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v

 Climatic variability and global warming observed during the past few decades 
have become a frightening reality and a matter of deep concern worldwide 
especially for the developing countries. Extreme climatic conditions adversely 
affect quantitative and qualitative characteristics of plants. Food and nutri-
tional security have emerged as a major challenge worldwide due to overex-
pansion of population and cultivated areas to less fertile fi elds as a result of 
extreme climatic changes. The extreme hot and cold seasons and subsequent 
drought and fl ood as well as the elevated greenhouse gases are generally con-
sidered to be the major factors resulting to such climatic variability globally. 
Continues industrialization aggravated by anthropogenic activities has added 
to the severity of climate change. Therefore, there is an urgent need to fi nd 
out ways to mitigate the negative effects of climate change on biodiversity 
and crop productivity. The works related to the biotechnological strategies 
like breeding and genetic engineering to mitigate the problems of climate 
change are in the initial stage, and the efforts made in this direction may be 
limited to one specifi c trait, whereas the mitigation measures for these com-
plex climatic factors need handling of multiple stresses in one go. The recent 
advances in molecular breeding (identifi cation of tightly liked markers, 
QTLs/genes), transgenesis (introduction of exogenous genes or changing the 
expression of endogenous stress-responsive genes) and genomics approaches 
have made it easier to identify and isolate several key genes involved in abi-
otic stresses and their regulation. This book was planned with an objective to 
understand the detailed overviews and recent approaches in genetic manipu-
lation studies in plants for mitigation of climate change. 

 Elevated O 3  in the troposphere due to industrialization and anthropogenic 
activities suppresses plant productivity, product quality and competitive abil-
ity of crop plants and forest trees. In order to ensure food security for the 
future, O 3  tolerance/resistance is to be incorporated in crop plants. The physi-
ological, biochemical and molecular responses of plants to this toxic pollut-
ant that provides rational targets for phenotypic screening and genetic 
manipulation of plants for tolerance to O 3  have been discussed by Li et al. 
(pages 1–14). 

 Heat stress affects many aspects of plant growth and development. 
Thermotolerance depends on the activation and coordination of various sens-
ing, signalling and regulatory pathways. Roth et al. (pages 15–42) have dis-
cussed the effects of high temperature on plant growth and development, 
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methods for thermotolerance screening, heat-sensing mechanism, metabolic 
changes and strategies to improve thermotolerance in plants. 

 Breeding crops for drought or fl ood tolerance/resistance has been a prior-
ity for a long time; however, the progress has been slow due to the physiologi-
cal and genetic complexity of these traits. Fundamental insights into the 
stress sensing, downstream signal transduction and metabolic alterations that 
promote tolerance are key to increased crop production in drought and fl ood- 
prone environments. Rice, a staple food crop of more than half of the world 
population, is facing the problem of water shortage and drought. You and 
Xiong (pages 43–72) have provided an overview and perspective of the strat-
egies, resources, progress and challenges of drought resistance in rice. Zhang 
and co-workers (pages 73–102) have summarized the recent progress about 
the major constraints affecting plant performance in waterlogged soils and 
discussed the mechanism employed by the plants to deal with the stress. 

 Polyamines are small polycationic compounds involved in numerous met-
abolic pathways in plants including stress protection. Macro et al. (pages 
103–116) have discussed approaches undertaken to demonstrate the involve-
ment of polyamines in the stress response and genetic manipulation of poly-
amine levels as an effi cient tool for plant resistance to abiotic stress along 
with recent advances in the potential mechanism of action by which poly-
amines could contribute to stress protection. 

 Vinod (pages 117–142) has given an overview of the recent developments 
in breeding efforts towards nutrient defi ciency-tolerant rice as a sustainable 
solution for future agriculture. Rice is the predominant stable crop providing 
more than 21 % of the daily calories of the word. However, in rice-growing 
regions nutrient starvation in the soil (either due to excessive farming or less 
availability/absorption of nutrients in marginal land) is putting rice crop/
plants under stress. To avoid this, excessive input of fertilizers is used which 
is causing environmental degradation. Because there is enough variability 
available for nutrient response within rice gene pool, breeding may be a good 
alternative for this crop. 

 An elevated concentration of heavy metals adversely affects growth and 
productivity of crop plants. Climate change is related to heavy metal con-
tamination due to its effects on the bioavailability of metals and its ability to 
alter the environmental fate and intensity of pollutants. In the future, it is 
expected that climate change may increase the heavy metals in the agricul-
tural soils. So, developing crops resistant to heavy metals will be required for 
marginal and moderately contaminated soils. In this context, Tomar et al. 
(pages 143–168) have emphasized on the production of new cultivars with 
enhanced heavy metals and metalloids tolerance using transgenic approaches. 
Sudhakar and Suprassana (pages 169–186) have focused on the issue of cli-
mate change keeping in view the phytoremediation potential of plants and 
have highlighted the prospects of genetic manipulation for enhanced heavy 
metals tolerance. 

 Most of the abiotic stress tolerance mechanisms involve multiple meta-
bolic pathways, and manipulating such complex traits through conventional 
breeding remains a big challenge. Hence, genetic transformation with regula-
tory genes especially transcription factors is a promoting alternative. Baudh 
and co-workers (pages 187–204) have assessed the potentials and limitations 
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of  biotechnological approaches for mitigation of various multigenic stresses 
like enhanced temperature and water scarcity which are affecting the crop 
productivity. 

 Overall physiology of C 3  plants is affected by increasing atmospheric CO 2  
levels in the post industrialization era, and hence, dependent herbivorous 
insects are also affected. Thus, climate change affects plant-insect interac-
tions. The basic regulatory connections between primary and secondary 
metabolism of plants need to be understood more to predict how insect popu-
lations respond to changes in host plant. Zavala and Gog (pages 205–222) 
have discussed mechanisms controlling insect herbivory related to global rise 
in atmospheric CO 2  levels and have suggested that advances in genetic 
manipulation techniques afford the prospects of affecting changes in ecosys-
tem downstream from plant physiology. 

 Increased input costs, low benefi ts and marginalization of land as a result 
of extreme climates have all added to low income and hence poverty and 
malnutrition culminating into food insecurity in developing countries. GM 
crops have been proved benefi cial to farmers and society especially in devel-
oping countries by increasing productivity, enhancing nutrient quality and 
reducing food and input costs. Sainger et al. (pages 223–241) have discussed 
the essence of GM crops for the developing world for increasing farmers’ 
income, their role in poverty alleviation, nutrition and health and feasibility 
of GM crops in the time of climate change. 

 The chapters critically evaluate the current knowledge, state of the art and 
future prospects of genetic manipulation of plants to minimize the adverse 
effect of climate change on plant growth and productivity. The book is valu-
able for the scientist, academicians, researchers, students, planners and indus-
trialists working in the area of biotechnology, plant agriculture, agronomy, 
horticulture, plant physiology, molecular biology, plant sciences and environ-
mental sciences. Each chapter in this volume has been written by an expert 
group in plant stress biology. We are grateful to the contributors for their 
efforts in preparing insightful and authoritative accounts of various aspects of 
the knowledge in this area. We express our sincere thanks and gratitude to all 
these colleagues and warm appreciations and thanks to Springer for their 
keen interest in bringing out this title with quality work. We are also thankful 
to our family members and Ph.D. students for their understanding and 
patience during planning and preparations of this title.  

  Rohtak, India     Pawan     Kumar     Jaiwal   
 October, 2015     Rana     Pratap     Singh    
    Om     Prakash     Dhankher     

Preface



ix

   1       Plant Responses to Tropospheric Ozone ..........................................   1   
    Yongfang   Li    ,     Meenakumari   Muthuramalingam    , 
and     Ramamurthy   Mahalingam    

    2       Plant Heat Stress Response and Thermotolerance .......................   15   
    Sascha   Röth    ,     Puneet   Paul    , and     Sotirios   Fragkostefanakis    

      3       Plant Breeding for Flood Tolerance: 
Advances and Limitations ...............................................................   43   
    Xuechen   Zhang    ,     Xin   Huang    ,     Meixue   Zhou    , 
    Lana   Shabala    ,     Anthony   Koutoulis    , 
and     Sergey   Shabala    

  4       Genetic Improvement of Drought Resistance in Rice ...................   73   
    Jun   You     and     Lizhong   Xiong    

    5       Polyamine Biosynthesis Engineering as a Tool 
to Improve Plant Resistance to Abiotic Stress .............................   103   
    Francisco   Marco    ,     Marta   Bitrián    ,     Pedro   Carrasco    , 
    Rubén   Alcázar    , and     Antonio   F.   Tiburcio    

    6       Enhancing Nutrient Starvation Tolerance in Rice ......................   117   
    K.  K.   Vinod    

    7       Engineered Plants for Heavy Metals 
and Metalloids Tolerance ..............................................................   143   
    Parul   Rana   Tomar    ,     Anirudha   R.   Dixit    , 
    Pawan   Kumar   Jaiwal    , and     Om   Parkash   Dhankher    

    8       Prospects of Genetic Manipulation for Enhanced 
Heavy Metal Tolerance and Bioremediation 
in Relation to Climate Change ......................................................   169   
    Sudhakar   Srivastava     and     P.   Suprasanna    

    9       Biotechnological Approaches to Mitigate Adverse 
Effects of Extreme Climatic Factors on Plant Productivity .......   187   
    Kuldeep   Bauddh    ,     Manish   Sainger    ,     Sanjeev   Kumar    , 
    Poonam   Ahlawat   Sainger    ,     Pawan   Kumar   Jaiwal    , 
and     Rana   Pratap   Singh    

                 Contents 



x

     10      Impacts of Anthropogenic Carbon Dioxide Emissions 
on Plant-Insect Interactions ..........................................................   205   
    Jorge   A.   Zavala     and     Linus   Gog    

     11      GM Crops for Developing World in the Era 
of Climate Change: For Increase of Farmer’s Income, 
Poverty Alleviation, Nutrition and Health ...................................   223   
    Manish   Sainger    ,     Poonam   Ahlawat   Sainger    , 
    Darshna   Chaudhary    ,     Ranjana   Jaiwal    ,     Rana   Pratap   Singh    , 
    Om   Parkash   Dhankher    , and     Pawan   Kumar   Jaiwal      

Contents



xi

     Rubén     Alcázar       Unitat de Fisiologia Vegetal, Facultat de Farmàcia , 
 Universitat de Barcelona  ,  Barcelona ,  Spain     

      Kuldeep     Bauddh       Centre for Environmental Sciences ,  Central University of 
Jharkhand  ,  Brambe, Ranchi ,  India     

      Marta     Bitrián       Institut de Biologie Moléculaire des Plantes ,  Centre National 
de la Recherche Scientifi que  ,  Strasbourg ,  France     

      Pedro     Carrasco       Departament de Bioquímica i Biologia Molecular. Facultat 
de Ciències Biològiques ,  Universitat de València  ,  Burjassot,València ,  Spain     

      Darshna     Chaudhary       Centre for Biotechnology ,  Maharshi Dayanand 
University  ,  Rohtak ,  India     

      Om     Parkash     Dhankher       Stockbridge School of Agriculture ,  University of 
Massachusetts Amherst  ,  Amherst ,  MA ,  USA     

      Anirudha     R.     Dixit       John F. Kennedy Space Center  ,  Merritt Island ,  FL ,  USA     

      Sotirios     Fragkostefanakis       Department of Biosciences, Molecular Cell 
Biology of Plants ,  Goethe University  ,  Frankfurt am Main ,  Germany     

      Linus     Gog       Department of Plant Biology ,  University of Illinois at Urbana- 
Champaign    ,  Champaign ,  IL ,  USA     

      Xin     Huang       School of Land and Food ,  University of Tasmania  ,  Hobart , 
 Australia     

      Pawan     Kumar     Jaiwal       Center for Biotechnology ,  Maharshi Dayanand 
University  ,  Rohtak ,  India     

      Ranjana     Jaiwal       Department of Zoology ,  Maharshi Dayanand University  , 
 Rohtak ,  India     

      Anthony     Koutoulis       School of Biological Sciences ,  University of Tasmania  , 
 Hobart ,  Australia     

      Sanjeev     Kumar       Department of Environmental Science ,  Babasaheb Bhimrao 
Ambedkar University (A Central University)  ,  Lucknow ,  Uttar Pradesh ,  India     

  Contributors 



xii

      Yongfang     Li       College of Life Sciences ,  Henan Normal University  ,  Xinxiang , 
 Henan ,  China    

