content is greatly influenced by the environment 
and the crop stage at which the stalks are harvested. Hari evaluated 
the sorghum mini‐core collection accessions for stalk sugar content 
for two post‐rainy seasons under irrigated and drought‐stressed con-
ditions. He found that drought stress significantly increased the mean 
Brix by 12–27%. A few germplasm lines had significantly greater mean 
Brix (14.0–15.2%), but were agronomically inferior, while some others 
were agronomically comparable but with similar Brix, such as IS 33844 
(Brix, 12.4%) (Upadhyaya et al., 2014a). This indicated that it is possible 
to  select for even higher Brix content in agronomically superior genet-
ic background in germplasm collections. IS 33844 is the local landrace 
Maldandi that was collected from Maharashtra, India, and it is the most 
popular sorghum cultivar that is widely grown under decreasing soil 
moisture conditions during the rabi (post‐rainy) season in India. IS 33844 
is tolerant to terminal drought and has excellent grain quality.

5. Germplasm Use in Breeding. Plant genetic resources are the basic 
raw materials for genetic progress, and they provide insurance against 
unforeseen threats to agricultural production. Hari firmly believes that 
the use of germplasm in crop improvement is one of the most sustain-
able ways to conserve valuable genetic resources and to broaden the 
genetic base of crops. Hari partnered with researchers globally to get 
these subsets (Tables 1–2) evaluated for stress tolerance, yield and seed 
nutritional traits, and collaborated with molecular biologists to dis-
sect out the population structure and diversity in these representative 
 subsets. This exercise resulted in the identification of several agronom-
ically beneficial and genetically diverse germplasm sources that fulfil 
the needs of crop breeders. Armed with this valuable information, Hari 
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interacted with crop breeders at ICRISAT and elsewhere, to promote 
the use of such germplasm in breeding programs.

An analysis of the uptake of germplasm in crop improvement pro-
grams at ICRISAT showed that germplasm use has increased since the 
formation of the mini‐core collections in some crops. For example, there 
was increased use (≈15% increase) of stress‐tolerant chickpea germplasm 
during the 2000–2004 and 2005–2009 periods, while in recent years (i.e. 
2010–2014), more emphasis (22% increase) has been on the use of germ-
plasm that has agronomic (yield per se) and seed nutritional traits. The 
trend noted in groundnut was opposite: namely, more emphasis (17% 
increase) on the use of yield and quality‐enhancing germplasm from 
2000–2004, which changed to increased (42% increase) the use of stress‐
tolerant germplasm from 2005–2009, with emphasis (46% increase) from 
2010–2014 on stress tolerance, yield, and quality enhancement. All of 
this was possible because of the consistent efforts led by Hari and his 
colleagues (including those from ICRISAT and NARS countries) to use 
representative subsets in the identification of new sources of variation 
with agronomically beneficial traits, and to promote the breeders’ will-
ingness to use new germplasm as a resource in crop breeding.

6. On‐farm Conservation and  Use of  Diversity. On‐farm conservation 
and evaluation of genetic resources provides farmers with the  opportunity 
to select germplasm adapted to their climate conditions. In  addition, it 
also allows evolution of new genetic variants as a result of climate change 
and variability effects. This facilitates greater and more rapid dissemi-
nation of promising seeds among the farming community. Hari’s collab-
orative work with NARS partners on the evaluation of core/mini‐core 
collections of finger and foxtail millets, through a project on farmers’ 
fields in Africa and Asia, provided the farmers with opportunities to 
access and appreciate the diversity of these neglected crops. Today, 
farmers own and cultivate some finger millet germplasm sources, such 
as IE 2440 and 4625 in Uganda, and IE 2872 and 4115 in Kenya, or 
finger millet (e.g. IE 3575, 4415, 4425, 6045, 6337) and foxtail millet 
(e.g. ISe 156, 1575) in India. In addition, the NARS partners from these 
countries have identified stress‐tolerant germplasm that they are using 
in breeding programs to enhance the genetic potential of these crops.

