




�

� �

�

Molecular Breeding for Rice Abiotic Stress Tolerance and Nutritional Quality



�

� �

�



�

� �

�

Molecular Breeding for Rice Abiotic Stress
Tolerance and Nutritional Quality

Edited by

Mohammad Anwar Hossain
Department of Genetics and Plant Breeding
Bangladesh Agricultural University, Mymensingh
Bangladesh

Lutful Hassan
Department of Genetics and Plant Breeding
Bangladesh Agricultural University, Mymensingh
Bangladesh

Khandakar Md. Iftekharuddaula
Plant Breeding Division
Bangladesh Rice Research Institute
Gazipur
Bangladesh

Arvind Kumar
International Rice Research Institute, South Asia Regional Centre
Varanasi
India

Robert Henry
Queensland Alliance for Agriculture and Food Innovation
The University of Queensland
Australia



�

� �

�

This edition first published 2021
© 2021 John Wiley & Sons, Ltd

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 Mohammad Anwar Hossain, Lutful Hassan, Khandakar Md. Iftekharuddaula, Arvind Kumar and Robert
Henry to be identified as the authors of the editorial material in this work has been asserted in accordance with law.

Registered Offices
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
The Atrium, Southern Gate, Chichester, West Sussex, PO19 8SQ, 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
The contents of this work are intended to further general scientific research, understanding, and discussion only and are
not intended and should not be relied upon as recommending or promoting scientific method, diagnosis, or treatment by
physicians for any particular patient. In view of ongoing research, equipment modifications, changes in governmental
regulations, and the constant flow of information relating to the use of medicines, equipment, and devices, the reader is
urged to review and evaluate the information provided in the package insert or instructions for each medicine, equipment,
or device for, among other things, any changes in the instructions or indication of usage and for added warnings and
precautions. 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

Names: Hossain, Mohammad Anwar, editor.
Title: Molecular breeding for rice abiotic stress tolerance and nutritional

quality / edited by Mohammad Anwar Hossain, Department of Genetics and
Plant Breeding, Bangladesh Agricultural University, Mymensingh,
Bangladesh, Lutful Hassan, Department of Genetics and Plant Breeding,
Bangladesh Agricultural University, Mymensingh, Bangladesh, Khandakar
Md. Iftekharuddaula, Plant Breeding Division, Bangladesh Rice Research
Institute, Gazipur, Bangladesh, Arvind Kumar, International Rice
Research Institute, South Asia Regional Centre, Varanasi, India, Robert
Henry, Queensland Alliance for Agriculture and Food Innovation, The
University of Queensland, Australia.

Description: Hoboken, NJ : Wiley-Blackwell, 2021. | Includes
bibliographical references and index.

Identifiers: LCCN 2020032219 (print) | LCCN 2020032220 (ebook) | ISBN
9781119633112 (cloth) | ISBN 9781119633150 (adobe pdf) | ISBN
9781119633167 (epub)

Subjects: LCSH: Rice–Effect of stress on–Genetic aspects. |
Rice–Climatic factors.

Classification: LCC SB191.R5 M577 2021 (print) | LCC SB191.R5 (ebook) |
DDC 633.1/8–dc23

LC record available at https://lccn.loc.gov/2020032219
LC ebook record available at https://lccn.loc.gov/2020032220

Cover Design: Wiley
Cover Images: © Bule Sky Studio/Shutterstock,
© zhaojiankang/Getty Images, © marekuliasz/Getty Images,
© StockImageFactory.com/Shutterstock

Set in 9.5/12.5pt STIXTwoText by SPi Global, Chennai, India

10 9 8 7 6 5 4 3 2 1

http://www.wiley.com/go/permissions
http://www.wiley.com
https://lccn.loc.gov/2020032219
https://lccn.loc.gov/2020032220


�

� �

�

v

Contents

Editor Biographies xv
Preface xix
List of Contributors xxi

1 Rice Adaptation to Climate Change: Opportunities and Priorities in Molecular
Breeding 1
Vikram Jeet Singh, Kunnummal Kurungara Vinod, Subbaiyan Gopala Krishnan and
Ashok K. Singh
Introduction 1
Rice Production Scenario and Climate Change 4
Prospects of Molecular Breeding for Climate-Resilient Rice 7
Molecular Breeding in Rice 9