   246 Noble Research Center, Department of Biochemistry and Molecular 
Biology ,  Oklahoma State University  ,  Stillwater ,  OK ,  USA     

      Ramamurthy     Mahalingam       246 Noble Research Center, Department of 
Biochemistry and Molecular Biology ,  Oklahoma State University  ,  Stillwater , 
 OK ,  USA     

   USDA-ARS ,  Cereal Crops Research Unit  ,  Madison ,  WI ,  USA    

      Francisco     Marco       Departament de BiologiaVegetal, Facultat de Farmàcia , 
 Universitat de València  ,  Burjassot, València ,  Spain     

      Meenakumari     Muthuramalingam       246 Noble Research Center, Department 
of Biochemistry and Molecular Biology ,  Oklahoma State University  , 
 Stillwater ,  OK ,  USA     

      Puneet     Paul       Department of Biosciences, Molecular Cell Biology of Plants , 
 Goethe University  ,  Frankfurt am Main ,  Germany     

      Sascha     Röth       Department of Biosciences, Molecular Cell Biology of Plants , 
 Goethe University  ,  Frankfurt am Main ,  Germany     

      Manish     Sainger       Centre for Biotechnology ,  Maharshi Dayanand University  , 
 Rohtak ,  India     

      Poonam     Ahlawat     Sainger       Department of Environmental Sciences , 
 Maharshi Dayanand University  ,  Rohtak ,  India     

      Lana     Shabala       School of Land and Food ,  University of Tasmania  ,  Hobart , 
 Australia     

     Sergey     Shabala       School of Land and Food ,  University of Tasmania  ,  Hobart , 
 Australia     

     Rana     Pratap     Singh       Department of Environmental Science ,  Babasaheb 
Bhimrao Ambedkar University (A Central University)  ,  Lucknow ,  Uttar 
Pradesh ,  India     

      Sudhakar     Srivastava       Nuclear Agriculture and Biotechnology Division , 
 Bhabha Atomic Research Centre  ,  Mumbai ,  Maharashtra ,  India

Institute of Environment & Sustainable Development, Banaras Hindu 
University, Varanasi, India     

      P.     Suprasanna       Nuclear Agriculture and Biotechnology Division ,  Bhabha 
Atomic Research Centre  ,  Mumbai ,  Maharashtra ,  India     

      Antonio     F.     Tiburcio       Unitat de Fisiologia Vegetal, Facultat de Farmàcia , 
 Universitat de Barcelona  ,  Barcelona ,  Spain     

     Parul     Rana     Tomar       Stockbridge School of Agriculture ,  University of 
Massachusetts    Amherst ,  MA ,  USA     

Contributors



xiii

     K.  K.     Vinod       Division of Genetics, ICAR-Indian Agricultural Research 
Institute, Rice Breeding & Genetics Research Centre  ,  Tamil Nadu ,  India     

      Lizhong     Xiong       National Key Laboratory of Crop Genetic Improvement and 
National Center of Plant Gene Research (Wuhan) ,  Huazhong Agricultural 
University  ,  Wuhan ,  China     

      Jun     You       National Key Laboratory of Crop Genetic Improvement and 
National Center of Plant Gene Research (Wuhan) ,  Huazhong Agricultural 
University  ,  Wuhan ,  China     

      Jorge     A.     Zavala       Cátedra de Bioquímica/Instituto de Investigación en 
Biociencias Agrícolas y Ambientales, Facultad de Agronomía ,  University of 
Buenos Aires-Consejo Nacional de Investigaciones Científi cas y Técnicas de 
Argentina  ,  Buenos Aires ,  Argentina     

      Xuechen     Zhang       School of Land and Food ,  University of Tasmania  ,  Hobart , 
 Australia     

      Meixue     Zhou       School of Land and Food ,  University of Tasmania  ,  Hobart , 
 Australia      

Contributors



xv

     Dr. Pawan Kumar Jaiwal  is presently working as a professor in the Centre 
for Biotechnology at the M.D. University, Rohtak, India, and has served at 
various administrative positions as the director, dean (presently) and chair-
man/member of statuary bodies at the University. He has 30 years of PG 
teaching and 35 years of research experience and has published about 85 
original research papers, 27 book chapters, review articles and 14 books. He 
has guided over 68 M.Sc. and M. Phil. students for their dissertations and 20 
Ph.D. students for their degree. He is a member of several academic bodies 
and is in the editorial board of four international research journals. Dr. Jaiwal 
has been awarded DST Young Scientist Project; Visiting Fellowship by INSA, 
New Delhi; Overseas Associateship by DBT, New Delhi; and Prof. H. S. 
Srivastava Gold Medal by the National Academy of Environmental Sciences, 
Lucknow, India. He has several international fellowships to his credit and has 
visited many countries for academic contributions including the laboratory of 
Prof. Ingo Potrykus at the Institute of Plant Sciences, ETH, Zurich, 
Switzerland. His current research interests are metabolic engineering for 
resistance to abiotic and biotic stresses, nutrient use effi ciency and nutritional 
quality improvement in pulses especially  Vigna  species, oil crops ( Brassica 
juncea  and sesame) and cereals (wheat).  

     Dr. Rana Pratap Singh  is presently working as a professor in the Department 
of Environmental Science, Babasaheb Bhimrao Ambedkar (A Central) 
University, Lucknow, India. He has contributed signifi cantly in the under-
standing of ammonia assimilation and N-metabolism in plants. Besides, he 
has contributed some new knowledge on toxicity and remediation of soil and 
water ecosystems. He has 30 years of PG teaching, 35 years of research and 
10 years of administrative experiences and has published about 100 original 
research papers, 14 review articles, 24 book chapters and 16 books. He has 
guided over 100 M.Sc. and M. Phil. students for their dissertations and 27 
Ph.D. students for their degree. Professor Singh is editor in chief of an inter-
national journal  Physiology and Molecular Biology of Plants  (   www.springer.
com/journal/12298        ) and editor of  Climate Change and Environmental 
Sustainability  (  www.indianjournals.com    ). He has 9 academic awards and 
international fellowships to his credit and has visited many countries for aca-
demic contributions.  

  About the  Editors   

http://www.springer.com/journal/12298
http://www.springer.com/journal/12298
http://www.indianjournals.com/


xvi

     Prof. Om Parkash Dhankher  is a plant biotechnologist (associate profes-
sor) in the Stockbridge School of Agriculture, University of Massachusetts, 
Amherst (USA). He developed the fi rst transgenic plant-based approach for 
arsenic phytoremediation. Prof. Dhankher has contributed more than 40 pub-
lications in high impact factor journals including  Nature Biotech  and was 
awarded several patents. His research was also featured in headlines on the 
National Geographic Channel, ABC, Reuter, etc. His research focus is multi-
disciplinary in nature ranging from crop improvements to phytoremediation 
to biofuels. He is editor of the  International Journal Plant Biology Research , 
associate editor of  Frontier’s Agricultural Biological Chemistry , editorial 
board member of two international journals and a member of the executive 
committee of the American Society of Plant Biologists (ASPB). He has 
supervised seven Ph.D. students, three M.Sc. students, four visiting profes-
sors, fi ve postdoctoral research associates and over a dozen undergraduate 
honour thesis students and has several ongoing collaborations with research-
ers in India, China, Italy, Egypt and the USA.   

About the Editors



1© Springer India 2015 
P.K. Jaiwal et al. (eds.), Genetic Manipulation in Plants for Mitigation of Climate Change, 
DOI 10.1007/978-81-322-2662-8_1

      Plant Responses to Tropospheric 
Ozone                     

     Yongfang     Li    ,     Meenakumari     Muthuramalingam    , 
and     Ramamurthy     Mahalingam    

    Abstract  

  Tropospheric ozone is the second most abundant air pollutant and an 
important component of the global climate change. Over fi ve decades of 
research on the phytotoxicity of ozone in model plant systems, crop plants, 
and forest trees have provided some insight into the physiological, bio-
chemical, and molecular responses to this toxic pollutant. Majority of the 
studies on ozone have been conducted using acute treatment regimes on 
model plant systems. Several omics platforms have been used to investi-
gate the ozone responses in plants. Some efforts have been undertaken to 
understand the genetic basis of ozone resistance using  Arabidopsis  and 
rice. The omics and mapping studies have shown that resistance to ozone 
impinges upon multiple pathways including phytohormones, stress/
defense, secondary metabolism, and redox signaling. Furthermore, ozone 
stress is more likely to co-occur with other global climate change factors 
including increasing CO 2  levels, high temperatures, and other abiotic 
stresses such as drought, UV light, and salinity. Crop germplasm  screening 
for ozone resistance should consider using Free-Air Carbon Dioxide 
Enrichment technology in conjunction with state-of-the-art remote- 
sensing refl ectance spectroscopy. Cisgenic and transgenic approaches to 
develop ozone-resistant crops will be more successful if combinations of 
ozone and other stresses are taken into consideration.  
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  Abbreviations 

   2-DE    two-dimensional gel electrophoresis   
  2D-DiGE    two-dimensional difference gel 

electrophoresis   
  ABA    abscisic acid   
  APX    ascorbate peroxidase   
  AsA    ascorbate   
  ET    ethylene   
  FACE    Free-Air Carbon Dioxide Enrichment   
  GST    glutathione S-transferase   
  GSH    glutathione   
  JA    jasmonic acid   
  O 3     ozone   
  OTC    open-top chamber   
  PR    pathogenesis related   
   rcd1      radical cell death 1    
  SA    salicylic acid   
  SOD    superoxide dismutase   
  VOC    volatile organic compounds   
  NO    nitric oxide   
  NO x     oxides of nitrogen   
  QTL    quantitative trait loci   
  ROS    reactive oxygen species   
  vtc1     vitamin C defi cient 1    

1.1           Introduction 

 Ozone (O 3 ) is the triatomic form of oxygen that 
forms in the stratosphere (10–30 miles above sea 
level) spontaneously by the light-driven reactions 
of atmospheric oxygen. The stratospheric ozone 
or the “good ozone” blocks the sun’s harmful 
ultraviolet radiation from reaching the earth’s 
surface and thus protects both the plant and 
animal life (  http://www.epa.gov/airquality/
gooduphigh/    ). 

 Tropospheric ozone also referred to as “bad 
ozone” is formed mostly by anthropogenic 

 activities. Fossil fuel combustion and industrial 
pollution lead to release of volatile organic com-
pounds (VOCs), methane, and oxides of nitrogen 
(NO  x  ) that react in the presence of sunlight to 
form ozone (Heath and Taylor  1997 ). In the 
northern hemisphere ozone concentrations have 
more than doubled since the preindustrial era 
(Fuhrer  2009 ; Vingarzan  2004 ). Tropospheric 
ozone is a major health threat to infants, asthmat-
ics, and older populations, and it has been esti-
mated that 0.7 million respiratory mortalities are 
due to this second largest air pollutant (Anenberg 
et al.  2010 ). 

 Ozone adversely affects vegetation and entire 
forest ecosystems (Miller  1983 ). Effects of this 
phytotoxic pollutant on crop yields have been 
studied over the last three decades (Emberson 
et al.  2009 ; Feng and Kobayashi  2009 ; Mills 
et al.  2007 ). In Europe, economic losses due to 
ozone on 23 crops in the year 2000 were esti-
mated to be 6.7 billion euros (Holland et al. 
 2006 ). Global losses due to ozone in 2000 were 
estimated to be $11–18 billion (Avnery et al. 
 2011 ). Estimated reduction of global yields due 
to ozone phytotoxicity varied considerably for 
crops ranging from 2.2 to 5.5 % for maize, 3.9 to 
15 % for wheat, and 8.5 to 14 % for soybeans 
(Avnery et al.  2011 ). These studies demonstrate 
that tropospheric ozone is a major threat to crop 
production. In order to ensure food security for 
the future, it is necessary to incorporate ozone 
tolerance/resistance in crop plants.  

1.2     Assessing Phenotypic Effects 
of Ozone on Plants 

 Three different exposure technologies have been 
used for the studies of ozone tolerance/sensitivity 
in plants. Most of the earlier studies were con-
ducted in controlled growth or environmental 
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chambers that were connected to ozone genera-
tors. The popular ozone generator models are 
simple hollow UV bulb/tube through which the 
oxygen gas fl ows through the inlet valve and is 
spontaneously converted into ozone that can then 
be shunted via the outlet valve fi tted with tubing 
leading into the plant growth chamber. Majority 
of these studies were conducted with the model 
plant  Arabidopsis  or in plants of economic 
importance in the seedling stages. Accommodating 
plants like soybeans or wheat in suffi cient num-
bers for a thorough analysis of ozone symptoms 
over an entire growing season in growth cham-
bers is diffi cult. Nonetheless, growth chambers 
have been extremely useful for assessing the 
impact of short-term high-ozone dose studies, 
also referred to as the acute ozone treatment. 
These studies clearly demonstrated the impact of 
ozone as an oxidative stressor and in fact led to 
the use of ozone as a model system to understand 
oxidative signaling in plants (Rao et al.  2000a ,  b ). 

