
PLANT 
ABIOTIC 
STRESS

edited by
MATTHEW A. JENKS
PAUL M. HASEGAWA

SECOND EDITION

PLA
N

T A
BIO

TIC
 STRESS

SEC
O

N
D

 
ED

ITIO
N

edited by
JEN

K
S &

 H
A

SEG
AW

A

PLANT 
ABIOTIC 
STRESS

The field of plant stress biology has evolved significantly in recent years. Understanding the  
molecular basis of plant responses to abiotic stressors, such as extreme heat, cold, drought, and 
salinity, are now more important than ever. Plant Abiotic Stress, Second Edition provides up-to-date 
coverage of the latest research advances in plant abiotic stress adaptation, with special emphasis on 
the associated and integrative aspects of physiology, signaling, and molecular genetics. 

Plant Abiotic Stress, Second Edition more thoroughly explores the recently revealed linkages 
between genes, genomes, and phenotypes made possible by whole genome analysis. Chapters 
explore the cellular mechanisms underlying stress tolerance that new biological and -omics  
technologies have unlocked.

Building on the foundations of the previous edition, but thoroughly updated to reflect the  
current state of the field, Plant Abiotic Stress, Second Edition, is an essential reference for all plant 
and crop scientists.

•  Reviews the latest research on plants’ response to a wide range of abiotic stressors, including 
drought, flooding, temperature, and salinity

• Expanded coverage to reflect the latest research advances in whole genome analysis 
• New chapter reviewing the impacts of epigenetics on abiotic stress tolerance 
• Written by a global team of leading researchers

EDITORS 
Matthew A. Jenks is Leader of the Plant Physiology and Genetics Research Unit at the  
Arid-Land Agricultural Research Center for the United States Department of Agriculture.

Paul M. Hasegawa is the Bruno Moser Distinguished Professor in the Department of  
Horticulture and Landscape Architecture and Center for Plant Environmental Stress Physiology 
at Purdue University.

ISBN:  978-1-1184-1217-6

SECOND EDITION

www.wiley.com/wiley-blackwell





201342
File Attachment
9781118412176.jpg



Chapter No.: 9  Title Name: <TITLENAME>
Comp. by: <USER>  Date: 16 Oct 2013  Time: 08:28:28 PM  Stage: <STAGE>� Page Number: ii



Chapter No.: 9  Title Name: <TITLENAME>
Comp. by: <USER>  Date: 16 Oct 2013  Time: 08:28:28 PM  Stage: <STAGE>� Page Number: i

Plant Abiotic Stress



Chapter No.: 9  Title Name: <TITLENAME>
Comp. by: <USER>  Date: 16 Oct 2013  Time: 08:28:28 PM  Stage: <STAGE>� Page Number: ii



Chapter No.: 9  Title Name: <TITLENAME>
Comp. by: <USER>  Date: 16 Oct 2013  Time: 08:28:28 PM  Stage: <STAGE>� Page Number: iii

Plant Abiotic Stress

Second Edition

Edited by

Matthew A. Jenks

United States Arid Land Agricultural Research Center
USDA-ARS

Maricopa, Arizona

and

Paul M. Hasegawa

Center for Plant Environmental Stress Physiology
Purdue University

West Lafayette, Indiana



Chapter No.: 9  Title Name: <TITLENAME>
Comp. by: <USER>  Date: 16 Oct 2013  Time: 08:28:28 PM  Stage: <STAGE>� Page Number: iv

This edition first published 2014 © 2014 by John Wiley & Sons, Inc
First edition © 2005 Blackwell Publishing Ltd

Editorial Offices 
2121 State Avenue, Ames, Iowa 50014-8300, USA
The Atrium, Southern Gate, Chichester, West Sussex, PO19 8SQ, UK
9600 Garsington Road, Oxford, OX4 2DQ, UK

For details of our global editorial offices, for customer services and for information about how 
to apply for permission to reuse the copyright material in this book please see our website at 
www.wiley.com/wiley-blackwell.

Authorization to photocopy items for internal or personal use, or the internal or personal 
use of specific clients, is granted by Blackwell Publishing, provided that the base fee is paid 
directly to the Copyright Clearance Center, 222 Rosewood Drive, Danvers, MA 01923. For 
those organizations that have been granted a photocopy license by CCC, a separate system of 
payments has been arranged. The fee codes for users of the Transactional Reporting Service are 
ISBN-13: 978-1-1184-1217-6/2014.

Designations used by companies to distinguish their products are often claimed as trademarks. 
All brand names and product names used in this book are trade names, service marks, 
trademarks or registered trademarks of their respective owners. The publisher is not associated 
with any product or vendor mentioned in this book.

Limit of Liability/Disclaimer of Warranty: While the publisher and author(s) have used their 
best efforts in preparing this book, they make no representations or warranties with respect to 
the accuracy or completeness of the contents of this book and specifically disclaim any implied 
warranties of merchantability or fitness for a particular purpose. It is sold on the understanding 
that the publisher is not engaged in rendering professional services and neither the publisher nor 
the author shall be liable for damages arising herefrom. If professional advice or other expert 
assistance is required, the services of a competent professional should be sought.

Library of Congress Cataloging-in-Publication Data

Plant abiotic stress / edited by Matthew A. Jenks and Paul M. Hasegawa. – 2nd ed.
    p.  cm.
  Includes bibliographical references and index.
  ISBN 978-1-118-41217-6 (cloth : alk. paper) – ISBN 978-1-118-76432-9 (epub) – ISBN  
978-1-118-76433-6 (epdf) – ISBN 978-1-118-76436-7 (emobi) – ISBN 978-1-118-76437-4 (ebook) 
1.  Crops–Effect of stress on.  2.  Crops–Physiology.  I.  Jenks, Matthew A.  II. H asegawa, Paul M.
  SB112.5.P5 2013
  631.4′52–dc23
	 2013029485

A catalogue record for this book is available from the British Library.

Wiley also publishes its books in a variety of electronic formats. Some content that appears in 
print may not be available in electronic books.

Cover image: background image © andipantz
Cover design by Nicole Teut

Set in 10.5/12pt Times by SPi Publisher Services, Pondicherry, India

1  2014



Chapter No.: 9  Title Name: <TITLENAME>
Comp. by: <USER>  Date: 16 Oct 2013  Time: 08:28:35 PM  Stage: <STAGE>� Page Number: v

Contents

Contributors� xi
Preface� xv

1 � Flood tolerance mediated by the rice Sub1A transcription factor� 1
Kenong Xu, Abdelbagi M. Ismail,  
and Pamela Ronald

1.1	 Introduction� 1
1.2	 Isolation of the rice Sub1 locus� 3
1.3	 Sub1 rice in farmers’ fields� 5
1.4	 The Sub1 effect� 7
1.5	 The Sub1-mediated gene network� 7
1.6	 Conclusion� 11

2  Drought tolerance mechanisms and their molecular basis� 15
Paul E. Verslues, Govinal Badiger Bhaskara,  
Ravi Kesari, and M. Nagaraj Kumar

2.1	 Introduction� 15
2.1.1	 The water potential concept� 15
2.1.2	 Escape, avoidance, and tolerance strategies  

of drought response� 16
2.1.3	W hat is drought tolerance?� 17
2.1.4	 Responses to longer-term moderate water limitation  

versus stress shock and short-term response� 18
2.1.5	 Natural variation and next generation sequencing� 19