Breeding for Abiotic Stress Tolerance 9
Drought 9
Salinity 10
Submergence 11
High Temperature 12
Low Temperature 13

Breeding for Biotic Stress Tolerance 13
Diseases 14
Pests 15
Weed Competitiveness 16

Conclusion 17
References 18

2 Molecular Breeding for Improving Salinity Tolerance in Rice: Recent Progress
and Future Prospects 26
Sandeep Chapagain, Lovepreet Singh, Richard Garcia, Rajat Pruthi, Jonathan
Concepcion, Sapphire Coronejo and Prasanta K. Subudhi
Introduction 26
Salt Tolerance Mechanisms 27

Root-Level Ion Exclusion 27
Plant-Level Compartmentation 27
Cell-Level Compartmentation 27

Natural Variability for Salt Tolerance in Rice Germplasm 29



�

� �

�

vi Contents

Conventional Tools to Improve Salinity Tolerance 29
Conventional Breeding 29
Mutation Breeding 31
Tissue Culture 32

Molecular Tools to Improve Salinity Tolerance 32
QTL Mapping 32
Marker-Assisted Selection 34
Candidate Genes and Allele Mining 35
Genetic Engineering to Improve Salt Tolerance 36

Novel Tools to Aid in Molecular Breeding 37
Multi-Parental Advanced Generation Intercross Strategy 37
Genomic Selection 38
Phenomics 38
Next-Generation Sequencing 39
Genome Editing 40

Conclusion and Future prospects 41
Acknowledgments 42
References 42

3 Molecular Breeding for Improving Drought Tolerance in Rice: Recent Progress
and Future Perspectives 53
Ratna R. Majumder, Sandeep Sakhale, Shailesh Yadav, Nitika Sandhu, Lutful
Hassan, Md. Amir Hossain and Arvind Kumar
Introduction 53

The Drought Challenges and Its Distribution 53
Climate Change and Drought 53
Drought Impacts on the Rice Plant 54

Drought Phenotyping Platforms 54
Drought Screening Protocols 54
Field-Based Phenotyping 54
Design and Management of Field Drought Experiments 54
Trait-Based Selection for Drought Resistance 55
Direct Selection for Yield Under Stress 55

Molecular Markers and Genotyping Strategies 56
Genome-Wide Scans with Microsatellite Markers (Simple Sequence

Repeats, SSRs) 56
SNP (Single Nucleotide Polymorphism) Genotyping 56
Trait-Specific SNPs Used as Diagnostic Markers 57

Genetic Basis of Drought Tolerance in Rice 57
Mapping and Deployment of Drought QTLs 57
Fine Mapping of Identified Genetic Regions 57
Development of NILs and PLs Carrying Drought QTLs in Background of

High Yielding Rice Varieties 57
MAS Introgression of Multiple Traits 60

Understanding the Molecular Basis of Complexities of Epistatic
Interactions 61

Modern Breeding Strategies and Programs for Accelerated Genetic Gain 64
Rapid Breeding Cycles 64



�

� �

�

Contents vii

Novel Breeding Strategies Using GS 65
Deployment of Genome Editing, Especially the CRISPR Technologies 66

Conclusion 67
References 67

4 Molecular Breeding for Improving Flooding Tolerance in Rice: Recent Progress
and Future Perspectives 75
Ramani K. Sarkar, Jangi N. Reddy and Satya R. Das
Introduction 75
Rice Tolerant to Germination Stage Oxygen Deficiency and Submergence and

Stagnant Flooding? 77
Convergence of Conventional and Molecular Breeding 82
Conclusion and Future Perspective 86
Acknowledgment 86
References 86

5 Molecular Breeding for Improving Heat Stress Tolerance in Rice: Recent
Progress and Future Perspectives 92
Bui Chi Buu, Cho Young Chan and Nguyen Thi Lang
Introduction 92
Climate Change and Heat Tolerance Genotype Needs 93
Recent Progress on Rice Breeding 94

Plant Physiology on Heat-Stress Response 94
Net Photosynthesis Rate 94
Grain Filling 94
Response in Germination 95
Response in Anthesis 96
Amylose Content Response to Heat 97
Heat-Induced Quality Decline of Rice (White-Back Kernel) 97
Source Sink Dynamics 97

Genetic Background 98
Breeding Materials (Donors) 98
Genetic Diversity Analysis 99
Phenotyping 100
Putative and Candidate Genes/QTLs 101
Marker-Assisted Selection (Microsatellites and SNP Arrays) 105
Proteomics 107