 From a climate change perspective, it was rec-
ognized that crop plant responses to low ozone 
does over extended periods of time, also referred 
to, as chronic ozone treatment was more impor-
tant. The open-top chambers (OTCs) are just 
transparent enclosures of glass or plastic with an 
open top. These OTCs were installed in fi eld 
plots so that ozone responses could be monitored 
under realistic fi eld conditions throughout the 
crop-growing season. In the late 1990s the advent 
of Free-Air Carbon Dioxide Enrichment (FACE) 
technology provided a pragmatic means for 
assessing the impact of changes in ozone and 
CO 2  under agronomic conditions (Long et al. 
 2005 ). FACE avoids any changes to the microen-
vironment imposed by chambers or OTCs, 
thereby providing the most reliable estimates of 
plant responses to climate change factors.  

1.3     Physiological Impact 
of Ozone in Crop Plants 

 Crops show a wide variability in their phenotypic 
responses to ozone, and this includes both intra- 
and interspecifi c variation (Maggs and Ashmore 
 1998 ; Biswas et al.  2008 ; Brosche et al.  2010 ). 

Several studies have reported lists of species or 
genotypes that are resistant or sensitive to ozone 
(Heagle  1989 ; Mills et al.  2007 ). It is important 
to understand the differences between sensitive 
and resistant responses to ozone exposure. The 
visible injury symptoms due to ozone are mostly 
assessed by damage to the foliage. It appears as 
small chlorotic or necrotic lesions on leaves that 
can coalesce into larger patches of injured area, 
and such leaves usually senesce early. This 
reduces the effective biomass that in turn will 
take a toll on crop yields (Wilkinson et al.  2012 ). 
Apart from leaves, ozone exposure has been 
reported to have negative impact on reproductive 
development in plants (Black et al.  2000 ). In fi eld 
crops such as wheat, rice, maize, soybean, and 
sorghum, ozone stress reduces several important 
grain traits such as size, weight, nutritional qual-
ity, and number (Mulholland et al.  1998 ; Biswas 
and Jiang  2011 ). In pod crops such as beans, 
ozone reduces pod number and size, and in tuber 
crops like potato, tuber size is reduced (Wilkinson 
et al.  2012 ). 

 From an agronomic point of view, the defi ni-
tion of crop sensitivity to ozone is misleading. 
For example, crops can be sensitive to ozone with 
reference to visible foliar damage at early stages 
of growth but may not have a net impact on the 
grain yield during harvest. In rice and wheat, 
plants with the least visible foliar symptoms 
showed maximum yield losses (Sawada and 
Kohno  2009 ; Picchi et al.  2010 ), and this was 
explained on the basis of stomatal closure 
response. Cultivars in which ozone causes stoma-
tal closure prevent the infl ux of ozone and 
reduced the foliar injury. Thus, based on the dam-
age to leaves, these cultivars are resistant to 
ozone. However, prolonged stomatal closure 
affects carbon fi xation and in turn the amount of 
assimilates required for grain fi lling. Thus, with 
reference to yield these cultivars are ozone 
 sensitive. Other mechanisms for the negative 
effect of ozone could be due to reduction of new 
growth (McKee and Long  2001 ), reduced root 
biomass (Grantz et al.  2006 ), reduced phloem 
translocation effi ciency, or reduced carbon por-
tioning to grains over synthesis of protective 
chemicals (Betzelberger et al.  2010 ).  
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1.4     Biochemical Changes 
in Response to Ozone Stress 

1.4.1     Changes in Reactive Oxygen 
Species, Nitric Oxide, 
and Calcium 

 Ozone entry through the cuticle is negligible 
(Kerstiens and Lendzian  1989 ). The stomatal 
guard cells act as the fi rst structures that regulate 
the entry of ozone. Thus, if stomatal aperture is 
wider, it may allow a larger infl ux of gases like 
ozone. Hence, stomatal conductance was consid-
ered a vital component of plant resistance or sen-
sitivity response to ozone (Heath and Taylor  1997 ; 
Sandermann and Matyssek  2004 ). Stomatal clo-
sure was reported within 12 min of ozone expo-
sure suggesting that this rapid response may be 
due to a direct effect of this pollutant (Moldau 
et al.  1990 ). However, the ozone concentration 
inside the cells is close to zero (Laisk et al.  1989 ). 
This suggested a rapid degradation of the ozone 
into various reactive oxygen species or ozone- 
derived ROS and is observed both in the ozone- 
tolerant and ozone-sensitive plant species 
(Kangasjarvi et al.  2005 ). The presence of free 
radicals in ozone-fumigated pea and bean leaves 
was shown using electron spin studies (Mehlhorn 
et al.  1990 ). In aqueous phase O 3  −  degrades fur-
ther to O 2  •− , O 2 , and OH (Grimes et al.  1983 ). 
Even though ozone-mediated hydroxyl radical 
formations are less prone to occur at physiologi-
cal pH, some phenolic compounds in cell wall can 
induce formation of ozone-derived radicals. It has 
been reported that a ROS burst of plant origin sev-
eral hours after the end of the ozone treatment is a 
hallmark feature of only the ozone-sensitive 
plants (Wohlgemuth et al.  2002 ). Plasma mem-
brane-bound NADPH oxidase, peroxidase, oxa-
late oxidase, and polyamine oxidases are the 
major sites of ROS production in the apoplast 
(Bolwell  1999 ; Sebela et al.  2001 ; Scheel  2002 ). 
Other organelles such as chloroplasts, mitochon-
dria, and peroxisomes are involved in metabolic 
activities with high rates of electron fl ow and are 
also considered to be major ROS producers. 

 The importance of nitric oxide (NO) in cellular 
signaling, detoxifi cation, and metabolism has 

been illustrated by previous studies (Parani et al. 
 2004 ; Zeidler et al.  2004 ; Delledonne  2005 ). A 
role for NO in modifying gene expression was 
reported in ozone-exposed plants (Mahalingam 
et al.  2006 ; Ahlfors et al.  2009 ). Accumulation of 
NO along with H 2 O 2  was shown in ozone- 
fumigated tobacco plants using NO-specifi c fl uo-
rescent dye (Ederli et al.  2006 ). Due to its 
lipophilic nature, NO has the ability to diffuse 
through the membranes. One of the important 
biological reactions of nitric oxide is 
S-nitrosylation, the posttranslational modifi cation 
of thiol groups to form S-nitrosothiols (RSNO). 
In addition to reacting with H 2 O 2  and forming 
HO • , superoxides can also react with NO  .   to form 
peroxynitrite. Peroxynitrite anion is relatively 
stable and is known to oxidize proteins and non-
protein thiol groups (Quijano et al.  1997 ; Landino 
et al.  2002 ). However, in plants peroxynitrite may 
not be toxic (Delledonne et al.  2001 ). 

 Perturbations to ROS and NO homeostasis 
can trigger changes in calcium infl ux and also 
lead to activation of MAP kinase cascade reported 
in response to many stresses accompanied by 
ROS accumulation such as wounding, pathogen 
infection, cold, and drought (Seo et al.  1995 ; 
Usami et al.  1995 ; Suzuki and Shinshi  1995 ; 
Jonak et al.  1996 ; Zhang and Klessig  1998 ). 
Studies have demonstrated the activation of MAP 
kinases in both  Arabidopsis  and  tobacco  plants 
under ozone stress within minutes, representing 
one of the early responses to ozone (Samuel et al. 
 2000 ; Ahlfors et al.  2004 ). Lowered expression 
of MPK4 in transgenic tobacco plants led to 
higher sensitivity to ozone, and on the other hand 
its overexpression rendered ozone tolerance to 
plants (Gomi et al.  2005 ). Some studies 
 speculated ozone-induced calcium might activate 
MAPKs, which trigger the phosphorylation of 
NADPH oxidase, which is one of the known 
sources of ROS (Keller et al.  1998 ). Addition of 
ROS-scavenging chemicals, especially for sin-
glet oxygen, inhibited O 3 -induced cell death in 
tobacco cell suspension culture. Similarly the 
presence of calcium ion chelators inhibited the 
ozone-mediated cell death, demonstrating the 
importance of calcium and ROS homeostasis in 
response to ozone (Kadono et al.  2006 ).  
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1.4.2     Phytohormone Changes 
in Response to Ozone Stress 

 Various phytohormones like jasmonic acid (JA), 
salicylic acid (SA), abscisic acid (ABA), ethyl-
ene, and intracellular components such as cal-
cium ions are reported to be major regulators of 
oxidative signaling pathway. These hormones 
play synergistic and antagonistic roles in ozone- 
induced defense response (Overmyer et al.  2003 ). 
For example, SA was induced rapidly in ozone- 
treated  Arabidopsis  and tobacco plants (Yalpani 
et al.  1994 ; Sharma and Davis  1997 ). In the same 
study similar kinetics was observed for the 
defense-related gene transcripts suggesting a key 
role for SA in activating O 3 -mediated defense 
response. Several studies demonstrated the 
induction of genes involved in JA biosynthetic 
pathway in ozone-treated plants (Maccarrone 
et al.  1997 ; Mahalingam et al.  2005 ) that lead to 
the fi nding of JA accumulation in response to 
ozone (Koch et al.  1998 ,  2000 ). Furthermore, JA 
biosynthesis-defective mutants displayed 
increased sensitivity to ozone (Rao et al.  2000a , 
 b ). Exogenous treatment of wild-type or ozone- 
sensitive plants with JA diminished the spread of 
cell death and ozone damage. On the contrary, 
SA and ethylene alleviate the ROS production 
resulting in cell death upon ozone exposure 
(Orvar et al.  1997 ; Overmyer et al.  2000 ; Beers 
and McDowell  2001 ; Rao et al.  2002 ). For exam-
ple, JA application before ozone treatment pro-
tected tobacco plants (Orvar et al.  1997 ); another 
study demonstrated O 3  sensitivity of poplar clone 
due to JA and SA insensitivity (Koch et al.  2000 ). 
Ozone-sensitive  Arabidopsis  species Cvi-0 pro-
duced large amounts of SA by ozone treatment 
but displayed low JA sensitivity suggesting nega-
tive regulation of SA by JA signaling pathway. 
Furthermore, ozone-induced ethylene accumula-
tion was also shown to decrease following JA 
treatment. Hence JA signaling negatively regu-
lates both SA accumulation and ethylene biosyn-
thesis. Increase in ethylene production is 
considered as one of the early response marker 
for ozone sensitivity (Tingey et al.  1976 ; 
Mehlhorn and Wellburn  1987 ; Grantz and Vu 
 2012 ). Ozone-sensitive Bel-W3 tobacco plants 

showed increased level of ethylene compared to 
tolerant Bel-B line upon ozone exposure 
(Langebartels et al.  1991 ). Several studies have 
postulated the role of ethylene as a regulator of 
programmed cell death, and mutant studies sup-
port the role of ethylene in cell death by plant–
pathogen interaction and in O 3  response (Bent 
et al.  1992 ; Greenberg and Ausubel  1993 ; Orzaez 
and Granell  1997 ; Young et al  1997 ). Ozone- 
sensitive  Arabidopsis  mutant  radical cell death 1  
( rcd1 ) accumulated high levels of ethylene and 
SA (Overmyer et al.  2005 ). Thus, using exoge-
nous hormone treatments, hormone biosynthetic 
and signaling mutants, it is now widely accepted 
that oxidative cell death cycle is a central compo-
nent in the ozone-signaling pathway (Overmyer 
et al.  2003 ; Kangasjarvi et al.  2005 ).  