2.2	 Some key drought tolerance mechanisms� 20
2.2.1	 Osmoregulation/osmotic adjustment� 20
2.2.2	 Regulated changes in growth� 22
2.2.3	 Redox buffering and energy metabolism� 24
2.2.4	 Senescence and cell death� 27
2.2.5	 Metabolism� 28

2.3	 Emerging drought tolerance regulatory mechanisms� 28
2.3.1	 Drought perception and early signaling� 29
2.3.2	 Alternative splicing� 31



vi	contents

Chapter No.: 9  Title Name: <TITLENAME>
Comp. by: <USER>  Date: 16 Oct 2013  Time: 08:28:35 PM  Stage: <STAGE>� Page Number: vi

2.3.3	 Post-translational modification: ubiquitination  
and sumoylation� 35

2.3.4	K inase/phosphatase signaling� 35
2.4	 Conclusion� 38

3 � Stomatal regulation of plant water status� 47
Yoshiyuki Murata and Izumi C. Mori

3.1	 Stomatal transpiration and cuticular transpiration� 47
3.2	 Abiotic stress� 51

3.2.1	 Drought� 51
3.2.2	 Light and heat� 54
3.2.3	 Carbon dioxide� 56
3.2.4	 Ozone� 57

3.3	 Abiotic stress and biotic stress� 59
3.3.1	 Interaction between ABA signaling and MeJA signaling� 59
3.3.2	 Interaction with other signaling� 60

3.4	 C4 plants and crassulacean acid metabolism� 61
3.5	 Conclusion� 63

4  Root-associated stress response networks� 69
Jennifer P.C. To, Philip N. Benfey, and Tedd D. Elich

4.1	 Introduction� 69
4.2	 Root organization� 71

4.2.1	 Root developmental zones� 71
4.2.2	 Root tissue types� 73

4.3	 Systems analysis of root-associated stress responses� 76
4.4	 Root-tissue to system-level changes in response to stress� 78

4.4.1	 Nitrogen� 78
4.4.2	 Salinity� 85
4.4.3	 Root system architecture in stress responses� 92

4.5	 Conclusion� 94

5  Plant low-temperature tolerance and its cellular mechanisms� 109
Yukio Kawamura and Matsuo Uemura

5.1	 Introduction� 109
5.2	 Chilling injury� 110

5.2.1	 Cold inactivation of vacuolar H+-ATPase� 110
5.2.2	 Lipid phase transition (Lα to Lβ)� 112
5.2.3	 Chill-induced cytoplasmic acidification� 113
5.2.4	 Light-dependent chilling injury� 114



	contents	  vii

Chapter No.: 9  Title Name: <TITLENAME>
Comp. by: <USER>  Date: 16 Oct 2013  Time: 08:28:35 PM  Stage: <STAGE>� Page Number: vii

5.3	 Freezing injury� 115
5.3.1	 Freeze-induced ultrastructures in the plasma membrane� 117
5.3.2	 Another freeze-induced injury of the plasma membrane� 118

5.4	 Cold acclimation� 118
5.4.1	 Lipid composition of the plasma membrane during  

cold acclimation� 119
5.4.2	 Changes in plasma membrane proteins during  

cold acclimation� 120
5.4.3	� Compatible solute accumulation during  

cold acclimation� 120
5.5	 Freezing tolerance� 121

5.5.1	 Membrane cryostability due to lipid composition� 122
5.5.2	 Membrane cryostability due to hydrophilic proteins� 122
5.5.3	 Compatible solutes and freezing tolerance� 123
5.5.4	 Membrane cryodynamics and membrane resealing� 124
5.5.5	 Other membrane cryodynamics� 124

5.6	 Conclusion� 126

6  Salinity tolerance� 133
Joanne Tilbrook and Stuart Roy

6.1	 Plant growth on saline soils� 133
6.1.1	 Effects of salt stress on plant growth� 135
6.1.2	 Osmotic stress� 136
6.1.3	 Ionic stress� 137

6.2	 Tolerance mechanisms� 138
6.2.1	 Osmotic tolerance� 138
6.2.2	 Ionic tolerance� 139
6.2.3	 Ion exclusion� 139
6.2.4	 Ion tissue tolerance� 140

6.3	 Identification of variation in salinity tolerance� 140
6.3.1	 Variation in current crops� 140
6.3.2	 Variation in near wild relatives� 141
6.3.3	 Variation in model species� 143
6.3.4	 New phenomic approaches to identify variation  

in salinity tolerance� 144
6.4	 Forward genetic approaches to identify salinity tolerant  

loci and candidate genes� 144
6.4.1	 QTL mapping� 144
6.4.2	 Transcriptomics� 148
6.4.3	 Proteomics� 149
6.4.4	 Metabolomics� 150



viii	contents

Chapter No.: 9  Title Name: <TITLENAME>
Comp. by: <USER>  Date: 16 Oct 2013  Time: 08:28:35 PM  Stage: <STAGE>� Page Number: viii

6.5	K nown candidate genes for salinity tolerance� 151
6.5.1	 The high-affinity potassium transporter family� 152
6.5.2	 The salt overly sensitive pathway� 153
6.5.3	 Vacuolar Na+/H+ antiporters and vacuolar  

pyrophosphatases� 154
6.5.4	 Osmoprotectants� 155
6.5.5	 Calcium signaling pathways� 155

6.6	 Prospects for generating transgenic crops� 156
6.6.1	 Overexpression of genes involved with the  

transport of ions� 158
6.6.2	 Manipulation of genes involved in signaling pathways� 159
6.6.3	 Altering the expression of genes involved in compatible  

solute synthesis� 159
6.6.4	 The need for cell-type- and temporal-specific expression� 159

6.7	 Conclusion� 161

7 � Molecular and physiological mechanisms of plant tolerance  
to toxic metals� 179
Matthew J. Milner, Miguel Piñeros,  
and Leon V. Kochian

7.1	 Introduction� 179
7.2	 Plant Zn tolerance� 181

7.2.1	 Physiology of Zn tolerance� 181
7.2.2	 Molecular biology of Zn tolerance� 185
7.2.3	 Role of metal-binding ligands in Zn tolerance� 188

7.3	 Plant Cd tolerance� 190
7.4	 Plant aluminum tolerance� 190

7.4.1	 Physiology of Al tolerance� 190
7.4.2	 Molecular biology of Al tolerance� 194

7.5	 Conclusion� 196

8  Epigenetic regulation of abiotic stress responses in plants� 203
Viswanathan Chinnusamy, Monika Dalal,  
and Jian-Kang Zhu

8.1	 Introduction� 203
8.2	 Epigenetic controls of gene expression� 204

8.2.1	 Establishment of histone code� 205
8.2.2	 DNA cytosine methylation� 205

8.3	 Epigenetic regulation of abiotic stress responses� 210
8.3.1	 Stress regulation of genes for histone modification  

and RdDM� 211



	contents	  ix

Chapter No.: 9  Title Name: <TITLENAME>
Comp. by: <USER>  Date: 16 Oct 2013  Time: 08:28:35 PM  Stage: <STAGE>� Page Number: ix