Future Perspectives 109
Conclusions 110
References 111

6 Molecular Breeding for Improving Cold Tolerance in Rice: Recent Progress and
Future Perspectives 120
Ning Xiao and Jian-Min Chen
Introduction 120
Preliminary Mapping of Cold-Tolerant QTLs and Fine Mapping of Major

Loci 121
Map-Based Cloning and Molecular Mechanism of Cold-Resistant QTLs 124



�

� �

�

viii Contents

Molecular Regulatory Networks for Cold Tolerance in Oryza sativa 125
CBF Regulatory Pathway 125
MYB Regulatory Pathway 126

Outlook 126
References 127

7 Molecular Breeding for Lower Cadmium Accumulation in Rice Grain: Progress
and Perspectives 131
Dongping Li, Xiaohua Hao and Liangbi Chen
Introduction 131

Cd Toxicity to Human Health 131
The Origin of Cd Contamination in Soils 132

Cd Accumulation in Rice 133
Cd Uptake and Distribution Patterns During the Whole Growth Cycle of

Rice 133
The Diversity of Cd Accumulation Trait in Different Varieties of Rice 133
Genetic Basis for Cd Accumulation in Rice 134

Influence of Environmental Factors on Cd Accumulation in Rice 134
Influence of Soil Water on Rice Cd Accumulation 134
Influence of pH Values in Soil and Irrigation Water on Rice Cd

Accumulation 139
Effect of the Application of Other Ions or Chemical Compounds on Rice

Cd Accumulation 139
Influence of Rhizosphere Microorganisms on Rice Cd Accumulation 141

Influence of Genetic Factors on Cd Accumulation in Rice 141
Transporters for Cd Uptake and Translocation 142
Genes Involved in Cd Chelation 146
Regulating Genes to Mediate Grain Cd Accumulation in Rice 147

Molecular Breeding for Low-Cd Accumulation in Rice Grains 148
Screening and Identification of Low-Cd Varieties 148
Molecular Marker-Assisted Low-Cd Gene Aggregation Breeding 148
Gene Editing-Based Molecular Breeding 148

Conclusions and Perspectives 150
Acknowledgments 150
References 150

8 Molecular Breeding for Improving Arsenic Stress Tolerance in Rice: Recent
Progress and Future Perspectives 163
Nourollah Ahmadi and Julien Frouin
Introduction 163
Tolerance to Arsenic in Rice 164

The Phytotoxic Effects of Arsenic and the Rice Defense Response 164
Genetic Diversity for Arsenic Tolerance 165
Genetic Bases of Arsenic Tolerance 166

Molecular Breeding Options for Rice Tolerance to Arsenic 169
Marker-Assisted Recurrent Selection 169
Genomic Selection 170

Genomic Selection for Arsenic Tolerance in Rice: A Case Study 170



�

� �

�

Contents ix

Methods 170
Genomic Prediction Results 171

Cross-Validation Within the Reference Population 171
Genomic Prediction Across Populations 171

Implication for Breeding for Arsenic Tolerance 172
Future Prospects 173
References 174

9 Molecular Breeding for Improving Ozone Tolerance in Rice: Recent Progress
and Future Perspectives 180
Md. Ashrafuzzaman, Robert Henry and Michael Frei
Introduction 180
Tropospheric Ozone: A Major Threat to Rice Production in Asia 182
Mechanisms of Ozone Damage 184
Ozone Tolerance Mechanisms 186
Ozone-Impact Assessments 187
Molecular Breeding Strategies for Improved Ozone Tolerance 190
Breeding Progress and Future Perspectives of Ozone Tolerance in Rice 192
Conclusion 192
References 193

10 Molecular Breeding Strategies for Enhancing Rice Yields Under Low Light
Intensity 201
Mayank Rai, Suvendhu S. Dutta and Wricha Tyagi
Introduction 201
Effect of Low Light in Rice Physiology, Development and Yield 202
Candidate Genes and Pathways Imparting Tolerance 202

Low Light Perception 203
Molecular Targets for Erect Lamina 205
Molecular Basis of Delayed Senescence 205
Cross Talk Between Various Stresses 207

“Omics” and Mapping Studies 208
Future Prospects and Molecular Breeding Strategy 211
References 211