1.4.3     Antioxidant Defense 
Response to Ozone 

 Plants have developed an innate mechanism to 
regulate ROS levels via various enzymatic and 
nonenzymatic antioxidants. Low-molecular anti-
oxidants, such as ascorbate (AsA), glutathione 
(GSH), α-tocopherols, β-carotenoids, and poly-
amines, are classifi ed as nonenzymatic defense 
system that are able to scavenge distinct ROS 
molecules and ensure the integrity of biological 
membranes (Kangasjarvi et al.  1994 ; Noctor and 
Foyer  1998 ; Chaudiere and Ferrari-Iliou  1999 ; 
Baroli and Niyogi  2000 ; Blokhina et al.  2003 ). 
Since ozone does not enter the cell, it has been 
argued that the apoplastic antioxidant capacity is 
a key factor for ozone resistance in plants. In fact, 
apoplastic ascorbate was shown to be the fi rst 
line of defense against ozone using the 
 Arabidopsis  ascorbate-defi cient,  vitamin C defi -
cient 1  ( vtc1 ), mutant (Conklin et al.  1996 ). AsA 
reacts not only with H 2 O 2  but also with superox-
ides, hydroxyl radical, singlet oxygen, and lipid 
hydroperoxides (Buettner and Jurkiewicz  1996 ). 
It is quantitatively the most predominant antioxi-
dant and acts as cofactor for the regeneration of 
some enzymatically important thiols (Mandl 
et al.  2009 ). Additionally it regulates the cellular 
H 2 O 2  level together with glutathione called 
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Asada–Halliwell pathway or ascorbate–glutathi-
one cycle. The importance of ascorbate in ozone 
tolerance is shown by its amount in leaves; it can 
represent over 10 % of all soluble carbohydrates 
(Noctor and Foyer  1998 ). Investigations on fumi-
gated spinach apoplasts with ozone indicated that 
the fl ux of reduced ascorbate from cytosol to the 
apoplast is linked to oxidative stress while dis-
continued fumigation with ozone lowered the 
ascorbate export rate into the apoplast below 
detection level (Luwe et al.  1993 ). Expression 
level of cytosolic ascorbate peroxidase (APx) 
was shown in tobacco to be upregulated due to 
the oxidative stress, caused by O 3  (Willekens 
et al.  1994 ). Ozone stress also affects glutathione 
levels in plants (Gupta et al.  1991 ). A study 
showed higher GSH level and glutathione reduc-
tase activity that determined the O 3  sensitivity in 
bean plants (Guri  1983 ). Plants exposed to mod-
erate rate of ozone exhibited increase in tran-
scripts corresponding to GST, SOD, and 
peroxidase involved in antioxidant defense sys-
tem (Sharma and Davis  1994 ). Several studies 
have been done in generating transgenic plants 
with low or higher levels of antioxidant enzymes 
(SOD, catalase, APx) which exhibited differen-
tial response to ozone or biotic elicitor mediated 
PCD (Mittler et al.  1999 ). Such transgenic stud-
ies support the importance of tightly regulated 
redox homeostasis needed for the optimal cell 
function and provide novel tools for engineering 
tolerance to ozone in crop plants. 

 Besides the enzymatic antioxidant defense 
system, polyamines (PA) may play a role in scav-
enging radicals. PA are aliphatic nitrogen deriva-
tives which are involved in various regulatory 
processes such as enhancing growth, DNA repli-
cation, and cell division and differentiation 
(Evans and Malmberg  1989 ). They protect plants 
against environmental stresses due to its dual 
anion- and cation-binding properties by indi-
rectly chelating ions that catalyze the peroxida-
tion reaction (Bors et al.  1989 ). Plants tolerate 
ozone toxicity by increasing levels of PA 
(Langebartels et al.  1991 ). The same study postu-
lated differential levels of PA in ozone-sensitive 
versus ozone-tolerant cultivars of tobacco. Few 
studies have delineated the connection of PA 

 biosynthesis with ethylene emission in ozone-
treated plants (Bouchereau et al.  1999 ). These 
studies demonstrate the intricate connections 
between ROS, phytohormones, and antioxidants, 
and the interplay between these labile molecules 
determines the cellular biochemical response to 
ozone stress.   

1.5     Molecular Studies of Ozone 
Stress in Plants 

 Plants exposed to ozone stress use multiple 
mechanisms, including gene expression which 
results in profound changes in composition of 
transcripts, proteins, and metabolism, to restore 
or reestablish cellular homeostasis and maintain 
physiological and biochemical state necessary to 
survive and continue growing under stress condi-
tion (Baier et al.  2005 ; Kosova et al.  2011 ; Singh 
and Jwa  2013 ). The high-throughput omics tech-
nologies (transcriptomics, proteomics) have been 
widely used to identify the O 3 -responsive compo-
nents in model and non-model plants. Here, we 
review the recent progress in ozone-responsive 
transcriptome and proteome and some progress 
that has been made recently in quantitative trait 
loci (QTL) mapping. 

1.5.1     Ozone-Responsive 
Transcriptome 

 Extensive transcriptome profi les responding to 
ozone stress have been conducted in model plant 
 Arabidopsis  (Miller et al.  1999 ; Matsuyama et al. 
 2002 ; Tamaoki et al.  2003 ; Ludwikow et al.  2004 ; 
Mahalingam et al.  2005 ). Using mini-microarray, 
 PR-1 ,  AtGST-2 , and  EDS1  were found upregu-
lated strongly by exposure to O 3  in  Arabidopsis  
(Matsuyama et al.  2002 ). Ludwikow et al. ( 2004 ) 
found expression of 2385 genes changed more 
than twofold in response to ozone stress. Tamaoki 
et al. found 205 nonredundant expressed sequence 
tags (ESTs) which were regulated by ozone 
exposure. Of these, 157 were induced and 48 
were suppressed by ozone; multiple signaling 
pathways act mutually antagonistically to induce 
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alteration of gene expression. Many defense 
genes were induced by ethylene (ET) and jas-
monic acid (JA) signal pathway but suppressed 
by salicylic acid (SA) signal pathway. It is well 
known that ozone stress induces accelerated 
foliar senescence in many plant species. 
Expression of eight senescence-related genes 
were induced by ozone exposure in  Arabidopsis , 
while levels of photosynthetic gene transcripts 
declined (Miller et al.  1999 ). Microarray expres-
sion profi ling of a 4-week-old  Arabidopsis  plant 
over a 12-h period commencing from the onset of 
a 6-h ozone exposure presented a temporal evolu-
tion of the oxidative stress response (Mahalingam 
et al.  2005 ). Eighty-one genes belong to an “early 
upregulated” cluster; their expression was 
induced immediately after the onset of ozone 
exposure and reached maximal amplitude within 
the fi rst 1.5–3 h and declined thereafter; among 
these genes, 36 genes are integral membrane pro-
tein involved in transporting small molecules 
across membrane and in detoxifi cation reaction, 
15 signaling genes, and 10 transcription factors. 
Sixty genes were designed as “late upregulated”; 
expression of these genes increased slowly, 
reached peak level at 3–4.5 h or later, and then 
returned to preexposure level by 12 h; genes 
related with redox homeostasis (GST and APX) 
and pathogenesis-related (PR) proteins fall in this 
cluster; these “late upregulated” transcripts were 
also confi rmed in another study (D’haese et al. 
 2006 ). Fifty-nine genes, designated as “down-
regulated” cluster, showed a transient decrease in 
transcript abundance upon the onset of ozone 
exposure and then returned to preexposure level 
gradually; most of these genes are chloroplast- 
targeted protein which are associated with photo-
synthesis (Mahalingam et al.  2005 ). 

 In another study, two-week-old rice seedlings 
were exposed to 0.2 ppm O 3  for 24 h. A total of 
1535 nonredundant genes were found altered in 
leaves more than fi vefold over the control, repre-
senting eight main functional categories (Cho 
et al.  2008 ). Among these transcripts, cellular 
processing and signaling categories were highly 
represented within 1 h of ozone treatment; 
transcription factor and signal transduction were 
the main subcategories. Genes involved in 

 information storage and processing, cellular pro-
cessing, signaling, and metabolism were mainly 
regulated at 12 and 24 h; their main subcategories 
were ribosomal protein, posttranslational modifi -
cation, and signal transduction and secondary 
metabolite biosynthesis (Cho et al.  2008 ). Ozone- 
induced transcriptome signatures in rice panicles 
and grains reported majority of the genes were 
associated with hormonal signaling, proteolysis, 
transcription, cell wall, and defense signaling 
(Cho et al.  2013 ). 

 Different ozone-responsive transcription pro-
fi les were reported between ozone-tolerant culti-
var and ozone-sensitive cultivar (Lee and Yun 
 2006 ; Puckette et al.  2008 ). Comparative analysis 
of ozone-tolerant JE154 and ozone-sensitive 
Jemalong cultivar of  Medicago truncatula  
showed rapid changes within 1 h after treatment 
initiation in the transcriptome of JE154, suggest-
ing that the initial signals responding to the oxi-
dant were rapidly perceived in the tolerant line 
(Puckette et al.  2008 ). Among 180 up- or down-
regulated genes, 67 % (120) were regulated dif-
ferently in ozone-sensitive and ozone-tolerant 
peppers. Interestingly, most of the ozone- 
responsive genes were specifi cally upregulated in 
the ozone-sensitive cultivar. Many of these 
ozone-responsive genes were found associated 
with pathogen infection or responding to cold, 
drought, and salinity stresses (Lee and Yun  2006 ). 
These studies show the broad overlap between 
plant responses to ozone and other abiotic and 
biotic stresses.  

1.5.2     Ozone-Responsive Proteome 

 Unlike transcripts, proteins are direct effectors of 
plant stress response. Proteins not only include 
enzymes but also include components of tran-
scription and translation machinery and regulate 
plant stress response at both transcript and protein 
levels (Kosova et al.  2011 ). Previous studies have 
demonstrated that the changes in gene transcrip-
tion level do not often correspond with the 
changes at protein level (Gygi et al.  1999 ; Bogeat-
Triboulot et al.  2007 ). Therefore, studies of 
changes in proteome composition under stress are 
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highly important since they are helpful to unravel 
the possible relationships between protein abun-
dance and plant stress tolerance (Kosova et al. 
 2011 ). Employing two-dimensional electrophore-
sis (2-DE), amino acid sequencing, MALDI-TOF, 
2D-DiGE, and immunoblot analysis, proteins 
responding to ozone stress have been investigated 
in many plant species. Here, we summarize the 
common ozone-responsive proteins (Table  1.1 ).

1.5.2.1       Accumulation of Antioxidant 
Proteins 

 As indicated earlier, to reduce the oxidative stress 
generated by O 3 , plants employ strong antioxi-
dant defense mechanisms, including antioxida-
tive enzymes, secondary metabolites, carotenoids, 
ascorbate, and glutathione to attenuate O 3  injury 
(Baier et al.  2005 ). Superoxide dismutase (SOD), 
including Cu/Zn SOD in chloroplasts and 
MnSOD in mitochondria, converts O 2  •−  to H 2 O 2 . 
Induction of SOD has been found in many plant 
species exposed to ozone stress (Agrawal et al. 
 2002 , Ahsan et al.  2010 ; Singh and Jwa  2013 ). 
Ascorbate peroxidase (APX) and catalase subse-
quently reduce H 2 O 2  to water. Several proteomic 
studies have found accumulation of APX in 

plants under ozone stress, and APX has been con-
sidered to be a marker protein for O 3  stress in 
plants (Agrawal et al.  2002 , Bohler et al.  2007 ; 
Torres et al.  2007 ; Ahsan et al.  2010 ). Glutathione 
S-transferase (GST), an important enzyme 
involved in detoxifying toxic products of lipid 
peroxidation, is also induced by elevated O 3  
exposure (Sharma and Davis  1997 ; Bohler et al. 
 2010 ; Ahsan et al.  2010 ).  