  8.3.2	 Gene regulation mediated by stress-induced histone 
modifications� 212

  8.3.3	 Gene regulation mediated by stress-induced changes  
in dna methylation� 218

  8.3.4	 Stress-induced transposon regulation� 219
  8.4	 Transgenerational inheritance and adaptive value of epigenetic 

modifications� 220
  8.5	 Conclusion� 221

  9  Genomics of plant abiotic stress tolerance� 231
Dong-ha Oh, Maheshi Dassanayake, Hyewon Hong,  
Suja George, Seol Ki Paeng, Anna Kropornika,  
Ray A. Bressan, Sang Yeol Lee, Dae-Jin Yun,  
and Hans J. Bohnert

  9.1	 Genomics in plant research—an introduction� 231
  9.2	 Plant genomes 2012—a transient account� 236
  9.3	 Genomes, transcriptomes, and bioinformatics� 237
  9.4	 Genomes that inform about abiotic stress� 240
  9.5	 Plants evolved for salinity tolerance� 242
  9.6	 ARMS genomes—Thellungiella genome sequences� 244

  9.6.1	 Lineage-specific gene duplications� 244
  9.6.2	 Divergence of transcriptome profiles and responses� 247
  9.6.3	 Lineage-specific genes� 249

  9.7	 A breeding strategy for abiotic stress avoidance� 249
  9.8	 Conclusion� 250

10 � QTL and association mapping for plant abiotic stress tolerance:  
trait characterization and introgression for crop improvement� 257
DELPHINE FLEURY and Peter Langridge

10.1	 Introduction� 257
10.2	 Genetic mapping of abiotic stress tolerance traits� 260

10.2.1	 Quantitative trait loci� 260
10.2.2	 QTL for abiotic stress tolerance� 262

10.3	 Association mapping of abiotic stress tolerance traits� 263
10.3.1	 Linkage disequilibrium and population structure� 263
10.3.2	 Association study of abiotic stress tolerance� 264

10.4	 Transfer of QTL findings to breeding programs� 265
10.5	 Issues in genetic analysis of abiotic stress tolerance� 268

10.5.1	 Phenotyping methods� 268
10.5.2	 Selection of germplasm for genetic analysis� 270
10.5.3	 Stability of QTL across environments� 272



x	contents

Chapter No.: 9  Title Name: <TITLENAME>
Comp. by: <USER>  Date: 16 Oct 2013  Time: 08:28:35 PM  Stage: <STAGE>� Page Number: x

10.6	 Current directions of quantitative genetics for abiotic  
stress tolerance� 274
10.6.1	 Physiological components of abiotic stress  

tolerance QTL� 274
10.6.2	 Integration of physiological components into  

abiotic stress tolerance QTL� 275
10.6.3	 Meta QTL� 276
10.6.4	 New population designs for QTL mapping� 276

10.7	 Conclusion� 279

Index� 289

Color plate section is located between pages 132 and 133.



Chapter No.: 9  Title Name: <TITLENAME>
Comp. by: <USER>  Date: 16 Oct 2013  Time: 08:28:37 PM  Stage: <STAGE>� Page Number: xi

Contributors

Philip N. Benfey	� GrassRoots Biotechnology, Durham, North Carolina

	� Department of Biology and Center for Systems 
Biology, Duke University, Durham, North Carolina

Govinal Badiger Bhaskara	 �Institute of Plant and Microbial Biology, 
Academia Sinica, Taipei, Taiwan

	� Molecular and Biological Agricultural Sciences 
Program, Taiwan

	� International Graduate Program, Academia Sinica 
and National Chung-Hsing University, Taiwan

Hans J. Bohnert	 �Department of Plant Biology, University of 
Illinois at Urbana-Champaign, Urbana, Illinois

	� Division of Applied Life Science and Plant 
Molecular Biology and Biotechnology  
Research Center, Gyeongsang National University, 
Jinju, Korea

	�W CU graduate program, Division of Applied 
Life Sciences, Gyeongsang National University, 
Jinju, Korea

	� Department of Biological Sciences, Faculty  
of Science, King Abdulaziz University,  
Jeddah, Saudi Arabia

Ray A. Bressan	 �Division of Applied Life Science and Plant 
Molecular Biology and Biotechnology  
Research Center, Gyeongsang National University,  
Jinju, Korea

	� Department of Horticulture and Landscape 
Architecture, Purdue University West Lafayette, 
Indiana

	�W CU graduate program, Division of Applied 
Life Sciences, Gyeongsang National University, 
Jinju, Korea



xii	contributors

Chapter No.: 9  Title Name: <TITLENAME>
Comp. by: <USER>  Date: 16 Oct 2013  Time: 08:28:37 PM  Stage: <STAGE>� Page Number: xii

	� Department of Biological Sciences, Faculty  
of Science, King Abdulaziz University,  
Jeddah, Saudi Arabia

Viswanathan Chinnusamy	 �Division of Plant Physiology, Indian Agricultural 
Research Institute, New Delhi, India

Monika Dalal	 �National Research Centre on Plant 
Biotechnology, New Delhi, India

Maheshi Dassanayake	 �Department of Plant Biology, University of 
Illinois at Urbana-Champaign, Urbana, Illinois

Tedd D. Elich	 �GrassRoots Biotechnology, Durham, North 
Carolina

Delphine Fleury	� Australian Centre for Plant Functional Genomics, 
Waite Campus, University of Adelaide, South 
Australia

Suja George	 �Department of Plant Biology, University of 
Illinois at Urbana-Champaign, Urbana, Illinois

	� M.S. Swaminathan Research Foundation, 
Chennai, India

Paul M. Hasegawa	 �Center for Plant Environmental Stress Physiology, 
Purdue University, West Lafayette, Indiana

Hyewon Hong	 �Department of Plant Biology, University of 
Illinois at Urbana-Champaign, Urbana, Illinois

	�W CU graduate program, Division of Applied 
Life Sciences, Gyeongsang National University, 
Jinju, Korea

Abdelbagi M. Ismail	 �Crop and Environmental Sciences Division (CESD), 
International Rice Research Institute (IRRI), 
DAPO Metro Manila, The Philippines

Matthew A. Jenks	 �United States Arid Land Agricultural Research 
Center, USDA-ARS, Maricopa, Arizona

Yukio Kawamura	 �Cryobiofrontier Research Center, Iwate University, 
Morioka, Japan



	contributors	  xiii

Chapter No.: 9  Title Name: <TITLENAME>
Comp. by: <USER>  Date: 16 Oct 2013  Time: 08:28:37 PM  Stage: <STAGE>� Page Number: xiii

Ravi Kesari	 �Institute of Plant and Microbial Biology, Academia 
Sinica, Taipei, Taiwan

Leon V. Kochian	 �Robert W. Holley Center for Agriculture and Health, 
USDA-ARS, Cornell University, Ithaca, New York

Anna Kropornika	 �Department of Plant Biology, University of Illinois  
at Urbana-Champaign, Urbana, Illinois

M. Nagaraj Kumar	 �Institute of Plant and Microbial Biology, Academia 
Sinica, Taipei, Taiwan

	� Molecular and Biological Agricultural Sciences 
Program, Taiwan

	� International Graduate Program, Academia Sinica and 
National Chung-Hsing University, Taiwan

Peter Langridge	 �Australian Centre for Plant Functional Genomics,  
Waite Campus, University of Adelaide, South Australia

Sang Yeol Lee	 �Division of Applied Life Science and Plant Molecular 
Biology and Biotechnology Research Center, 
Gyeongsang National University, Jinju, Korea

Matthew J. Milner	 �Department of Biology, Penn State University, 
University Park, Pennsylvania

Izumi C. Mori	 �Institute of Plant Science and Resources, Okayama 
University, Chuo, Kurashiki, Okayama, Japan