11 Harnessing Tolerance to Low Phosphorus in Rice: Recent Progress and Future
Perspectives 215
Wricha Tyagi, Erneica N. Nongbri and Mayank Rai
Introduction 215
Phosphorus Uptake and Assimilation in Plants 215

Role of Low P in Rice Development and Growth 215
Uptake and Transport of P in Rice 215
Signaling in Response to Low Pi 218

Assimilation of P in Rice 220
Vegetative Stage 220
Reproductive Stage 220

Impact of P Deficiency on Rice 221
Resources That Have Helped Enhance the Understanding of Low P

Tolerance in Rice 221



�

� �

�

x Contents

QTLs 221
Functionally Validated Low P Tolerance Potential Candidates 222

Molecular Targets Available in Rice for Breeding 224
PUP1 History and Deployment of PUP1 Based Markers for MAS 224
Other Haplotypes Reported for PUP1 and Implications for Breeding

Program 224
Beyond PSTOL1 226

Future Prospects 227
Acknowledgments 228
References 228

12 Molecular Breeding for Improving Nitrogen Use Efficiency in Rice: Progress and
Perspectives 234
Chirravuri N. Neeraja, Sitapati R. Voleti, Subrahmanyam Desiraju, Surekha Kuchi,
Sonali Bej, Krishnakanth Talapanti and Raghuveer R. Puskur
Introduction 234
Evaluation of Genetic Variation for Nitrogen Use Efficiency 235
Identification of QTL and Genomic Regions through Biparental and Association

Mapping 237
QTL 237
Association Mapping 239

Expression Analyses of Candidate Genes Associated with Nitrogen
Metabolism 240

Ways to Go for the Development of Rice Varieties 243
Conclusions 243
References 243

13 Dissecting the Molecular Basis of Drought-Induced Oxidative Stress Tolerance
in Rice 249
Amit K. Pradhan, Sabnoor Y. Jyoti, Zina M. Shandilya, Mehzabin Rehman, Debanjali
Saikia, Junu Poudel, Jyotirmay Kalita, Kongkona Borborah, Uma K. Chowra,
Jnandabhiram Chutia, Lakshminarayana R. Vemireddy and Bhaben Tanti
Introduction 249
Effect of Drought Stress in Rice 252
Sources of ROS Production during Drought Stress in Rice Plants 254
Antioxidative Defenses and Redox Homeostatic Mechanisms in Rice in

Response to Drought 255
ROS Signaling under Drought Stress 256
High-Throughput Technologies to Identify Drought-Induced Oxidative

Stress-Tolerance Mechanisms 257
Genome Editing Using CRISPR-Cas9 Technology 258
Expressed Sequence Tags (ESTs) 258
Gene Networks 258
RNA-Seq Technology 259
Micro-RNA (miRNA) Technology 259
Virus-Induced Gene-Silencing Machinery 260
TILLING (Targeting Induced Local Lesions in Genomes) 261



�

� �

�

Contents xi

Identification of Superior Alleles or QTLs Associated with Drought
Tolerance 262

Molecular Mechanism in Tolerant Genotype in Comparison to Sensitive
Genotype under Drought 262

Conclusion and Future Perspectives 265
References 265

14 Manipulation of Photosynthesis to Increase Rice Yield Potential 274
Prabuddha Dehigaspitiya and Saman Seneweera
Introduction 274
The Relationship Between the Rate of Photosynthesis and Yield in Rice 276
Understanding the Mode of Photosynthesis and Crop Yield 277
Genetic Engineering of the C4 Pathway into C3 Crops 279
Mutation Breeding for Improvement of Rice Yield Potential 280
Marker-Assisted Breeding to Improve Photosynthesis and Yield Potential 281
Increase in Atmospheric CO2 Concentration and Future Photosynthesis 282
Conclusion 283
References 283

15 Molecular Breeding for Improved 𝛃-carotene Synthesis in Golden Rice: Recent
Progress and Future Perspectives 287
Swapan K. Datta, Shuvobrata Majumder and Karabi Datta
Introduction 287
The β-carotene Synthesis Pathway in Plant 287
Metabolic Engineering of β-carotene Pathway in Rice 289

Endosperm-Specific Expression of β-carotene 289
Source of β-carotene Synthesis Genes 290
Rice Genetic Transformation System 290
Development of Golden Rice (GR) 292