1.5.2.2     Downregulation 
of Photosynthetic Proteins 

 Many studies have shown that carbon-fi xation 
rate or net photosynthesis was greatly reduced 
under ozone exposure (Renaut et al.  2009 ; Ahsan 
et al.  2010 ; Singh and Jwa  2013 ; Khan et al. 
 2013 ). Proteins associated with primary carbon 
assimilation and Calvin cycle (i.e., RuBisCo 
large and small subunit, RuBisCO activase, sedo-
heptulose- 1, 7-bisphosphatase, triose-phosphate 
isomerase) were predominantly downregulated. 
In addition, a number of proteins associated with 
photosystem I/II and electron transport were also 
downregulated (Agrawal et al.  2002 ; Cho et al. 
 2008 ; Renaut et al.  2009 ; Ahsan et al.  2010 ; 
Bohler et al.  2010 ). The reduction in 

   Table 1.1    Proteins responsive to ozone stress   

 Pathway  Protein  Plants  References 

 Antioxidant protein  SOD, catalase, APX, GST  Rice  Agrawal et al. ( 2002 ) and Cho et al. ( 2008 ) 

 Soybean  Torres et al. ( 2007 ) and Ahsan et al. ( 2010 ) 

 Arabidopsis  Sharma and Davis ( 1997 ) 

 Maize  Torres et al. ( 2007 ) 

 Carbon metabolism  Soybean  Ahsan et al. ( 2010 ) 

 Poplar  Bohler et al. ( 2007 ) 

 Photosynthesis and 
carbon assimilation 

 RuBisCO, RuBisCO 
activase 

 Rice  Agrawal et al. ( 2002 ) and Cho et al. ( 2008 ) 

 Soybean  Ahsan et al. ( 2010 ) 

 Maize  Torres et al. ( 2007 ) 

 Bean  Torres et al. ( 2007 ) 

 Poplar  Bohler et al. ( 2007 ) 

 Pathogenesis-related (PR)
protein 

 Chitinase  Rice  Agrawal et al. ( 2002 ) and Cho et al. ( 2008 ) 

 Poplar  Bohler et al. ( 2007 ) 

 Arabidopsis  Sharma and Davis ( 1997 ) 

 Protein folding  Chaperone protein  Soybean  Ahsan et al. ( 2010 ) 

 Pepper  Bohler et al. ( 2007 ) 

 Heat shock proteins  Maize, bean  Bohler et al. ( 2007 ) and Ahsan et al. ( 2010 ) 

 Rice  Cho et al. ( 2008 ) 

 Pepper  Bohler et al. ( 2007 ) 
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 photosynthetic apparatus proteins correlates with 
reduction in carbon fi xation observed in the 
leaves exposed to ozone.  

1.5.2.3     Increased Carbon Metabolism 
 Upon ozone stress, proteins associated with glu-
cose catabolism were increased in poplar (Bohler 
et al.  2007 ). In soybean, decrease in starch and 
increase in sucrose concentration were detected, 
which is correlated with the upregulation of pro-
teins associated with carbon catabolism/metabo-
lism, such as sucrose synthase, invertase, 
fructokinase, and fructose-1,6-bisphosphate 
aldolase 1 (Ahsan et al.  2010 ). The upregulation 
of sugar catabolism might feed the tricarboxylic 
acid cycle for energy production when the photo-
synthesis is severely impaired under ozone stress.  

1.5.2.4     Other Stress-Related Proteins 
 Pathogenesis-related proteins have been found 
associated with different types of abiotic stress, 
including ozone stress. Increased abundance of 
multiple isoforms of chitinase was found in pop-
lar (Bohler et al.  2010 ). A signifi cant overlap 
between proteins induced by ozone stress and 
pathogenesis-related proteins was also found in 
other plant species (Sharma and Davis  1997 ; 
Agrawal et al.  2002 ; Cho et al.  2008 ). Other 
stress-related proteins like chaperones (Ahsan 
et al.  2010 ; Bohler et al.  2010 ) and heat shock 
proteins (HSP70, HSP90, and HSP30) were also 
found upregulated under ozone stress (Torres 
et al.  2007 ; Brosche et al.  2010 ). Other proteins, 
like ATP synthase, calcium-binding protein, cal-
reticulin, and proteins related to nitrogen metabo-
lism, were altered by ozone exposure (Agrawal 
et al.  2002 ; Ahsan et al.  2010 ; Khan et al.  2013 ). 
Comparison of the proteome profi le between 
soybean ozone-tolerant and ozone-sensitive culti-
vars showed that ATP synthase α-subunit and 
ATP synthase β-subunits were among the signifi -
cantly changing proteins. Further validation con-
fi rmed that extracellular ATP signaling in ATP 
synthase-dependent manner plays a pivotal role 
in inducing ozone stress tolerance and preventing 
injuries in soybean cultivars (Khan et al.  2013 ).   

1.5.3     QTL Mapping 

 Genotypic difference in resistance to ozone has 
been evaluated in  Arabidopsis  (Brosche et al. 
 2010 ), wheat (Rawlings and Cure  1985 ), tobacco 
(Schraudner et al.  1998 ), pepper (Lee and Yun 
 2006 ), and soybean (Mulchi et al.  1988 ; Khan 
et al.  2013 ). Several studies have shown that 
resistance to O 3  is inherited as a quantitative trait 
(Chernikova et al.  2000 ; Kim et al.  2004 ; Singh 
and Jwa  2013 ). Marker-assisted selection has 
been broadly used to increase the precision and 
effi ciency of plant breeding. However, the avail-
able ozone-resistant quantitative trait loci (QTL) 
mapping is limited to  Arabidopsis  and rice (Kim 
et al.  2004 ; Brosche et al.  2010 ). Cvi-0 is the 
most O 3 -sensitive accession among 93 natural 
 Arabidopsis  accessions (Brosche et al.  2010 ). 
Three QTLs for O 3  sensitivity, O 3 1-18, O 3 2-13, 
and O 3 3-14, were identifi ed by QTL mapping in 
a Col-0 × Cvi-0 inbred line population and located 
on chromosomes 1, 2, and 3, respectively. 
Interestingly, the major O 3  QTL (O 3 2-13) maps 
to the same position as one water loss QTL (WL 
2–13), revealing the role of stomata in regulating 
O 3  entry and damage (Brosche et al.  2010 ). Using 
a RIL population of 150 plants derived from a 
cross between the ozone-sensitive Ws ecotype 
and ozone-resistant Landsberg erecta, only one 
QTL was mapped to the top of chromosome 4 
close to the brevipedicellus gene (Tabassum 
 2010 ). Using 164 recombinant inbred (R1) lines 
from a cross between ozone-resistant “Milyang 
23” and ozone-sensitive “Gihobyeo,” QTLs asso-
ciated with the O 3  resistance in rice were mapped 
on chromosomes 1, 7, and 11. These QTLs were 
tightly linked to the markers RG109, C507, and 
RG1094 and were detected in each of three bio-
logical replications. The association between 
these markers and O 3  resistance was further eval-
uated in 26 rice cultivars and doubled-haploid 
(DH) populations (Kim et al.  2004 ). The rapid 
advances in sequencing and genome-wide asso-
ciation studies provide a novel opportunity to 
clone the QTLs for ozone resistance in the near 
future.   
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1.6     Conclusions 
and Perspectives 

 Tropospheric ozone is a contemporary problem 
brought about by rapid industrialization and 
associated anthropogenic activities. We speculate 
that naturally occurring germplasm diversity of 
various crop plants has to be systematically eval-
uated for ozone response phenotypes using the 
FACE technology in conjunction with novel phe-
notyping tools such as the near-surface remote- 
sensing refl ectance spectroscopy to assess 
changes in foliar properties (Ainsworth et al. 
 2013 ). Ozone-resistant germplasm from such 
phenotypic screening should be integrated into 
breeding programs. 

 It is important to note that ozone does not 
occur in isolation in nature. There have been sev-
eral reports on the interactive effects of ozone 
and CO 2  in plants (Gupta et al.  2005 ; Kontunen- 
Soppela et al.  2010 ; Gillespie et al.  2012 ). Since 
ozone is usually a summertime problem, it is 
likely to co-occur in combination with other abi-
otic stresses such as drought and/or high temper-
ature stress. In  Medicago truncatula  a 
combination of ozone and drought stress together 
is perceived as a “new stress state” and is not a 
simple additive effect of ozone and drought (Iyer 
et al.  2013 ). Genetic manipulation of crops to 
mitigate global climate change should consider 
the combination of multiple stresses simultane-
ously. Further, an integration of various omics 
platforms (transcriptome, sRNome, proteome, 
and metabolome) will provide rational targets for 
genetic manipulation to incorporate tolerance to 
multiple climate change factors simultaneously.     
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    Abstract  

  Climate change and global warming are considered to be major threats for 
agricultural production and food safety. Decreased yield of several impor-
tant crops has already been related to frequently occurring extreme envi-
ronmental conditions such as heat waves. Since most of the economically 
and dietary important crops are sensitive to high temperatures, the devel-
opment of cultivars that can withstand adverse temperatures is a prerequi-
site for meeting the demands for increased food production. The processes 
of sensing and responding to heat are complex phenomena in plants which 
comprise the activation of numerous regulatory and signaling pathways 
that eventually lead to a fi ne metabolic adjustment to ensure cell survival. 
Currently, our knowledge of heat stress response is greatly advanced by 
the massive production of datasets derived from - omics  studies which sup-
plement the current models with new genes, proteins, and metabolites or 
even introduce whole new pathways. This information is essential for the 
improvement of plant thermotolerance either through breeding programs 
or approaches using genetic engineering. This chapter contains an assem-
bly of several aspects regarding heat stress response and thermotolerance. 
The effects of high temperatures on major aspects of plant growth and 
development are described, and different methods for thermotolerance 
screening are presented. In addition, putative heat sensing mechanisms are 
discussed and the most important metabolic changes are elaborated. Last, 
a summary of efforts and strategies to improve thermotolerance by breed-
ing or genetic engineering is given.  
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2.1         Introduction 

 Climate changes pose major social, economic, and 
ecological threats and are expected to affect every 
level of human activities in the near future. Crop 
production is already one major fi eld infl uenced 
by the robust and coherent global patterns of rising 
temperature (Wheeler and Braun  2013 ). 
Speculations about a temperature increase of 2–5 
°C by the end of the century or sooner (IPCC 
 2012 ) predict a reduction of the crop yield by 16 % 
(Cline  2007 ). Taking into account the recent pro-
jections of global warming, the worldwide food 
production needs to be increased by 70 % in order 
to feed the expected population of 9 billion by 
2050 (Bita and Gerats  2013 ). Thereby, it becomes 
inevitable to comprehend and dissect the phenom-
enon of thermotolerance and develop crop plants 
that are resistant to even higher temperatures. Due 
to their sessile nature, plants are frequently 
exposed to abiotic stresses such as high tempera-
tures, salinity, or drought, which often occur 
simultaneously. These stresses usually lead to a 
disruption of cellular homeostasis and in acute 
conditions may even lead to death (Mittler  2006 ). 

 Injuries by high temperature range from direct 
effects like denaturation and aggregation of pro-
teins or increased membrane fl uidity to indirect 
effects via inactivation of chloroplast or mito-
chondrial enzymes or even disruption of microtu-
bule organization (Howarth  2005 ). Consequently, 
plants adjust their physiological and biochemical 
activities by altering their transcriptome, pro-
teome, metabolome, and lipidome to counter heat 
stress injuries. The cellular adjustments aim to 
maintain protein homeostasis, protect structural 
components, and reduce the deleterious effects of 
some highly accumulating molecules such as 
reactive oxygen species (ROS). Therefore, plants 
respond to heat stress by promptly activating 
unfolded protein response (UPR) mechanisms 
which in turn induce several processes ranging 

from the recruitment of heat shock proteins (HSPs) 
to the induction of antioxidant defense systems 
and enzymes such as catalases and superoxide 
dismutases and the synthesis of osmoprotectants 
like proline and sugar alcohols (Liu and Huang 
 2000 ; Moreno and Orellana  2011 ). The inherent 
ability of plants to withstand temperatures above 
optimal is known as basal thermotolerance 
(Vierling  1991 ). Additionally, plants can also survive 
lethal temperatures if they are previously accli-
mated in sublethal conditions, known as acquired 
thermotolerance. In several studies, factors involved 
in acquired thermotolerance are not required for 
basal thermotolerance and vice versa, indicating 
that basic features of the two types of thermotol-
erance are similar but major differences also exist 
(for review, see Bokszczanin et al.  2013 ).  

2.2     Morphological 
and Physiological Changes 
in Response to Heat Stress 

 Heat stress dramatically affects many aspects of 
plant growth and development. While developing 
seeds are delayed in germination and lose their 
vigor (Wahid et al.  2007 ), vegetative growth is 
halted resulting in reduced internode length and 
overall shoot dry mass (Ashraf and Hafeez  2004 ). 
To sustain a certain water level, plants close their 
stomata at the cost of reduced CO 2  levels which 
in turn affect the rate of photosynthesis (Bañon 
et al.  2004 ). The loss of photosynthetic activity 
during HS has been attributed to other factors as 
well, including structural reorganization of thyla-
koids (Karim et al.  1997 ). Grape plants exposed 
to high temperatures have more rounded chloro-
plasts, swollen lamellae, disrupted cristae, and 
empty mitochondria, suggesting that major ana-
tomical changes affect survival by posing major 
impact on photosynthetic and respiratory activi-
ties (Zhang et al.  2005 ). 