Yoshiyuki Murata	 �Graduate School of Environmental and Life Science, 
Okayama University, Tsushima-Naka, Kita-Ku, 
Okayama, Japan

Dong-ha Oh	 �Department of Plant Biology, University of Illinois  
at Urbana-Champaign, Urbana, Illinois

Seol Ki Paeng	 �Department of Plant Biology, University of Illinois  
at Urbana-Champaign, Urbana, Illinois

	�W CU graduate program, Division of Applied Life 
Sciences, Gyeongsang National University, Jinju, Korea

Miguel Piñeros	 �Robert W. Holley Center for Agriculture and Health, 
USDA-ARS, Cornell University, Ithaca, New York



xiv	contributors

Chapter No.: 9  Title Name: <TITLENAME>
Comp. by: <USER>  Date: 16 Oct 2013  Time: 08:28:37 PM  Stage: <STAGE>� Page Number: xiv

Pamela Ronald 	 �Department of Plant Pathology and the Genome Center, 
University of California at Davis, Davis, California

Stuart Roy	� Australian Centre for Plant Functional Genomics and 
School of Agriculture Food and Wine, University of 
Adelaide, South Australia, Australia

Joanne Tilbrook	 �Australian Centre for Plant Functional Genomics  
and School of Agriculture Food and Wine, 
University of Adelaide, South Australia, Australia

Jennifer P.C. To	 �GrassRoots Biotechnology, Durham, North Carolina

Matsuo Uemura	 �Cryobiofrontier Research Center, Iwate University,  
Morioka, Japan

Paul E. Verslues	 �Institute of Plant and Microbial Biology, Academia Sinica, 
Taipei, Taiwan

	� Molecular and Biological Agricultural Sciences Program, 
Taiwan

	� International Graduate Program, Academia Sinica  
and National Chung-Hsing University, Taiwan

	� Biotechnology Center, National Chung-Hsing University, 
Taichung, Taiwan

Kenong Xu	� Department of Horticultural Sciences, Cornell University, 
New York State Agricultural Experiment Station,  
Geneva, New York

Dae-Jin Yun	 �Division of Applied Life Science and Plant Molecular 
Biology and Biotechnology Research Center,  
Gyeongsang National University, Jinju, Korea

	� Department of Horticulture and Landscape Architecture, 
Purdue University, West Lafayette, Indiana

Jian-Kang Zhu	 �Department of Horticulture and Landscape Architecture, 
Purdue University, West Lafayette, Indiana

	� Shanghai Center for Plant Stress Biology and Shanghai 
Institute of Plant Physiology and Ecology, Shanghai 
Institutes of Biological Sciences, Chinese Academy of 
Sciences, Shanghai, People’s Republic of China



Chapter No.: 9  Title Name: Jenks
Comp. by: EAravally  Date: 16 Oct 2013  Time: 08:28:39 PM  Stage: Revises1� Page Number: xv

Preface

Since the last edition of Plant Abiotic Stress, insight has come from various 
research programs that now shines new light on the determinants of plant 
adaptation to environmental stress. While there are many sources of plant stress, 
this book will focus as in the first edition on the inanimate components of the 
environment associated with climatic, edaphic, and physiographic factors that 
substantially limit plant growth and survival. Categorically, this book places 
a focus on plant abiotic stresses caused by flooding, drought, salinity, non-
optimal temperatures, and poor soil nutrition. Discussions of plant abiotic 
stress that originate from climate change, and its potential impacts on crop 
production, are also included in these chapters.

The greatest cause of reduced yield in annual crops worldwide is the 
combined impact of abiotic stress. For example, the threat of water scarcity to 
crop production worldwide is increasing as continued overutilization of 
aquifer-based irrigation by farmers continues unabated, a condition that is now 
posing a serious threat to the long-term sustainability of many regional agri-
cultural systems. With increasing irrigation in arid and subarid zones comes 
increased salinization of field soils, a condition already having dramatic nega-
tive impacts on crop yield in many parts of the world. Another major threat 
is temperatures that are too high, too low, or too erratic for efficient crop 
production, much of this due to changes in climate. Degradation of field soils by 
increasingly intensive cultivation to satisfy growing world demand for agricul-
tural products is compounding soil degradation and directly limiting crop yield. 
Although better field management practices can improve production efficiency, 
there can be no doubt that new crops with increased resistance to drought, 
salinity, sub- and supra-optimal temperatures, poor soil nutrient status, and 
other stresses, like flooding and global climate change, are necessary to meet 
future food, fiber, and biomass needs globally.

The advent of new technologies for the efficient identification of genetic 
determinants involved in plant stress adaptation, fostered especially by the use 
of molecular genetics and high throughput transcriptome, proteome, metabo-
lome, and ionome profiling, as well as the use of genome-wide association 
and other molecular mapping tools, has improved our understanding of the 
mechanisms plants use to tolerate abiotic stress and revealed new opportunities 
for creating improved stress-tolerant crops. This book seeks to summarize the 
large body of current knowledge about the diverse mechanisms that confer or 
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influence plant stress tolerance, placing special emphasis on the cellular aspects 
of plant response whose expression is common across diverse environments. 
Leading scientists involved in plant abiotic stress research worldwide provide 
a comprehensive treatise to these major stress factors having an impact on world 
crop production. The material presented in this book emphasizes fundamental 
genetic, epigenetic, physiological, biochemical, and ecological knowledge of 
plant abiotic stress, which may lead to novel applications for improving crop 
performance in stressful environments.

Matthew A. Jenks and Paul M. Hasegawa
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1	 Flood tolerance mediated by the rice Sub1A 
transcription factor
Kenong Xu1, Abdelbagi M. Ismail2, and Pamela Ronald3

1Department of Horticultural Sciences, Cornell University, New York State Agricultural 
Experiment Station, Geneva, New York
2 Crop and Environmental Sciences Division (CESD), International Rice Research 
Institute (IRRI), Manila, The Philippines
3 Department of Plant Pathology and the Genome Center, University of California  
at Davis, Davis, California

1.1	 Introduction

Over one billion people, 15% of the world’s population, live in extreme poverty. 
Most of these people live on farms and barely produce enough food for them-
selves and their families. The most economic and effective method for improving 
farm productivity is the planting of high-yielding and more resilient varieties 
that thrive on these farms. Varieties that are resistant to diseases and/or tolerant 
of environmental stresses can have dramatic and positive impacts on the lives 
of the very poor worldwide.

Rice is the staple food for more than half of the world’s population. Flooding 
is a major constraint to rice production in South and Southeast Asia, where the 
majority of the world’s rice farmers live. Each year, 25% of the global rice crop-
lands are inundated by flash floods, which are unpredictable and can occur 
several times a year. Although rice is grown in flooded soil, most rice cultivars die 
within a week of complete submergence, causing yield losses ranging from 10% 
to total destruction (Mackill et al., 2012). These losses disproportionately affect 
the rice farmers in the world, where 70 million people live on less than $1 a day.