7. Wild Relatives and Cultigen Genepool. Wild relatives and their de-
rivatives are sources of variation for agronomic traits, which include 
stress tolerance, yield, and seed quality. Wild Cicer species, and par-
ticularly those from secondary and tertiary genepools that have high 
levels of resistance to stress tolerance, require vernalization and/or 
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extended day‐length treatments to synchronize their flowering with 
cultivated chickpea, for interspecific crosses. The use of vernalization 
and/or photoperiod response enabled Hari and his colleagues to intro-
duce synchronized flowering into a few Cicer species, similar to that of 
cultivated chickpea (Sharma and Upadhyaya, 2015a). This contributes 
significantly not only to enhanced use of Cicer species for chickpea 
improvement, but also to improvements in the regeneration efficiency 
of Cicer species and their rapid generation turnover.

Cajanus albicans (Wight & Arn.) van der Maesen is a species from the 
secondary genepool of pigeonpea, and it is known for the long life of its 
large leaves (leaflet length, 4.4–6.8 cm; leaflet width, 3.1–5.8 cm). 
Hence, it is an important source of animal feed in semi‐arid tropical 
regions. It possesses broader pods (9.6–15.0 mm) and high seed num-
bers (5–7 per pod), is resistant to abiotic (e.g. drought, salinity) and 
biotic (e.g. pod fly, pod wasp, Alternaria blight, sterility mosaic) 
stresses, and its high seed protein content (up to 32%) make it particu-
larly attractive (Figure 1.1). Hari had to wait for about 500 days to see 

Figure 1.1. Cajanus albicans, a wild species from a secondary genepool with many desir-
able characteristics, and a potential source for gene introgression in cultivated pigeonpea.
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the flowering in C. albicans, and another 50–58 days to harvest the 
mature pods to complete the characterization data on this species. 
Notably, this produces partial fertile hybrids (Mallikarjuna et al., 2011 
and references therein), thus, providing a potential source to broaden 
the cultigen genepool in pigeonpea.

8. Gaps in Collections. Identifying gaps in collections and enriching 
collections with new sources is a critical function of genebank curators. 
Hari’s work on gap analysis, using geo‐referenced pearl millet landraces 
from Asian countries (5,768 accessions), revealed parts of the Bihar, 
Madhya Pradesh, Maharashtra, Rajasthan, and Uttar Pradesh provinces 
of India as the major geographical gaps in the world collection of pearl 
millet at ICRISAT (Upadhyaya et al., 2010b).

His similar studies involving pearl millet landraces from southern 
and eastern Africa (3,750 accessions), and those from west and central 
Africa (6,434 accessions) also allowed Hari to identify regions in Africa 
that were not fully represented in ICRISAT collection (i.e. central Sudan 
and Tanzania, eastern Botswana, west and central Zambia, eastern and 
central Zimbabwe, southern Mauritania, Niger and Chad and northern 
Benin, Ghana, and Nigeria) (Upadhyaya et al., 2009c, 2012f). Based on 
this gap analysis by Hari and requests from NARS partners, the ICRISAT 
regional genebanks in Africa organized collection missions and col-
lected 6,625 new samples of mandate crops from west and central 
Africa and southern and eastern Africa regions. These, in my opinion, 
are important milestones achieved by Hari and his group that further 
enriched the germplasm collection at ICRISAT.

Hari’s work further revealed that when landraces from the 5°–10°N 
latitude regions were grown at Patancheru, India, these flowered late 
and grew tall, and they also produced more tillers. Conversely, those 
from the 10°–15°N latitude regions had fewer tillers, but with long and 
thick panicles and larger seeds. Also, landraces from the 10°–15°S and 
20°–25°S latitudes are good sources of resistance to bird damage (long‐
bristled panicle). Furthermore, Hari found that the landraces of the 
lower latitude regions (<20°N and S) in both hemispheres are better 
sources of fodder types (i.e. high tillering, tall, long duration), while 
those from mid‐latitude regions (15°–20°) in both hemispheres are good 
sources for enhancing productivity (i.e. early, long and thick panicle, 
large seeds). Similarly, landraces on both sides of the equator (i.e. 
within the 10o–20° latitudes) are highly sensitive to the photoperiod 
(>12.5 hours) and/or temperature (<12 °C), while those from higher lati-
tudes (20°–35°) in both hemispheres showed low sensitivity to both 
the  photoperiod and temperature. The photoperiod and temperature 
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insensitive accessions are represented mostly from the mid‐latitudes 
(15°–20°) in both hemispheres (Upadhyaya et al., 2012e, 2014f).