S. Röth et al.



17

 The sensitivity to different temperature 
regimes varies among different species, and dis-
crepancies can be found within a species in dif-
ferent developmental stages or even within the 
same stage, among different organs. Research on 
heat stress response has been mainly focused on 
vegetative tissues such as leaves, although it has 
long been discussed that reproductive organs are 
more sensitive to temperature fl uctuations 
(Giorno et al.  2013 ). Since yield and reproductive 
development strongly correlate in many crop 
plants, the sexual phase is considered to be 
among the most critical phases of a plant’s life in 
regard to heat stress susceptibility and thus 
should be of major interest. The effects of ele-
vated temperatures on fl ower development range 
from asynchrony between male and female 
development to altered structures and functions 
of the respective reproductive organs. For exam-
ple, the receptivity of the stigma is shortened 
which in turn hampers the successful self- 
pollination (Kakani et al.  2005 ; Zinn et al.  2010 ). 
Furthermore, heat stress might lead to a reduced 
number and size of fl oral organs (Takeoka et al. 
 1991 ; Morrison and Stewart  2002 ), induce fl ower 
abortion, and cause defects in the structure and 
function of fl oral parts such as corolla, stigma, 
and stamens (Zinn et al.  2010 ). 

 In principle, the onset of fl owering is con-
trolled by environmental signals such as light and 
temperature (Blázquez et al.  2003 ). However, as 
a consequence of global warming, an earlier 
onset of fl owering for mild and higher latitudes 
and an extension of the growing season have 
already been recorded (Menzel et al.  2006 ). 
Moreover, unfavorable conditions can also accel-
erate the transition from the vegetative to the 
reproductive stage, thereby disrupting fruit set-
ting due to reduced availability of adequate 
resources (Zinn et al.  2010 ). 

2.2.1     Sexual Reproduction 
under Heat Stress 

 Heat stress can damage both the male and female 
organs to different extents, although in general 
the male reproductive tissues are considered the 
weakest in regard to heat stress (Zinn et al.  2010 ). 

Female organs can be signifi cantly affected even 
by small temperature changes. A 3 °C increase 
causes abnormalities in ovaries and the develop-
ment of a shorter style in apricot (Rodrigo and 
Herrero  2002 ). Similarly, suppression of embryo 
sac development has been observed for peach 
(Kozai et al.  2004 ). In addition, the receptivity of 
the stigma might be signifi cantly shortened by 
increased temperatures (Hedhly et al.  2003 , 
 2005 ). Thus, despite the higher tolerance of the 
female organs, the effects of heat stress on female 
sporophyte and gametophyte need to be studied 
in detail. 

 Regarding the male reproductive organs, heat 
stress affects the quantity and morphology of pol-
len, anther dehiscence, architecture of pollen cell 
wall, and chemical composition and metabolism 
of pollen (Hedhly et al.  2009 ; Giorno et al.  2013 ). 
Moreover, elevated temperatures can result in an 
abnormal development of the external layers of 
anther walls such as epidermis, endothecium, 
stomium, and septum causing pollen sterility, 
although in some cases pollen remains viable 
(Sato et al.  2002 ). Since the tapetum is actively 
involved in microsporogenesis by providing 
nutrients to the developing microspores and by 
secreting the enzyme mixture for the release of 
microspores from tetrads (Scott et al.  2004 ), 
defects such as premature or delayed degrada-
tion, abnormal nuclear behavior, or its malfunc-
tion can cause male sterility (Ahmed et al.  1992 ). 
In agreement with these observations, heat stress 
during the meiotic phase of pollen development 
can cause the premature degradation of tapetum, 
which ultimately leads to male sterility (Sakata 
and Higashitani  2008 ).  

2.2.2     Effect of Heat Stress 
on Photosynthesis 

 The photosynthetic apparatus is sensitive to high 
temperatures and the reduction of photosynthetic 
activity is considered to be a major factor of plant 
sensitivity to heat (Wise et al.  2004 ). Exposure to 
elevated temperatures causes structural alterations 
in chloroplast protein complexes and reduction in 
the activity of several enzymes related to photo-
synthetic machinery (Barnabas et al.  2008 ). Even 
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under moderate temperatures, the permeability of 
the thylakoid membrane is altered and the activity 
of PSI is stimulated (Schrader et al.  2004 ). This 
results in the deactivation of Rubisco to maintain 
the thylakoid energy gradient and to extenuate the 
accumulation of photorespiratory intermediates 
(Schrader et al.  2004 ). The decline in photosyn-
thesis also negatively affects the reproductive tis-
sue development and successful fruit and seed 
setting, due to reduction in resource availability 
and energy reserves (Young et al.  2004 ). 

 Interestingly, the thermal stability of Rubisco 
is quite high and the rate of carboxylation 
increases with increasing temperatures (Salvucci 
and Crafts-Brandner  2004 ). Under such condi-
tions, photorespiration is also increased in C3 
plants, which eventually leads to a decrease in net 
photosynthetic activity (Ainsworth and Ort 
 2010 ). The reduction in the overall photosyn-
thetic activity is mainly attributed to the weak 
activation of Rubisco and its poor discrimination 
rate between CO 2  and oxygen due to the increased 
solubility of the latter (Ainsworth and Ort  2010 ). 

 Ribulose-1,5-bisphosphate (RuBP) regenera-
tion is the rate-limiting step for photosynthesis at 
higher temperatures and can be targeted to 
improve thermotolerance (Sage and Kubien 
 2007 ). One approach aims at the sedoheptulose- 
1,7-bisphosphatase (SBPase), a key enzyme in 
the regenerative branch of the Calvin cycle where 
carbon is committed to RuBP regeneration 
instead of starch synthesis (Raines et al.  2000 ). 
Feng et al. ( 2007 ) have shown that the overex-
pression of SBPase in rice plants increased CO 2  
assimilation and enhanced tolerance to high tem-
peratures in young seedlings by maintaining the 
activity of Rubisco. 

 The thermal inactivation of Rubisco is primar-
ily attributed to the temperature-dependent inacti-
vation of Rubisco activase (Portis  2003 ; Spreitzer 
and Salvucci  2002 ). Therefore, the activation state 
of the Rubisco and the CO 2  assimilation rate 
decrease in concert, once the leaf temperature 
exceeds the optimum for photosynthesis. Since 
under heat stress the rate of Rubisco deactivation 
exceeds the capacity of Rubisco activase to pro-
mote activation, one approach for enhanced ther-
motolerance could be a higher ratio of Rubisco 

activase to Rubisco (Ainsworth and Ort  2010 ). 
The overexpression of Rubisco activase from 
maize in the wild-type background of rice resulted 
in a slightly increased thermal stability of photo-
synthesis, although both enzymes from maize and 
rice have similar temperature optima (Yamori 
et al.  2012 ). This indicates that an increased ratio 
of Rubisco activase to Rubisco might be related to 
the increased thermotolerance. 

 The development of a Rubisco activase with 
higher thermostability is a major target for produc-
tion of increased thermotolerance. In  Arabidopsis , 
the exchange of the native Rubisco activase with a 
more heat-tolerant enzyme increased seed yield 
under moderate heat stress (Kurek et al.  2007 ; 
Kumar et al.  2009 ). However, it remains unclear 
whether this approach requires the complete 
exchange of endogenous enzyme by the heat-tol-
erant enzyme or whether the addition of the latter 
in the wild-type background is also benefi cial 
(Parry et al.  2013 ). Interestingly, it has been shown 
that Rubisco activase associates with the chloro-
plast GroEL cpn60β, indicating that this chapero-
nin acts as a protector of the heat-sensitive Rubisco 
activase and provides an acclimation mechanism 
to high-temperature stress (Salvucci  2008 ).   

2.3     The Molecular Basis 
of the Heat Stress Response 

2.3.1     Heat Sensing and Signaling 

 Survival under elevated temperatures primarily 
depends on the function of “thermosensors” that 
can detect temperature changes and trigger down-
stream signaling routes (Ruelland and Zachowski 
 2010 ). Plants have evolved several temperature- 
sensitive machineries acting as thermostats which 
are mainly related to central cellular heat 
responses such as protein homeostasis and 
changes in membrane fl uidity (Mittler et al.  2012 ). 
These “sensors” exhibit a differential sensitivity 
to temperature fl uctuations but play signifi cant 
roles for heat stress responses and thermotoler-
ance (McClung and Davis  2010 ). An overview of 
different sensing and signaling mechanisms is 
given in the following section (Fig.  2.1 ).
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  Fig. 2.1    Heat stress sensing mechanisms in plants. 
Changes in membrane fl uidity activate calcium channels 
and trigger the transient infl ux of Ca 2+ . Calcium binds to 
calmodulins (CaM) and activates kinases like 
CDPK. Changes in membrane fl uidity affect lipid signal-
ing as well. Heat stress-activated enzymes like PIPK and 
PLD trigger the synthesis of PIP2 and PA, respectively. In 
a subsequent step, PIP2 is converted to IP 3 . PA is thought 
to affect cytoskeleton organization and mediate ROS and 
NO accumulation and signaling. PA and IP 3  can also infl u-
ence the intracellular Ca 2+  increase. Disturbance of pro-
tein homeostasis under high temperatures leads to the 
accumulation of misfolded proteins which triggers the 
cytosolic (CPR) and ER-UPR systems. CPR is regulated 
by Hsfs which control the transcription of molecular 

chaperones, as well as other heat stress-inducible TFs and 
genes encoding proteins involved in metabolic pathways. 
In a similar manner, nonconventional mRNA splicing of 
bZIP60 by IRE1 and proteolytic processing of bZIP28 
and bZIP17 activate ER-UPR, leading to synthesis of 
ER-destined chaperones as well as the activation of 
ER-associated degradation (ERAD) mechanism, which is 
responsible for protein quality control and clearance in 
ER. Chaperones control the activity of Hsfs, bZIP28/17, 
and maybe IRE1 by direct protein-protein interactions. 
Changes of temperature can be sensed in the nucleus by 
alterations in the occupancy of H2A.Z histone ( pink ) 
which allows the transcriptional activation of heat stress- 
induced genes, like chaperones at higher temperatures, as 
proposed by Kumar and Wigge ( 2010 )       
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2.3.1.1       Plasma Membrane 
as the Primary Sensor of Heat 

 The physicochemical properties and composition 
of cellular membranes are infl uenced by temper-
ature fl uctuations. During heat stress, the fl uidity 
of all cellular membranes increases which in turn 
affects the activity of numerous membrane- 
associated proteins. The involvement of mem-
brane fl uidity in acclimation to higher or lower 
temperatures has been demonstrated in 
 Arabidopsis thaliana  and  Atriplex lentiformis  
(Welti et al.  2002 ; Pearcy  1978 ). Moreover, 
Raison et al. ( 1982 ) have shown that the mem-
brane fl uidity of oleander ( Nerium oleander ) 
adapts to the temperatures in which the plants 
were grown. Membranes of plants grown at lower 
temperatures are more fl uid at these temperatures 
than membranes of plants grown at higher tem-
peratures. In turn, “high-temperature” plants 
have more rigid membranes at high temperatures 
than “low-temperature” plants. This exemplifi es 
the reason why membrane signaling is an impor-
tant part of stress sensing, as the fl uidity of the 
membranes adapts to the ambient temperatures 
and senses small temperature fl uctuations. While 
an effect of heat stress on the membrane and sub-
sequent gene expression has been clearly seen, a 
membrane-associated or integral heat stress sen-
sor leading to the downstream activation of target 
genes has to be identifi ed yet (Los et al.  2013 ). 

 Studies with the moss  Physcomitrella patens  
clearly demonstrate that the plasma membrane 
can sense even mild increase in temperature 
which eventually leads to a transient opening of a 
calcium channel to stimulate Ca 2+  infl ux (Saidi 
et al.  2009 ). The signal of changing Ca 2+  concen-
trations is perceived and further transduced by 
Ca 2+ -binding proteins. In plants, the most promi-
nent Ca 2+ -binding proteins are calcineurin B-like 
proteins, calmodulin (CaM), calmodulin-like 
proteins (CML), and Ca 2+ -dependent protein 
kinases (CDPKs). CDPKs act as a direct effector 
by phosphorylation of target proteins. CaM, 
CML, and CBLs on the other hand undergo struc-
tural changes when bound to Ca 2+  which then 
leads to interaction with their specifi c targets 
(Snedden and Fromm  2001 ). In wheat, as a quick 
response to heat stress, calcium stimulates the 

expression of calmodulin (Liu et al.  2003 ). Upon 
interaction, calmodulin activates heat stress tran-
scription factors (Hsfs), which can prime the 
expression of chaperones such as Hsp70 and 
Hsp26 (Liu et al.  2003 ; Li et al.  2004 ). In 
 Arabidopsis , the calmodulin-binding protein 
kinase 3 and calmodulin-binding protein phos-
phatase 7 are involved in heat stress response as 
antagonistic linkers between calmodulin and 
Hsfs (Liu et al.  2007 ,  2008 ). Interestingly, prein-
cubation of plants with Ca 2+  chelators increases 
the sensitivity to heat stress, while pretreatment 
with Ca 2+  enhances their thermotolerance (Gong 
et al.  1998 ). 