Compounding the challenges facing rice production are the predicted effects 
of climate change. As the sea level rises and glaciers melt, low-lying croplands 
will be submerged and river systems will experience shorter and more intense 
seasonal flows, as well as more flooding. Most of the coastal rice production 
areas in the tropics and subtropics are vulnerable to such conditions, especially 
low-lying deltas along the coastlines of South, East, and Southeast Asia. Rice 
production in these deltas is the major agricultural activity. These areas include 
the Mekong and Red River deltas of Vietnam, the Ayeyerwaddy Delta of 
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Myanmar, and the Ganges-Brahmaputra Delta of Bangladesh. These deltas 
provide between 34% and 70% of the total rice production in these countries, 
and any reduction in rice production due to increases in the frequency of flood-
ing will have serious consequences on food security (Wassmann et al., 2009). 
This is a challenge especially in places like Bangladesh, Eastern India, Vietnam, 
and Myanmar, where people get about two-thirds of their total calories from 
rice. Large areas of Bangladesh and India already flood on an annual basis and 
are likely to flood even more frequently in the future, leading to a substantial 
loss of agricultural land. In Bangladesh and India alone, 4 million tons of rice, 
enough to feed 30 million people, is lost to floods each year.

Thus, an important goal for improving the rural economy and livelihood in 
these vulnerable countries is to develop rice varieties that can survive flooding. 
Because most of the world’s poorest people get their food and income by 
farming small plots of land, the availability of rice varieties with enhanced 
tolerance to flooding is expected to make a major difference in food security 
for these farmers.

Although rice can withstand shallow flooding, most rice varieties will die if 
completely submerged for more than a few days. There are a few rice landraces 
that can survive prolonged submergences, and these are of great interest to rice 
breeders. For example, the ancient Indian rice landrace, FR13A, has poor grain 
and yield qualities but is unusual in its ability to endure complete submergence 
for over 14 days.

FR13A has been known to farmers in Orissa, India, since the 1950s. For over 
40 years, breeders at the International Rice Research Institute (IRRI) tried to 
use FR13A as a donor parent to introduce the submergence tolerance trait into 
varieties that would be useful to rice farmers. Although submergence tolerant 
varieties were developed, they were not widely adopted. The main reason is 
that because breeding was carried out with relatively crude genetic tools based 
mainly on visual selection, the resulting varieties lacked many of the traits 
desired by farmers in the major rice-growing areas of Asia. With lack of knowl-
edge on the exact genes needed to confer submergence tolerance, the breeders 
unknowingly dragged in undesirable traits along with the submergence toler-
ance trait, which reduced yield and grain quality.

Over the last 15 years, we collaborated with Dave Mackill at the International 
Rice Research Institute and other researchers and breeders to carry out detailed 
genetic analyses of submergence tolerance in rice. Our long-term goal was to 
understand the underlying molecular mechanisms controlling submergence 
tolerance and generate tools that breeders could use to develop rice varieties 
with high yields and good grain quality that are tolerant to submergence. The 
results of this team effort led to the identification of the Sub1 locus and associ-
ated genes, development of rice “mega varieties” with submergence tolerance 
for farmers, and elucidation of the gene networks and physiological processes 
mediated by Sub1.
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1.2	 Isolation of the rice SUB1 locus

In early genetic studies, rice submergence tolerance derived from FR13A had 
been shown to have a relatively high heritability, with tolerance being partially 
to completely dominant (Haque et al., 1989; Mohanty and Khush, 1985; 
Mohanty et al., 1982; Sinha and Saran, 1988; Suprihatno and Coffman, 1981). 
The trait was also thought to be controlled by one or a few loci with major 
effects and loci with smaller, modifying effects. On the basis of these studies, 
we began to investigate submergence tolerance using an approach combining 
the power of molecular markers and quantitative trait locus (QTL) analysis. 
This initial study employed a population (DX18) of 169 F

2
 plants and their 

resulting F
3
 families that were derived from a cross between two breeding lines, 

PI613988 (japonica) and IR40931-26 (indica), the latter of which inherits 
strong submergence tolerance from FR13A. Kenong Xu and David Mackill 
demonstrated that a major QTL, SUB1, mapped between two restriction 
fragment length polymorphism (RFLP) markers (C1232 and RZ698) on rice 
chromosome 9 (Xu and Mackill, 1996). The SUB1 QTL was supported with a 
logarithm of odds (LOD) score of 36 and accounted for 69% of phenotypic 
variation in the F

2
 population, concluding that SUB1 is critical for conferring 

submergence tolerance in rice. Simultaneously, other teams (Kamolsukyunyong 
et al., 2001; Nandi et al., 1997; Toojinda et al., 2003) also reported the strong 
phenotypic effect of the SUB1 locus, confirming its effect as the major determi-
nant of tolerance, besides few other minor QTLs.

Previously, the Ronald laboratory had successfully used an approach of 
“positional cloning” to isolate a rice gene, called Xa21, that conferred broad-
spectrum resistance to a serious bacterial disease in Asia and Africa (Song 
et al., 1995). This experience encouraged us to take the same approach to 
isolate the SUB1 QTL although it was challenging because a QTL for an impor-
tant agronomic trait had never before been isolated from a staple crop species, 
and the rice genome had not yet been sequenced.

We first carried out fine mapping of the SUB1 QTL to characterize the SUB1 
region with more markers in a large F

2
 population (DX202) of 2,950 plants, 

which was derived from a cross between M202 (a widely grown japonica rice 
cultivar in California) and DX18-121 (a tolerant line from population DX18, 
see above). The resulting SUB1 fine map comprised ten amplified fragment 
length polymorphism (AFLP) markers. Two of these markers co-segregated 
with SUB1 and eight linked to SUB1 within 0.2 cM (Xu et al., 2000). The 
significance of this fine map is that it laid a foundation for physically mapping 
the SUB1 locus on rice chromosome 9.

We then carried out physical mapping of the SUB1 locus by identifying a set 
of five bacterial artificial chromosome (BAC) and 13 binary clones that over-
lapped each other and that entirely covered the SUB1 region (Xu et al., 2006). 
The five BAC clones were obtained from the two BAC libraries constructed 
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from rice cultivars IRBB21 and Teqing, respectively. Both BAC libraries were 
publically available, but IRBB21 and Teqing do not carry the submergence 
tolerance trait. The 13 binary clones were achieved from a genomic library 
constructed from the submergence tolerance parental line IR40931-26 using a 
binary vector that could be used to directly engineer rice plants. By developing 
more markers from these BAC and binary clones and analyzing the expanded 
F

2
 population DX202 of 4,022 plants, we were able to delimit the SUB1 locus 

with a region of 182 kb between markers CR25K and SSR1A (Xu et al., 2006).
Complete sequencing of the 182 kb SUB1 region revealed that the region 

encodes 13 genes, including 3 that contain ethylene response-factor (ERF) 
domains, which were designated Sub1A, SUB1B, and SUB1C. We found that 
the corresponding SUB1 region in the sequenced genome of japonica rice 
Nipponbare (International Rice Genome Sequencing Project, 2005) spans 
only 142 kb and lacks SUB1A.

We next carried out an allelic variation survey of the SUB1 genes in 21 varieties 
(17 indica and 4 japonica). We identified two SUB1A, nine SUB1B, and seven 
SUB1C alleles. The SUB1A-1 and SUB1C-1 alleles are specific to all six sub
mergence tolerant accessions studied, including FR13A, Goda Heenati, and 
Kurkurapan, which are of independent geographic origins. However, there was no 
such correlation between a specific SUB1B allele and submergence tolerance.

Using gene expression analysis, we found that SUB1A was rapidly induced 
upon submergence in the submergence tolerant variety. In contrast, SUB1C was 
upregulated only in the intolerant variety, M202. The expression of SUB1B 
was low and constant in both submergence tolerant and intolerant varieties. 
These data suggested that SUB1A controlled the SUB1-mediated submergence 
tolerance response.