Homozygous Dihaploid GR Development 294
GR in Introgression Breeding Programs 294
Phenotypic and Agronomic Performance of Golden Rice 295
Recent Progress of GR Research 296

Better Long-Term Storage of GR (Silencing of lox) 296
Substantial Equivalence Analysis of GR 296
Metabolic Analysis of GR 297
Food Safety Analysis of GR 297

Future Perspective of GR 297
Confined Field Trial and Regulation of GR 298
Application of CRISPR/Cas for GR Development 298

GR Economics 299
Conclusion 300
Acknowledgments 300
References 300

16 Increasing Grain Zinc Concentration in Rice 304
Naoya Miyazaki, Miki Ogasawara and Ryo Ishikawa
Role of Zinc in Human Nutrition 304



�

� �

�

xii Contents

Current Progress in Increasing Grain Zinc Concentration in Rice 305
Genes Controlling Grain Zn Content in Rice 305
Transgenic Approaches Increasing Grain Zn Content in Rice 306
Natural Variations Involved in Grain Zn Content in Rice 306

Use of Wild Relatives to Increase Grain Zn Concentration in Rice 307
Control of Grain Zn Concentration with More Yield 308
Acknowledgements 311
References 311

17 Molecular Breeding for Iron Bio-Fortification in Rice Grain: Recent Progress
and Future Perspectives 315
Elssa Pandit, Swapnil Pawar, Priyadarshini Sanghamitra and Sharat K. Pradhan
Introduction 315
Iron : From Soil to Rice Grain 316

Genes, Transporters, and Mechanisms of Fe Transport 317
QTLs Involved for Enhancement of Fe in Rice Grain 319
Approaches for Fe Biofortification in Rice 320

Iron Biofortification in Rice Through Agronomic Practices 320
Limitations of Agronomic Biofortification 323

Iron Biofortification in Rice Through Transgenics/Genetic
Engineering 323

Limitations of Fe Biofortification through Genetic Engineering 323
Iron Biofortification in Rice through Conventional Breeding 324

Limitations of Fe Biofortification through Conventional
Breeding 324

Iron Biofortification in Rice through Molecular Breeding 324
Strategies Involved in Molecular Breeding 324
Recent Molecular Breeding Approaches to Enhance Grain Fe

Content 325
Global Success Towards Development of Fe Fortified Rice Lines 330
Conclusion and Future Perspective 330
Acknowledgments 331
References 331

18 Aromatic Rices: Evolution, Genetics and Improvement through Conventional
Breeding and Biotechnological Methods 341
Lakshminarayana R. Vemireddy, Bhaben Tanti, Lipika Lahkar and Zina M. Shandilya
Aromatic Rices: Background 341
Genetics, Origin, and Evolution of Aromatic Rices 344

Genetics of Aroma 344
Natural Variability in the Aroma (fgr) Gene 344
Additional QTLs for Aroma 345
Origin and Evolution of Aromatic Varieties 346

Biochemical Basis of Aroma 349
Improvement of Aromatic Rice Varieties 350

Conventional Breeding 350
Molecular Breeding of Aromatic Rice 351
Genetic Engineering 352



�

� �

�

Contents xiii

Trade and Geographical Indication (GI) 353
Future Prospects of Aromatic Rices 353
References 354

19 Genetic Engineering for Increasing Antioxidant Content in Rice: Recent
Progress and Future Perspectives 358
Qinlong Zhu, Jiantao Tan, Bin Wang and Yao-Guang Liu
Introduction 358
Antioxidant Compounds of Rice 360

Flavonoids, Anthocyanins, and Proanthocyanidins Composition of
Rice 360

Carotenoids Composition of Rice 361
Tocopherols and Tocotrienols Composition of Rice 365
Folate Composition of Rice 366
Melatonin Composition of Rice 368

Genetic Engineering for Biofortification with Antioxidants 369
Flavonoids, Anthocyanins, Proanthocyanidins 369
Carotenoids 370
Tocopherols, Tocotrienols 371
Folates 372
Melatonin 373

Conclusions and Perspectives 374
Acknowledgments 375
References 375

20 Molecular Breeding Approaches for Improvement and Development of Water
Saving Aerobic Rice 382
Rahul K. Meena, Kuldeep Kumar, Saurabh K. Dubey, Ashish K. Singh, Adarsh Kumar,
Deepanshu Jayaswal, Badal Singh, Rajinder Jain and Sunita Jain
Introduction 382
Rice Facts and Figure 383
Concept of Aerobic Rice 385