 Another membrane-associated signaling path-
way involves the lipids phosphatidylinositol 
4,5-bisphosphate (PIP2) and phosphatidic acid 
(PA). Mishkind et al. ( 2009 ) have demonstrated 
that both lipids are increased under heat stress 
conditions in tobacco cells. PIP2 is produced by 
activation of a phosphatidylinositol phosphate 
kinase, while PA levels increase due to reduced 
turnover and enhanced phospholipase D activity. 
The signal for activation of both enzymes is 
dependent on proper functioning of G-protein- 
based signaling. Interestingly, they could also 
show that PIP2 has different localizations during 
heat stress, ranging from the plasma membrane at 
the onset of stress to cytosolic, nuclear, and 
nucleolar localization in later stages, hinting at a 
regulatory role in gene transcription. This func-
tion of PIP2 is currently better understood in ani-
mal and yeast cells, where nuclear PI kinases 
have been identifi ed that co-localize with PIP2 in 
so-called interchromatin granule clusters (IGCs) 
(Bunce et al.  2006 ). These clusters are processing 
sites of pre-mRNA, and it is proposed that PIP2 
is either involved in direct regulation of the cyto-
skeleton or in the formation of the core of the 
IGC-localized spliceosome (Osborne et al.  2001 ). 
Alternatively, the processing of PIP2 by phos-
pholipase C to DAG and IP 3  could act as a gen-
eration step for secondary messengers (Bunce 
et al.  2006 ). Nevertheless, several functions of 
PIP2 were also shown in plants, e.g., the regula-
tion of potassium channels (Liu et al.  2005 ) ,  
implication in cytokinesis of plant cells, and 
organization of the cytoskeleton (van Leeuwen 
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et al.  2007 ). Interestingly, certain lipid signaling 
molecules such as IP 3  can trigger calcium infl ux 
by stimulating channel opening, suggesting a 
cross talk between the two main plasma mem-
brane sensing mechanisms (Mittler et al.  2012 ; 
Balogh et al.  2013 ).  

2.3.1.2     Protein Homeostasis 
and Unfolded Protein Response 

   Heat Stress Transcription Factors 
and Cytosolic Unfolded Protein Response 
 Heat stress has a detrimental infl uence on protein 
stability and homeostasis, since high tempera-
tures lead to denaturation or even irreversible 
aggregation of proteins. All organisms have 
evolved delicate signaling mechanisms which 
sense the amount of unfolded proteins and trigger 
the synthesis of molecular chaperones that main-
tain denatured proteins in a folding-competent 
state, protecting them from terminal aggregation. 
In plants, similar to other organisms, the synthe-
sis of chaperones at the transcriptional level 
depends on the activity of heat stress-activated 
Hsfs. These Hsfs bind to conserved  cis- regulatory  
elements called heat stress elements (HSEs) 
which can be found in the promoter region of 
many heat stress-inducible genes (Scharf et al. 
 2001 ). Remarkably, compared to other organ-
isms, plants have a highly complex Hsf system 
with members ranging from 21 in  Arabidopsis  to 
52 in soybean (Scharf et al.  2012 ). Interestingly, 
some Hsfs are constitutively expressed even 
under non-stress conditions, during which they 
remain in an inactive state through interaction 
with high molecular weight chaperones such as 
Hsp70s and Hsp90s (Hahn et al.  2011 ). This 
implies that protein homeostasis in the cytosol is 
fi nely controlled by a feedback mechanism 
involving Hsfs and Hsps through transcriptional 
regulation and protein-protein interactions. 

 Apart from the difference in number of Hsfs in 
different plant species, discrepancies in several 
aspects of major regulatory mechanisms have 
also been detected. Tomato HsfA1a has been 
defi ned as a master regulator and the presence of 
active HsfA1a is an absolute requirement for the 
induction of the expression of other Hsfs and 

Hsps. In turn, the induced Hsfs and Hsps are 
required for heat stress response and thermotoler-
ance (Mishra et al.  2002 ). On the other hand, 
there is no drastic effect caused by the deletion of 
any of the four  Arabidopsis  A1 Hsfs. However, 
the triple knockout of HsfA1a/b/d shows a highly 
heat-sensitive phenotype, while the quadruple 
knockout including HsfA1e shows developmen-
tal retardation as well. This implies that in 
 Arabidopsis  the class A1 Hsfs have overlapping 
functions and the function of a master regulator 
cannot be attributed to a single Hsf (Liu et al. 
 2011 ; Yoshida et al.  2011 ). 

 In tomato, the interaction of HsfA1a with 
other Hsfs like HsfA2 or HsfB1 modulates its 
activity in a positive manner by formation of 
superactivator or histone acetyltransferase 
(HAC)-dependent co-activator complexes, 
respectively (Bharti et al.  2004 ; Chan-Schaminet 
et al.  2009 ). Apart from their implication in the 
heat stress response, Hsfs have been related to 
regulatory pathways of other abiotic stresses such 
as oxidative and salinity stresses (Liu et al.  2011 ; 
Nishizawa et al.  2006 ). Even more, their tran-
script profi les indicate the involvement of spe-
cifi c Hsfs in developmental processes such as 
pollen and seed development (Frank et al.  2009 ; 
Giorno et al.  2010 ; Kotak et al.  2007 ). This is of 
particular interest, considering that different 
organs or even developmental stages often exhibit 
different tolerance to heat stress and this might be 
related to the temporal and spatial expression of 
certain Hsfs. 

 The abundance, localization, and activity of 
Hsfs are subjected to several levels of control 
including transcriptional and posttranslational 
regulation. For example, the levels of some Hsfs 
are controlled by degradation via proteasome, 
while posttranscriptional modifi cations including 
phosphorylation, sumoylation, and acetylation 
govern their state of activity (Cohen-Peer et al. 
 2010 ; Hahn et al.  2011 ). 

 Recently alternative splicing of Hsf transcripts 
has been identifi ed as a new regulatory mecha-
nism during heat stress (Liu et al.  2013 ). 
Differential splicing in  Arabidopsis  was found 
for fi ve Hsfs, including A2, A4c, A7b, B1, and 
B2a (Sugio et al.  2009 ; Liu et al.  2013 ), although 
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this might be a process also valid for other Hsfs. 
The signifi cance of these splicing events for the 
function of Hsfs is not clear yet. However, alter-
native splicing of  Arabidopsis  HsfA2 specifi cally 
at very high temperatures results in the genera-
tion of an isoform with a truncated DNA-binding 
domain and a C-terminally fused leucine-rich 
hydrophobic motif (Liu et al.  2013 ). Interestingly, 
the truncated Hsf is still able to mediate Hsf-like 
transcriptional activity, especially on the HsfA2 
promoter, indicating a possible autoregulatory 
feedback loop. Another splicing isoform encod-
ing for a truncated HsfA2 but lacking the hydro-
phobic C-terminus extension is subjected to 
nonsense-mediated mRNA decay (NMD; Sugio 
et al.  2009 ). Remarkably, rice OsHsfA2a has six 
transcript variants which show differential 
expression in different tissues under control con-
ditions but also in response to different abiotic 
stresses, indicating distinctive roles for individ-
ual isoforms (Wang et al.  2013 ). 

 An additional Hsf regulating heat sensing 
mechanism was discovered in tobacco. The 
5’UTR of the HsfB1 transcript includes two mini 
open reading frames (μORFs), the second of 
which represses the translation of the major 
ORF. Mutation of its start ATG led to translation 
of the transcript, as did heat stress treatment (Zhu 
et al.  2012 ). However, whether this upstream 
ORF is expressed as a peptide which suppresses 
HsfB1 translation or whether the mRNA 
sequence at this position forms specifi c second-
ary structures repressing the translation of the 
main ORF is not clear.  

   Endoplasmic Reticulum UPR 
 Heat stress affects the protein homeostasis in all 
cellular compartments. Therefore, similar to 
cytosolic protein response, mechanisms to pre-
vent the accumulation of aggregated proteins at 
toxic levels either by protection of denaturated 
proteins or by clearance of protein aggregates 
have evolved in all organelles. Among these, the 
unfolded protein response of the endoplasmic 
reticulum is the best studied, considering the 
importance of the ER for protein synthesis and 
traffi cking. In plants, exposure to elevated tem-
peratures triggers two different pathways in the 

ER involving the activation of specifi c bZIP tran-
scription factors (TFs) through nonconventional 
mRNA splicing and proteolytic cleavage which 
further leads to the transcriptional induction of 
ER-destined chaperones and the activation of 
endoplasmic reticulum (ER)-associated protein 
degradation (ERAD) mechanism for removal of 
terminally misfolded proteins (Howell  2013 ). 

 The inositol-requiring enzyme 1 (IRE1) is 
located in the ER membrane, with its catalyti-
cally active C-terminus facing the cytosol. IRE1 
has a dual function as serine/threonine protein 
kinase and endonuclease (Sidrauski and Walter 
 1997 ). The kinase activity is important for the 
activation of the dimer’s endonuclease activity. 
Upon heat stress, the mRNA of  Arabidopsis  
bZIP60 is spliced, causing a frame shift in the 
coding sequence. The isoform has a substituted 
C-terminal portion which contains a nuclear 
localization sequence (Deng et al.  2011 ). By this, 
bZIP60 enters the nucleus and activates the tran-
scription of ER-resident chaperones such as the 
Hsp70 homologue “binding protein 3” (BIP3) 
(Deng et al.  2011 ). 

 The second mechanism by which higher tem-
peratures are perceived and processed by UPR 
utilizes the proteolytic processing of two 
ER-resident transmembrane TFs. In  Arabidopsis , 
bZIP17 and bZIP28 are both involved in the reg-
ulation of ER and the heat stress response (Che 
et al.  2010 ). Upon heat stress, both TFs are relo-
cated to the Golgi, where they are processed by 
serine proteases. The cytosol-facing domain, 
which comprises the DNA-binding domain and 
the transcriptional activator domain, is released 
and directed to the nucleus (Liu and Howell 
 2010 ). Interestingly, the maintenance of inactive 
bZIP17 and bZIP28 attached to ER membrane is 
regulated by interactions with ER chaperones in 
the lumen. Furthermore, the activation of bZIPs 
requires their release from these complexes 
which is stimulated by the accumulation of 
unfolded proteins (Srivastava et al.  2013 ). The 
activation of bZIPs by their release from chaper-
ones highly resembles the cytosolic Hsf-Hsp sys-
tem, highlighting the importance of the 
accumulation of unfolded proteins as an addi-
tional sensing mechanism of heat stress.   
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2.3.1.3     Nuclear Histone Modifi cation 
as Sensor of Temperature 
Fluctuations 

 A heat sensing mechanism close to the transcrip-
tional machinery is the modifi cation of histones 
to achieve chromatin remodeling. Generally, 
chromosomal DNA is wrapped around het-
erooctameric histones (each twice: H2A, H2B, 
H3, and H4) and is thereby more or less inacces-
sible for transcription. After stimulation, cova-
lent histone modifi cations are changed, e.g., by 
acetylation, phosphorylation, or demethylation, 
which leads to changes in the DNA packaging. In 
a subsequent step, chromatin-remodeling 
ATPases can move the histone octamer or substi-
tute single components, while the compact 
nucleosomal structure is released and the DNA 
becomes accessible for components of the tran-
scription machinery (Pfl uger and Wagner  2007 ). 

 Several chromatin modifi cation and 
chromatin- remodeling proteins involved in abi-
otic stress responses have been identifi ed, 
although for heat stress the knowledge is 
restricted to two genes (Kumar and Wigge  2010 ; 
Luo et al.  2012 ). In a screening of  Arabidopsis  
mutants impaired in heat sensing, the chromatin- 
remodeling ATPase APR6 was identifi ed as a 
putative thermal sensor that is required for the 
incorporation of H2A.Z instead of H2A into his-
tones (Mizuguchi et al.  2004 ; Kumar and Wigge 
 2010 ). The preferential insertion of H2A.Z 
results in more tightly packed nucleosomes, 
thereby prohibiting transcription. However, with 
rising temperatures, H2A.Z occupancy of the 
DNA decreases, pointing to H2A.Z as the ther-
mal sensor in chromatin remodeling (Kumar and 
Wigge  2010 ). However, it is not clear yet if this 
mechanism applies only for temperatures consid-
ered as warming or also for high temperatures 
that are qualifi ed as heat stress (Mittler et al. 
 2012 ). 