To functionally prove SUB1A as the very gene underlying the SUB1 QTL, 
we created a construct containing the SUB1A-1 full-length cDNA under the 
control of the maize Ubiquitin1 promoter (Christensen and Quail, 1996) to 
overexpress SUB1A-1 in Liaogeng, a submergence intolerant japonica rice 
that also lacks SUB1A. Submergence screening of the resulting T

1
 transgenic 

plants identified four independent T
1
 families segregating for submergence. 

A detailed analysis of two of the four T
1
 families showed a nearly complete 

correlation between high expression of the SUB1A-1 transgene and submer-
gence tolerance. We therefore concluded that SUB1A-1 is sufficient to confer 
submergence tolerance to intolerant varieties, signifying the isolation of the 
SUB1 QTL (Xu et al., 2006).

This work was significant because it represented the first isolation of a QTL 
with an important agronomic effect and revealed an important genetic mecha-
nism with which rice plants can control tolerance to submergence. Isolation of 
SUB1A and the 180 kb of genetic sequence surrounding the gene set the stage 
for advanced marker assisted breeding at the IRRI (Neeraja et al., 2007; 
Septiningsih et al., 2009; Mackill et al., 2012).
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1.3	 Sub1 rice in farmers’ fields

Initially, the IRRI group monitored the SUB1 locus using markers closely linked 
with the gene. However, the availability of the sequences from BAC clone 
AP005907, which carried the sequences of the SUB1 genes, soon facilitated the 
development of six more markers tightly linked to the SUB1 QTL. This approach 
allowed for the transfer of the “donor” (Sub1) genetic region to be precisely 
monitored. The Sub1 donor FR13A variety carries many undesirable agronomic 
characters; therefore without knowledge on the precise location of SUB1A and 
the ability to select against other regions of the FR13A genome, these undesirable 
characteristics are dragged into the new variety along with SUB1 (Neerja et al., 
2007). Thus, with the availability of the SUB1A sequence and other sequences in 
the region, the SUB1 locus could be precisely introduced into a wide range of 
recipient rice varieties favored by farmers, while at the same time minimizing the 
effects of “linkage drag” from the sub1 donor. This work resulted in the introduc-
tion of SUB1 into eight rice varieties popular in South and Southeast Asia. The 
first of these was the mega variety Swarna, which is grown on ca. 5 million 
hectares in India and on additional areas in Bangladesh and Nepal (Xu et al., 2006).

The new rice variety—called Swarna-sub1—was tested in farmers’ fields in 
Bangladesh and India. In the absence of flooding both Swarna and Swarna-Sub1 
yield 5–6 tons per hectare. However, in the presence of flooding, fewer plants of the 
Swarna rice crop survived (0–20% in most cases depending on floodwater condi-
tions and duration; Das et al., 2009), whereas the Swarna-Sub1 rice flour-
ished—80–95% of it survived. This enhanced survival means that farmers growing 
the Swarna-Sub1 variety gain a 1 to over 3 tons per hectare yield advantage follow-
ing floods (Singh et al., 2009). Using this marker assisted breeding approach, 
the IRRI team has now generated and released several Sub1 varieties in six coun-
tries (Indonesia [4], Nepal [2], Mynamar [1], India [2], Bangladesh [2], and the 
Philippines [2]). In 2011, Swarna-Sub1 alone was estimated to have reached over 
one million farmers in South Asia (Mackill et al., 2012).

Over the last 5 years, our colleagues at IRRI have been working with India’s 
National Food Security Mission, the Ministry of Agriculture, the government of 
India, and with state governments, non-governmental organizations (NGOs), and 
public and private seed producers and breeders in India, Bangladesh, and Nepal to 
multiply and disseminate Swarna-Sub1 seeds and seeds of other released Sub1 
varieties and to strengthen the existing seed systems. The supply will aid various 
states in South Asia that do not have enough seeds to distribute to farmers.

The Bill and Melinda Gates Foundation is now supporting a large program, 
called Stress-Tolerant Rice for Africa and South Asia (STRASA; www.strasa.org), 
that is assisting with the development and dissemination of Sub1 rice varieties in 
three countries (http://irri.org/news-events/irri-news/bill-and-melinda-gates-visit-
strasa-and-csisa-projects-at-icar-research-farms-in-patna-india). STRASA was con
ceived as a 10-year project with the vision of reaching about 20 million farmers in 

http://irri.org/news-events/irri-news/bill-and-melinda-gates-visit-strasa-and-csisa-projects-at-icar-research-farms-in-patna-india
http://irri.org/news-events/irri-news/bill-and-melinda-gates-visit-strasa-and-csisa-projects-at-icar-research-farms-in-patna-india
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South Asia and Sub-Saharan Africa by 2017. By 2014, Sub1 varieties are 
predicted to be grown in over 5 million hectares (Mackill et al., 2012).

We initially introduced Sub1 into a set of popular varieties including Swarna 
(also widely grown in Bangladesh and Nepal), Samba Mahsuri, and CR1009 
(Savitri) from India; BR11 from Bangladesh; Thadkkham 1 (TDK 1) from 
Laos; and IR64 from IRRI-Philippines. More recently, Sub1 has been intro-
duced into Ciherang from Indonesia and PSBRc 18 from the Philippines. These 
varieties were chosen because they are popular among farmers and consumers 
in rainfed lowland areas, each covering between 1 and over 6 million hectares. 
The flood-tolerant versions of these high-yielding “mega varieties” are effec-
tively identical to their intolerant counterparts but survive better after severe 
floods to yield well. The grain quality of all Sub1 lines developed so far is essen-
tially identical to the conventional varieties, with the extra advantages of fast 
recovery and earlier maturity (by 10–15 days) than their non-Sub1 counterparts 
following submergence for various durations (Singh et al., 2009). Breeders pre-
dict that the most popular Sub1 varieties like Swarna-Sub1 and BR11-Sub1 
will soon entirely replace the existing non-Sub1 versions and spread to other 
flood-prone areas all over these countries.

Introgression of Sub1 into these varieties also facilitated the introduction of 
these varieties to regions where they were not known before; for example, 
Swarna-Sub1, which previously had only been planted in South Asia, has now 
been released in Indonesia, and Ciherang from Indonesia is in the final stages 
of release for flood-prone areas in Bangladesh and India.

We chose to introduce these popular varieties because they were well known 
to farmers, millers, and consumers, and therefore less time would be needed to 
evaluate and commercialize the new varieties. One difficulty with such success 
is that although there are now ample incentives for farmers to grow these mega 
Sub1 varieties like Swarna-Sub1 and BR11-Sub1, there is still little incentive 
to introduce additional rice varieties to enhance the overall genetic diversity of 
the rice planted in large areas as in India and Bangladesh. Breeders, geneti-
cists, and agronomists know from past experience that monocultures can be 
vulnerable to other problems, such as yield stability. The issue is to balance the 
demand of farmers for high-yielding, high-quality, flood-tolerant rice varieties 
with the need to plant genetically diverse rice varieties to minimize possible 
future losses to pest and disease. For these reasons, IRRI decided to introduce 
Sub1 into all varieties being bred for rainfed lowlands, and a considerable num-
ber of breeding lines are now being evaluated at target sites in Asia and Africa. 
In addition, breeding lines combining Sub1 and drought tolerance as well as 
Sub1 and salt tolerance have been developed and are being field tested. These 
new breeding lines are useful for areas experiencing both flash floods and 
drought as in most rainfed lowlands, as well as submergence and salt stress as 
in tropical coastal areas of South and Southeast Asia (Ismail et al., 2008). 
Substantial efforts are also being undertaken by national programs to incorporate 
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Sub1 into additional local popular varieties as well as into new elite lines as in 
Vietnam, India, Bangladesh, and Thailand.