Effect of Aerobic Rice on Water Saving and Water Productivity 385
Greenhouse Gas Emissions under Aerobic Conditions 387
Diversity in Rice Germplasm 387
Root Morphology for Aerobic Traits 387

Mapping of Aerobic Traits 388
Linking Mapping and Marker-Assisted Selection 388

Problems in Aerobic Rice 390
Weed Problems in Aerobic Rice 390
Nematode Problems in Aerobic Rice 391
Disease and Insect Pests Constraints in Aerobic Rice Cultivation 392
Other Problems in Aerobic Rice 393

Success Achieved 394
Conclusion and Ways Forward 394
References 394



�

� �

�

xiv Contents

21 Targeting the Ascorbate-Glutathione Pathway and the Glyoxalase Pathway for
Genetic Engineering of Abiotic Stress-Tolerance in Rice 398
Mohammad A. Hossain, Tahsina S. Hoque, Abbu Zaid, Shabir H. Wani, Mohammad
G. Mostofa and Robert Henry
Introduction 398
Accumulation of ROS and MG in Plants in Response to Abiotic Stress 399

Accumulation of ROS in Plants in Response to Abiotic Stresses 399
Accumulation of MG in Plants in Response to Abiotic Stresses 401

Importance of Glyoxalase and AsA-GSH Pathways in Modulating Abiotic Stress
Tolerance 403

Importance of Glyoxalase Pathway in Modulating Abiotic Stress
Tolerance 403

Importance of AsA-GSH Pathway in Modulating Abiotic Stress
Tolerance 404

Interconnection of the Antioxidant Pathway and the Glyoxalase Pathway in
Modulating Abiotic Stress Tolerance 406

Manipulation of Glyoxalase Pathway Genes for Abiotic Stress Tolerance in
Rice 410

Transgenic Plants Over-expressing gly I Gene and Abiotic Stress Tolerance
in Rice 410

Transgenic Plants Over-expressing glyII Gene and Abiotic Stress Tolerance
in Rice 411

Transgenic Plants Over-expressing glyI and glyII Gene and Abiotic Stress
Tolerance in Rice 412

Transgenic Plants Over-expressing glyIII Gene and Abiotic Stress Tolerance
in Rice 412

Genetic Engineering of the AsA-GSH Pathway Genes for Abiotic Stress
Tolerance in Rice 413

Transgenic Plants Over-expressing APX Gene and Abiotic Stress Tolerance
in Rice 413

Transgenic Plants Over-expressing the MDHAR Gene and Abiotic Stress
Tolerance in Rice 414

Transgenic Plants Over-expressing DHAR Gene and Abiotic Stress
Tolerance in Rice 414

Transgenic Plants Over-expressing the GR Gene and Abiotic Stress
Tolerance in Rice 415

Transgenic Plants Over-expressing GSH Biosynthetic Genes and Abiotic
Stress Tolerance in Rice 415

Transgenic Plants Over-expressing AsA Biosynthetic Genes and Abiotic
Stress Tolerance in Rice 416

Conclusion and Future Perspectives 417
References 417

Index 428



�

� �

�

xv

Editor Biographies

Dr. Mohammad Anwar Hossain is a Professor in the
Department of Genetics and Plant Breeding, Bangladesh
Agricultural University (BAU), Mymensingh, Bangladesh.
He received his BSc in Agriculture and MS in Genet-
ics and Plant Breeding from BAU, Bangladesh. He also
received an MSc in Agriculture from Kagawa University,
Japan, in 2008 and a PhD in Abiotic Stress Physiology and
Molecular Biology from Ehime University, Japan, in 2011
through a Monbukagakusho scholarship. As a JSPS post-
doctoral researcher he has worked on isolating low phos-
phorus stress tolerant genes from rice at the University of

Tokyo, Japan, during the period of 2015–2017. His current research program focuses on
understanding physiological, biochemical, and molecular mechanisms underlying abiotic
stresses in plants and the generation of stress-tolerant and nutrient-efficient plants through
breeding and biotechnology. He has over 60 peer-reviewed publications and has edited 10
books, including this one, published by CRC press, Springer, Elsevier, and Wiley.