B. Molecular Biology and Biometrics

1. Population Structure and Diversity. Understanding how diversity 
is structured so as to unlock its potential for crop improvement is an 
emerging area that has been made possible by rapid advances in the 
scale, robustness, and reliability of marker technologies, and the sharp 
fall in the unit costs of their deployment. Hari is probably one of the 
few CGIAR scientists who used Generation Challenge Program (www.
generationcp.org) grants to develop global composite collections, which 
the molecular biologists at ICRISAT genotyped using high‐throughput 
assays and simple sequence repeats (SSRs). Hari then used genotyping 
data and his statistical knowledge to form reference sets in chickpea, 
pigeonpea, groundnut, pearl millet, sorghum, finger millet and foxtail 
millet. These reference sets accounted for 78–95% of the allelic 
variations observed in global composite collections (Table  1.3). 
Genotyping of reference sets has revealed abundant allelic diversity 
that grouped the accessions into distinct clusters, with many of the 
alleles unique in a particular accession in each crop (Upadhyaya et al., 
2008a; Billot et al., 2013). This can be further explored, possibly to 
associate such allelic diversity with temporal and eco‐geographical 
diversity, or in proprietary germplasm protection.

2. Genome‐wide Association Mapping.  The diversity panels of germ-
plasm collections, such as the conventional core and mini‐core collec-
tions, or genotype‐based reference sets, are ideal germplasm resources 
for studying linkage disequilibrium and association mapping in crop 
plants. Identification of candidate genes associated with abiotic stress 
responses will accelerate breeding efforts that are aimed at enhancing 
productivity in drought‐stressed environments.

Hari’s collaborative work with molecular biologists led to the identi-
fication of 18 single nucleotide polymorphisms (SNPs) in chickpea 
reference accessions that were significantly associated with drought‐
avoidance root traits, carbon isotope discrimination, heat tolerance, 
harvest index, and 100‐seed weight under drought‐stressed conditions 
(Roorkiwal et al., 2014a). Similar work using SSRs in groundnut refer-
ence accessions revealed significant marker‐trait associations for 
drought‐tolerance traits (e.g. chlorophyll readings, harvest index) and 
seed weight, under both well‐watered and drought‐stressed conditions 
(Pandey et al., 2014).

http://www.generationcp.org
http://www.generationcp.org


  Table 1.3.    Composite collections and reference sets formed by Hari Deo Upadhyaya in chickpea, groundnut, pearl millet, pigeonpea, 
sorghum, � nger millet, and foxtail millet. 

Crop
Number of 
SSRs used

Composite collection Reference set

Number of 
accessions

Number of 
alleles

Number of 
accessions

Number of 
alleles [ n  (%)] Reference    

Sorghum 41 3367 783 383 613 (78.3)  http://genebank.icrisat.org/GB_ReferenceSet/
ReferenceSet_Sorghum.aspx ; Billot  et al .,   2013    

Pearl millet 19 1021 230 300 218 (94.8)  http://genebank.icrisat.org/GB_ReferenceSet/
ReferenceSet_Pearlmillet.aspx   

Chickpea 48 2915 1683 300 1315 (78.1)  http://genebank.icrisat.org/GB_ReferenceSet/
ReferenceSet_Chickpea.aspx ; Upadhyaya  et al ., 
  2008b    

Pigeonpea 20 952 197 300 187 (94.9)  http://genebank.icrisat.org/GB_ReferenceSet/
ReferenceSet_Pigeonpea.aspx   

Groundnut 21 852 490 300 466 (95.1)  http://genebank.icrisat.org/GB_ReferenceSet/
ReferenceSet_Groundnut.aspx   

Finger millet 20 959 231 300 206 (89.2)  http://genebank.icrisat.org/GB_ReferenceSet/
ReferenceSet_Fingermillet.aspx   

Foxtail millet 19 452 362 200 316 (87.3)  http://genebank.icrisat.org/GB_ReferenceSet/
ReferenceSet_Foxtailmillet.aspx 