1.4	 The Sub1 effect

Sub1 exerts its effect by limiting gibberellic acid (GA)-activated elongation 
growth and ethylene-induced leaf senescence. Complete submergence restricts 
light intensity, slows O

2
 and CO

2
 exchange between shoot tissue and floodwa-

ter, and enhances the accumulation of ethylene due to increased synthesis and 
entrapment. Ethylene accumulation triggers chlorophyll degradation and leaf 
senescence (Ella et al., 2003) and causes excessive elongation of leaves and 
internodes of the submerged plants in an attempt to maintain contact with air. 
This is mediated through ethylene-induced suppression of abscisic acid (ABA) 
synthesis but enhanced synthesis and sensitivity to GA (Das et al., 2005). 
Reduced photosynthetic capacity during and following submergence, together 
with excessive growth during submergence, results in severe carbohydrate star-
vation and consequent death of the submerged plants. In collaboration with 
Bailey-Serres at the University of California-Riverside, we have demonstrated 
that Sub1A exerts its effect by limiting GA-activated elongation growth and 
conserving carbohydrates (Figure 1.1). The Sub1 locus enables plants to endure 
complete submergence for prolonged periods due to activation of a “quiescence 
strategy” that conserves the shoot meristem and energy reserves until the flood 
subsides.

1.5	 The Sub1-mediated gene network

In addition to flooding, other environmental stresses such as drought, salinity, 
and heat stress are predicted to be increasingly problematic for farmers as the 
climate warms. For example, in Africa, three-quarters of the world’s severe 
droughts have occurred over the past 10 years (African Agricultural Technology 
Foundation, 2010). Losses to pests and diseases are also expected to increase 
over the next 50 years. Much of the losses caused by these pests, diseases, and 
environmental stresses, which already result in 30–60% yield reductions globally 
each year, occur after the plants are fully grown: a point at which most or all of 
the land and water required to grow a crop has been invested. Thus, there is a 
need to identify genes that confer robust tolerance to environmental stresses 
and diseases and to use this information to develop new varieties.

As part of this goal, we and others are using genomic, molecular-genetic, 
allelic diversity, and computational approaches to identify other genes and gene 
networks involved in tolerance to stress and devastating diseases. For example, 
we recently demonstrated the usefulness of transcriptomics and interactomics 
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Figure 1.1  SUB1A-mediated submergence tolerance responses revealed by integrating omics tools (Jung et al., 2010). Orange boxes indicate events 
upregulated in M202(Sub1) after submergence, and blue boxes indicate events downregulated in M202(Sub1) after submergence. Several of the AP2/ERF 
TFs are associated with submergence tolerance response. For color details, please see color plate section.
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approaches to identify genes and proteins that are part of the predicted rice 
Sub1A-mediated response network, and we have shown, through genetic analysis, 
that this approach efficiently identifies key genes regulating these biological 
pathways (Jung et al., 2010; Seo et al., 2011).

Transcriptional regulation plays a key role in development and response 
to abiotic stresses (e.g., Sub1A, CBFs, OsNAC5, dehydration-responsive 
element-binding proteins [DREBs], AP2/ERFs, WRKYs). In plants, regulation 
of gene expression is complex, with the majority of genes differentially 
expressed in different tissues and cell types. We have shown that a suite of 898 
genes is differentially regulated during the Sub1A-mediated rice tolerance 
response (Jung et al., 2010). Notably, there are 16 genes encoding transcription 
factors (TFs) that are differentially regulated by Sub1A (Figure 1.2). Of these, 
ten AP2/ERF genes belong to the ERF subfamily and six to DREB.

Our results suggest that the Sub1 locus regulates the ethylene response using 
AP2/ERF genes in the ERF subfamily and stress tolerance response with AP2/
ERF genes in the DREB subfamily.

To further elucidate the rice submergence stress response pathway, we used an 
efficient and reliable yeast two-hybrid (Y2H) screening strategy (Jung et al., 2008) 
to identify proteins that interact with Sub1A and Sub1C (a negative regulator 
of submergence tolerance at the same locus as Sub1A; Xu et al., 2006). Several 
million transformants were screened using Sub1A and Sub1C as baits (Seo et al., 
2011). Five binding proteins were chosen for further screening as baits in the 
Y2H to identify additional proteins in the stress response network (Figure 1.2). 
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Figure 1.2  The rice Sub1a/Sub1c interactome. The interactome map represents 28 proteins identified 
from high-throughput Y2H screening using Sub1A and Sub1C as baits. Proteins in blue represent interactors 
with both Sub1A and Sub1C (Seo et al., 2011). For color details, please see color plate section.
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We determined that Sub1A and Sub1C interact with 28 Sub1A and SUB1C 
binding proteins (SaBs and ScBs, respectively). These interactions were recon-
firmed through secondary screenings. Seventy-five percent of the interactions 
were validated in vivo, using a bimolecular fluorescence complementation 
approach in rice protoplasts (Seo et al., 2011). The interactome includes several 
candidate TFs that interact with both Sub1A and Sub1C. One such protein is 
SAB18, a putative trihelix protein. We analyzed insertion alleles of SAB18 
obtained from the POSTECH collection (Jung et al., 2008). Homozygous inser-
tion mutants in SAB18 displayed enhanced tolerance to submergence. Lines 
overexpressing SAB18 did not show a submergence tolerance phenotype (Seo 
et al., 2011). These results suggest that Sub1A (a transcription factor) may 
serve as a component of large and/or changing complexes in vivo (Seo et al., 
2011). It remains to be determined how the Sub1A-associated complex(s) is 
reorganized in response to submergence and drought stress.

The flood of data from functional genomics, comparative genomics, and prot-
eomics approaches now allows diverse aspects of gene function to be assayed on 
a genome-wide scale. Because datasets from each technique are incomplete, 
error-prone, and limited in sensitivity, none of them are sufficient to fully describe 
the biological role for a particular gene. However, such datasets can be integrated 
to generate a more accurate and comprehensive view of gene function than is 
contained in any single dataset. Probabilistic integrated gene networks—graphical 
models in which linkages between genes indicate their likelihood to belong to the 
same biological process—provide such an approach. Such a network can guide 
phenotypic predictions in varied tissues and developmental contexts.

Integrated networks have proven successful for unicellular and multicellular 
organisms, accurately predicting gene functions and gene loss-of-function phe-
notypes, and are thus powerful tools for generating testable biological hypotheses. 
Using probabilistic gene networks, the Marcotte (Lee et al., 2004, 2008, 2010) 
group has successfully demonstrated proof-of-concept for yeast, worm 
(C. elegans), and mouse. Each network model is highly predictive of gene func-
tion and for organismal phenotype following gene perturbation. These results 
indicate that researchers can efficiently gain new functional knowledge by prior-
itizing genes for a given biological role based upon gene networks, then testing 
these candidates using available reverse genetics resources.