Dr. Lutful Hassan is a Professor in the Department
of Genetics and Plant Breeding, BAU, Mymensingh,
Bangladesh. Currently he is the Vice-Chancellor of BAU,
Bangladesh. He obtained his BSc Agriculture and MSc in
Genetics and Plant Breeding from BAU and his PhD in Plant
Breeding from the University of Wales, UK. He has con-
ducted post-doctoral research in different countries across
the world through Japan Society for the Promotion of Sci-
ence, Alexander von Humboldt, Norman E. Borlaug, and
Royal Society Fellowship. He has also worked at the Inter-
national Rice Research Institute (IRRI) as a consultant in

“Stress to tolerant rice for Africa and South Asia (STRASA)” and “Sustainable Rice Seed
Production and Delivery System (SRSPDS)” projects. His current research includes the
development of high-yielding stress-tolerant rice and mustard varieties through conven-
tional and molecular breeding approaches. He is a recipient of the John Dillon Memorial
Fellow Award for agricultural research management, agricultural policy and/or extension



�

� �

�

xvi Editor Biographies

technologies. He has over 150 peer-reviewed publications, and has edited 3 books including
this one. He has given over 50 invited presentations nationally and internationally.

Dr. Khandakar Md. Iftekharuddaula is a Chief
Scientific Officer and Head in the Division of Plant
Breeding, Bangladesh Rice Research Institute, Gazipur,
Bangladesh. He received his BSc in Agriculture and MS
in Genetics and Plant Breeding from Bangladesh Agri-
cultural University, Bangladesh. He has completed PhD
research from the International Rice Research Institute
and obtained his degree in Genetics and Plant Breeding
from Bangladesh Agricultural University, Bangladesh.
He has acted as Collaborative Research Fellow in the

Transforming Rice Breeding Project implemented at the Bangladesh Rice Research Insti-
tute funded by the Bill and Melinda Gates Foundation for the duration of four years. He
has special research experience in the development of submergence and stagnant flooding
tolerant, deep-water tolerant, water-saving, irrigated, and premium quality rice varieties uti-
lizing breeding and biotechnological tools. He has published 60 full-length scientific papers,
five books/book chapters and six bulletins/proceeding papers.

Dr. Arvind Kumar is the Director of the International
Rice Research Institute, South Asia Regional Centre,
Varanasi, India. Dr. Kumar has twenty-six years of expe-
rience in rice research in South Asia and Southeast Asia.
From breeding lines developed by him, 65 rice varieties
have been released in 10 different countries. He success-
fully introgressed drought grain yield QTLs in popular
high-yielding varieties following marker-assisted breed-
ing (MAB) and has developed drought-tolerant improved
versions of several popular varieties as well as varieties
tolerant to multiple abiotic and biotic stresses. Dr. Kumar

has identified 14 QTLs for grain yield under drought. Identified QTLs are being used on a
large scale in marker-assisted breeding programs all over the world to develop rice varieties
with improved yield under drought. Dr. Kumar also has identified seven genes for resis-
tance against rice gall midge, which are used in breeding programs across the world, as
well as QTLs for traits enhancing rice adaptability to dry direct-seeded situations. He has
implemented 28 research projects, supervised more than 30 scholars, and published more
than 30 chapters and 143 research manuscripts. For his varietal development work, he was
awarded with the highest award for contribution to Indian agriculture, the Rafi Ahmed
Kiwi Award by the Indian Council of Agricultural Research (ICAR), Government of India
in 2014. The Nepal Council of Agricultural Research (NARC), Government of Nepal recog-
nized him with honor in 2016 for his contribution to agriculture in Nepal for development
of drought-tolerant varieties.



�

� �

�

Editor Biographies xvii

Professor Robert Henry conducts research on the devel-
opment of new products from plants. His research targets
improved understanding of the molecular basis of the qual-
ity of products produced from plants and genome analysis
to capture novel genetic resources for diversification of food
and energy crops. He is the Professor of Innovation in Agri-
culture and Foundation Director of the Queensland Alliance
for Agriculture and Food Innovation, an Institute of the Uni-
versity of Queensland in partnership with the Queensland
Government. He was previously director of the Centre for
Plant Conservation Genetics at Southern Cross University

and Research Program Leader in the Queensland Agricultural Biotechnology Centre. He
has been involved in establishing several Cooperative Research Centres in Australia and has
contributed to the management of research funding by Rural Research and Development
Corporations in Australia. He is a graduate of the University of Queensland (BSc (Hons)),
Macquarie University (MSc (Hons)) and La Trobe University (PhD). He was awarded a
higher doctorate (DSc) by the University of Queensland for his work on variation in plants,
is a Fellow of the Royal Australian Chemical Institute, recipient of the Guthrie Medal for his
contributions to cereal chemistry and a Fellow of the Australian Academy of Technological
Sciences and Engineering.



�

� �

�



�

� �

�

xix

Preface

Global population is projected to increase over 9 billion by 2050, and food and feed pro-
duction will need to increase by 70%. Additionally, to alleviate the world’s greatest health
and poverty issues (micronutrient malnutrition) the development of nutrient-dense crops
is urgently needed. Rice is one of the most important cereal food crops, and it provides
food to more than half of the world’s population, particularly in many developing countries
in Asia, Africa, and Latin America. Globally, rice is grown on approximately 163 million
hectares of land of which an estimated 60% or more is affected by various abiotic stresses
(salinity, heat, drought, cold, submergence, radiation, heavy metals, etc.) causing significant
yield losses. The situation becomes even worse due to climate change, which may multi-
ply the frequency and severity of such abiotic stresses. Importantly, production of rice must
continue to increase at the rate of 1 percent a year to maintain food security. Sustainable
rice production delivering yields to meet ever-increasing demands and the development
of biofortified rice is a major challenge for the scientific community, and will require the
combined expertise of agronomists, farmers, breeders, and molecular biologists. Recently,
molecular rice breeding in response to global climate change, the increasing fragility of our
natural resources and threats to food grain security across the globe, have attracted consider-
able interest by the scientific community. Since then countless studies in various scientific
disciplines dealing with different rice species, in different environments have focused on
abiotic stress tolerance, grain and quality improvements, and rice biofortification. Although
significant progress has been made over the last few years, there is still a need to bridge the
large gap between yields in the most favorable environments and those under stress con-
ditions. Strategies involving bridging the yield gap and increasing yield stability and adapt-
ability to variable environmental conditions are of importance in assuring food security
and sustainability in the future. Hence, there is an urgent need to improve our understand-
ing of complex mechanisms regulating abiotic stress tolerance for developing modern rice
varieties that are more resilient to abiotic stresses as well as to increase the bioavailable con-
centrations of essential micronutrients. The discovery of novel genes/QTLs, the analysis of
their expression patterns in response to abiotic stress, and the determination of their poten-
tial functions in stress adaptation will provide the basis of effective engineering strategies
to enhance rice yield under stress and non-stress conditions, to develop biofortified rice as
well as sustainable utilization of natural resources.

Over the last decade, tremendous progress has been made in rice genome analysis. The
progress has provided powerful tools—DNA markers—for plant genetics and breeding.
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xx Preface

Now DNA-based markers have been widely used in the genetic analysis of agronomically
important traits regulating abiotic stress tolerance, yield, and quality of rice. Tightly linked
DNA markers and causal genes are used in marker-assisted selection in rice-breeding pro-
grams and are able to shorten the time of variety development. Another use of DNA-based
markers is overcoming the barrier of “linkage drag” which refers to the presence of unde-
sirable genes in the chromosomal region of the target gene, thereby making it difficult to
avoid such traits when using conventional breeding. Also, economic analysis has shown
the potential impacts of utilizing marker-assisted breeding by overcoming drawbacks of
conventional breeding in rice that ultimately reduce the cost of production and promote
economic growth.

In this book, Molecular Breeding for Rice Abiotic Stress Tolerance and Nutritional Quality,
we present a collection of 21 chapters written by leading experts engaged with rice
molecular breeding. The chapters of this book aim to contribute the latest understandings
of molecular and genetic bases of abiotic stress tolerance, yield, and quality improvement
of rice to develop strategies for abiotic stress tolerance and biofortification, which leads
to enhanced rice productivity under abiotic stress conditions as well better utilization
of natural resources to ensure food security through modern breeding as well as to curb
the scourge of micronutrient malnutrition. Finally, this book will be a valuable resource
for future environmental stress-related research, and can be considered as a textbook for
graduate students and as a reference book for front-line rice researchers around the globe.

Mohammad Anwar Hossain
Lutful Hassan
Khandakar Md. Iftekharuddaula
Arvind Kumar
Robert Henry
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