We have used these approaches to develop an experimentally validated 
genome-scale functional gene network of rice genes, named RiceNet, covering 
the majority of encoded rice proteins. We have leveraged RiceNet to identify 
networks of genes governing the Xa21-mediated response (Lee et al., 2011) 
and demonstrated that RiceNet successfully predicts gene function in rice 
and maize. Thus, RiceNet is broadly useful for dissecting complex immune 
response pathways and is particularly useful for identifying gene function in 
other monocot species such as wheat and barley, for which species-specific 
networks have not yet been constructed.
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We are now using RiceNet to generate subnetworks of genes that are 
predicted to control Sub1A-mediated pathways, which are important for 
tolerance to submergence and possibly to drought. The advantage of this 
approach is that it facilitates non-biased identification of key networks predicted 
to control a particular biological response. Instead of working on a single gene 
predicted to have a function, researchers can study entire networks, including 
genes that would not have been predicted to function in the network using 
standard genetic and proteomics approaches.

1.6	 Conclusion

From the start, the Sub1 project was guided by the needs of small-holder farmers, 
adapted to local circumstances, and sustainable for the economy and the 
environment.

The Sub1 project revealed that it was possible to identify important agro-
nomic traits, which were thought to be quite complex, identify genes underly-
ing these traits, and use this knowledge of gene sequences and function to 
develop new crop varieties that can immensely benefit farmers. It is clear from 
our work and that of others that this type of approach will greatly accelerate the 
pace with which plant geneticists and breeders can develop new crop varieties 
and/or improve the resilience of existing popular varieties. This approach is 
now being extended to other abiotic stresses such as drought and salinity, where 
major QTLs were identified (Thomson et al., 2010; Mackill et al., 2012), and is 
also being used to combine tolerances of multiple abiotic stresses.

One of the important aspects of the Sub1 project was its highly collaborative 
nature. Specifically, the combination of molecular geneticists, physiologists, 
and breeders working together and freely sharing material greatly enhanced 
success of this project. For example, early on, prior to publication, our labora-
tories shared the Sub1 genes and our Sub1 rice lines with other laboratories. 
This “open science” approach facilitated the breeding collaborations and also 
advanced our understanding of Sub1 function.

The discovery of Sub1 enabled the conversion of eight popular varieties into 
submergence tolerant types using marker assisted backcrossing; five of these 
have been commercialized in several countries in Asia and the rest are in 
advance stages of release. Sub1 effectively works in all environments and 
genetic backgrounds, from crop establishment until flowering. Sub1 has no 
observable effects in the absence of submergence but substantially improves 
survival and yield following transient complete flooding for 4–18 days in 
farmers’ fields. The positive impact of Sub1 varieties has been recognized in 
several countries, triggering enormous interest and additional resources by 
national programs to produce and distribute sufficient seeds of these varieties 
to all farmers in areas affected by flash floods.



12	 Plant Abiotic Stress

Chapter No.: 9  Title Name: Jenks
Comp. by: KJAYASEELAN  Date: 16 Oct 2013  Time: 08:28:46 PM  Stage: Proof� Page Number: 12

The identification of genes that modulate Sub1-mediated tolerance to flood-
ing will be useful for the development of “Sub1plus” varieties that have a higher 
and wider range of tolerance. Such enhanced tolerance will be needed as farm-
ers face a future predicted climate of unusually heavy rainfall. Additional 
QTLs/genes need to be pyramided with Sub1 for higher tolerance for areas 
encountering longer duration of flash floods. Several studies already identified 
few minor QTLs affecting submergence tolerance independent of Sub1 (Nandi 
et al., 1997; Toojindda et al., 2003; Septiningsih et al., 2012); however, explor-
ing these QTLs is challenging because of their relatively smaller effects com-
pared with Sub1. Furthermore, Sub1 needs to be introgressed into varieties 
that tolerate partial stagnant floods common in most rainfed lowlands, where 
floodwater of 20–50 cm depth stagnates in the field for several months (Singh 
et al., 2011). None of the modern rice varieties developed to date, including 
Sub1 types, can withstand this type of flooding; however, recent efforts at IRRI 
have established the possibility of combining both Sub1-mediated tolerance to 
transient, complete flooding and tolerance to stagnant flooding.

References

African Agricultural Technology Foundation. 2010. Scientists prepare for confined field trials of life-saving 
drought-tolerant transgenic maize. African Agricultural Technology Foundation (AATF), Nairobi, Kenya 
(http://www.aatf-africa.org/userfiles/PressRelease-WEMA-CFT.pdf).

Borlaug NE. 2008. Stem rust never sleeps. New York Times, April 26, 2008 (http://www.nytimes.
com/2008/04/26/opinion/26borlaug.html).

Christensen AH, Quail PH. 1996. Ubiquitin promoter-based vectors for high-level expression of selectable 
and/or screenable marker genes in monocotyledonous plants. Transgenic Res 5:213–218.

Das KK, Panda D, Sarkar RK, Reddy JN, Ismail AM. 2009. Submergence tolerance in relation to variable 
floodwater conditions in rice. Environ Exp Bot 66:425–434.

Das KK, Sarkar RK, Ismail AM. 2005. Elongation ability and non-structural carbohydrate levels in relation to 
submergence tolerance in rice. Plant Sci 168:131–136.

Ella E, Kawano N, Yamauchi Y, Tanaka K, Ismail A. 2003. Blocking ethylene perception enhances flooding 
tolerance in rice. Funct Plant Biol 30:813–819.

Fukao T, Xu K, Ronald PC, Bailey-Serres J. 2006. A variable cluster of ethylene response factor-like genes regulates 
metabolic and developmental acclimation responses to submergence in rice. Plant Cell 18(8):2021–2034.

Haque QA, HilleRisLambers D, Tepora NM, dela Cruz QD. 1989. Inheritance of submergence tolerance in 
rice. Euphytica 41:247–251. http://www.gatesfoundation.org/annual-letter/2012/Pages/home-en.aspx.

International Rice Genome Sequencing Project. 2005. The map-based sequence of the rice genome. Nature 
436:793–800.

Ismail AM, Thomson MJ, Singh RK, Gregorio GB, Mackill DJ. 2008. Designing rice varieties adapted to 
coastal areas of South and Southeast Asia. J Indian Soc Coastal Agric Res 26:69–73.

Jung KH, Gynheung A, Ronald PC. 2008. Towards a better bowl of rice: assigning function to tens of thousands 
of rice genes. Nat Rev Genet 9:91–101, doi:10.1038/nrg2286.

Jung K, Seo YS, Walia H, Cao P, Fukao T, Canlas PE, Amonpant F, Bailey-Serres J, Ronald PC. 2010. The 
submergence tolerance regulator Sub1A mediates stress-responsive expression of AP2/ERF transcription 
factors. Plant Physiol 152(3):1674–1692.

Kamolsukyunyong W, Ruanjaichon V, Siangliw M, Kawasaki S, Sasaki T, Vanavichit A, Tragoonrung S. 2001. 
Mapping of quantitative trait locus related to submergence tolerance in rice with aid of chromosome 
walking. DNA Res 8:163–171.

http://www.aatf-africa.org/userfiles/PressRelease-WEMA-CFT.pdf
http://www.nytimes.com/2008/04/26/opinion/26borlaug.html
http://www.nytimes.com/2008/04/26/opinion/26borlaug.html
http://www.gatesfoundation.org/annual-letter/2012/Pages/home-en.aspx