 Another chromatin-remodeling ATPase 
involved in heat stress regulation in plants has 
been identifi ed in  Arabidopsis  as AtCHR12. 
Overexpression of this ATPase leads to a more 
pronounced growth arrest of plants during both 
heat and drought stress (Mlynarowa et al.  2007 ). 
Genes that were identifi ed as targets for CHR12 

are mainly signal transducers, TFs, and dor-
mancy-/auxin-associated genes. The effect of 
growth retardation upon stress, which also occurs 
in wild type, is thought to be benefi cial for plants, 
e.g., for redirection of resources (Achard et al. 
 2006 ).   

2.3.2     Reactive Oxygen Species 
(ROS) Signaling 

 Reactive oxygen species, such as singlet oxygen 
( 1 O 2 ), superoxide anion (O 2  − ), hydrogen peroxide 
(H 2 O 2 ), and hydroxyl radicals (HO), can act as 
signaling molecules in low amounts but are toxic 
at higher concentrations. Virtually any major 
component of the cell, i.e., lipids, proteins, and 
DNA, can be damaged by excess amounts of 
ROS (Gill and Tuteja  2010 ) which is why plants 
have evolved a delicate regulatory network for 
balancing ROS levels by production and scav-
enging (Mittler et al.  2004 ). This balancing of 
ROS levels enables their function as general 
stress signaling molecules, since most of them 
are generated due to an imbalance in metabolic 
pathways, a common side effect of various 
stresses. Plant ROS production takes place in 
nearly any compartment, most notably though in 
chloroplasts and peroxisomes (Asada and 
Takahashi  1987 ). 

 A role of ROS in the acquired thermotolerance 
was shown by enhancing cellular mechanisms 
that prevent oxidative damage under heat stress 
(Bergmüller et al.  2003 ; Larkindale and Huang 
 2004 ). Heat pretreatment in cool-season turfgrass 
was accompanied by an increased synthesis of 
ascorbate and glutathione, i.e., ROS scavengers, 
and an overall lower production of ROS (Xu et al. 
 2006 ). In the same experiment, cell membrane 
thermostability was higher in heat-acclimated 
samples compared to the non-acclimated 
samples. 

 In regard to heat stress, recent studies have 
identifi ed Hsfs as potential targets for redox regu-
lation by ROS in  Arabidopsis . Apparently, the 
oxidation of Hsfs leads to a structural change 
which exposes the nuclear localization sequence 
and enables translocation into the nucleus. This 
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was found for HsfA1d upon high-light treatment, 
as well as for HsfA8 upon H 2 O 2  treatment (Miller 
and Mittler  2006 ; Jung et al.  2013 ; Dietz  2014 ). 
The existence of a cross talk between oxidative 
and heat stress signaling is supported in 
 Arabidopsis  plants overexpressing HsfA2, which 
showed increased levels of thermotolerance as 
well as tolerance to oxidative stress (Zhang et al. 
 2009 ). In contrast, the expression of ascorbate 
peroxidase APX2 was reduced in HsfA2 knock-
out plants. A dominant negative mutation in 
 Arabidopsis  HsfA4a negatively affected the 
response of plants to oxidative stress and 
decreased the transcript levels of APX1 (Shim 
et al.  2009 ). Furthermore, in rice, a possible cross 
interaction between the ROS and nitric oxide sig-
naling pathways was postulated that infl uenced 
the expression of at least one heat stress protein, 
Hsp26 (Uchida et al.  2002 ).  

2.3.3     Nitric Oxide (NO) Signaling 

 Due to its chemical properties as a gas that is 
both water and lipid soluble, nitric oxide func-
tions in a concentration-dependent manner as a 
major signaling molecule in various biotic and 
abiotic stresses (Wendehenne et al.  2001 ; Neill 
et al.  2003 ) or as a cytotoxic agent (Beligni and 
Lamattina  1999 ). The involvement of NO signal-
ing in plant thermotolerance has been nicely 
shown in  Arabidopsis  heat stress-sensitive 
mutant ( hot5 ), which encodes for an 
S-nitrosoglutathione reductase (GSNOR) (Lee 
et al.  2008 ). Studies in the unicellular green 
algae  Chlamydomonas reinhardtii  suggested that 
NO is important for signaling during heat stress, 
since photosynthesis is restricted under these 
conditions. This leads to a relay of excess 
NAD(P)H acting with a nitrate reductase to pro-
duce higher amounts of NO (Sakihama et al. 
 2002 ; Gould et al.  2003 ). In vitro experiments 
have shown that this reaction can also be carried 
out by plant nitrate reductase (Yamasaki and 
Sakihama  2000 ). Since several studies in differ-
ent plants have identifi ed elevated NO levels 

under both abiotic and biotic stresses (Gould 
et al.  2003 ), NO is thought to be a general stress 
signal molecule. However, it should be noted 
that opposed to the normal synthesis via the 
nitric oxide synthase, this pathway creates exces-
sive NO as a by-product (Sakihama et al.  2002 ). 
Alternatively, in the presence of superoxide radi-
cals, the reactive peroxynitrite can be generated 
as well, although it is thought to be less damag-
ing than superoxide radicals and might be con-
sidered as an ROS-scavenging molecule (Radi 
et al.  1991 ; Wink et al.  1993 ). 

 In its role as signaling molecule, NO has actu-
ally different modes of action. Willmott et al. 
( 1996 ) have shown that NO is an activator for 
calcium channels of animal cells, which has been 
proposed for plants as well, since excess NO 
leads to elevated concentrations of Ca 2+  in the 
cytoplasm of tobacco (Gould et al.  2003 ). 
Exemplary other second messengers which are 
induced by NO are MAP kinases or cyclic guano-
sine monophosphate (cGMP). The induction of 
the latter probably occurs due to a rise in guanyl-
ate cyclase (GC) levels (Isner and Maathuis 
 2011 ), although no GC has been identifi ed in 
plants so far (Gaupels et al.  2011 ). 

 In recent years, the involvement of NO in the 
general expression of several target genes has 
begun to be uncovered (Grün et al.  2006 ; Astier 
et al.  2011 ; Mengel et al.  2013 ). The mode of 
regulation was found to be S-nitrosylation of 
nuclear proteins, most notably TFs, e.g., MYB- 
TFs, NPR1, and TGA1, as well as histone deacet-
ylases. Since several stress TFs are only 
upregulated in the respective stress, it remains 
unclear whether these might be modifi ed by NO 
as well during the respective stress situation. 
Piterková et al. ( 2013 ) showed a more direct 
infl uence of both NO and H 2 O 2  on the accumula-
tion of the chaperone Hsp70 in tomato, both 
under control and heat stress conditions. 
Nevertheless, from the study, it remains unclear 
whether this regulation targets the expression on 
either the transcriptional or translational level or 
whether the turnover of Hsp70 is infl uenced by 
the reagents.  
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2.3.4     Hormone Signaling 

 Hormone biosynthesis and signaling are impor-
tant components of heat stress response. Changes 
in hormone homeostasis including alterations in 
their stability, content, synthesis, and compart-
mentalization have been correlated with changes 
in heat stress tolerance (Maestri et al.  2002 ). The 
levels of ethylene, abscisic acid (ABA), and sali-
cylic acid (SA) increase in response to high tem-
peratures, while the levels of auxin, cytokinin, 
and gibberellins decline (Talanova et al.  2003 ; 
Larkindale and Huang  2004 ; Larkindale et al. 
 2005 ; Liu and Huang  2002 ). The involvement of 
the differential hormone levels in regulating the 
stress response has been shown in  Arabidopsis . 
For example, the heat stress-induced oxidative 
damage is mitigated by exogenous application of 
the ethylene precursor 1-aminocyclopropane- 1-
carboxylic acid, SA, and ABA (Larkindale and 
Knight  2002 ). Furthermore, application of the 
synthetic cytokinin, zeatin riboside, reduces heat 
stress injury of creeping bent grass, indicating 
that cytokinin is also implicated in heat stress tol-
erance (Liu et al.  2002 ). In addition, the role of 
different hormones in heat stress response has 
been shown in studies with mutant lines. The 
ethylene-insensitive mutant  etr-1 , the ABA- 
insensitive mutant  abi-1 , and an SA-defi cient 
transgenic line expressing  nahG  showed 
increased sensitivity to high temperatures 
(Larkindale and Knight  2002 ). ABA is related to 
cellular osmotic adjustment under stress condi-
tions and is mediator of intracellular dehydration 
signaling pathways. ABA induction is especially 
important under conditions of both heat and 
drought stresses which are often simultaneously 
present in the fi eld (Maestri et al.  2002 ). 

 Several lines of evidence suggest that hor-
mone signaling has a major role in thermotoler-
ance of reproductive organs. The transcription 
profi le of many genes related to hormone biosyn-
thesis and signaling is altered in heat-stressed 
pollen cells (Frank et al.  2009 ). In tomato, the 
ethylene-insensitive mutant Never ripe (Nr) is 
more sensitive to heat stress, while pollen quality 
increased when plants were pretreated with an 

ethylene releaser, suggesting that ethylene is an 
important hormone for pollen thermotolerance 
(Firon et al.  2012 ). Moreover, rice anthers 
exposed to high temperatures had decreased IAA 
and GA levels but increased levels of ABA (Tang 
et al.  2008 ). In another study, heat stress-induced 
male sterility in  Arabidopsis  and barley was 
reversed by application of auxin (Sakata et al. 
 2010 ). Similarly, the application of brassino-
steroids on germination medium increased pollen 
germination under heat stress (Singh and Shono 
 2005 ). Despite their importance, the role of hor-
mones on heat stress response and thermotoler-
ance is not well understood and requires further 
investigation.   

2.4     Metabolic Responses to Heat 
Stress 

 The abundance of several metabolites is affected 
by heat stress through modulation of their biosyn-
thesis and stability. The vast information derived 
from metabolite-targeted studies, exploring the 
role of specifi c metabolites, are further enriched 
by nontargeted studies, generating valuable data 
that boosts our understanding of the heat stress 
response and reveals potential targets that can be 
used for crop improvement (Kaplan et al.  2004 ; 
Rizhsky et al.  2004 ; Arbona et al.  2013 ). 

 Plants respond to heat stress mainly by pro-
ducing metabolites with osmoprotecting and/or 
antioxidant functions (Fig.  2.2 ). Compatible sol-
utes such as amino acids, quaternary amines, and 
polyol/sugars accumulate under stress condi-
tions, which serve primarily to protect the cell by 
different actions. These include the maintenance 
of the cell turgor, the increase of the cellular anti-
oxidant capacity, or the stabilization of mem-
branes or proteins as chemical chaperones (Hare 
et al.  1998 ; McNeil et al.  1999 ; Diamant et al. 
 2001 ). The accumulation of osmolytes acts not 
only as an adjustment system for the intracellular 
osmotic potential but also to protect protein 
structures, maintain higher energy status, and 
make the cell environment more reductive 
(Grover et al.  2013 ).
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2.4.1       Soluble Sugars 

 Soluble sugars do not only function as metabolic 
resources and structural constituents of cells but 
also as signals regulating various processes asso-
ciated with plant growth and development, 
including the protection of cellular membranes 
(Valluru and Van den Ende  2008 ). High- 
temperature stress affects the photosynthetic 
activity in source tissues, subsequently reducing 
the supply of soluble sugars to sink tissues. Under 
conditions of low sugar availability, physiologi-
cal and biochemical changes occur to sustain res-
piration and other metabolic processes. 

 The availability of carbohydrates is critical in 
specifi c tissues at certain developmental stages 
like seed germination, seedling growth, and pol-
len development (Pressman et al.  2002 ; Wahid 
et al.  2007 ). Under heat stress, the starch and 
soluble sugar contents are even further reduced 
which have been correlated in tomato with a 
reduced viability of heat-stressed tomato pollen 
grains (Firon et al.  2006 ). Therefore, thermotol-
erance is also related to a milder reduction in 
starch and sugar levels which can be then utilized 
for pollen germination (Pressmann et al.  2002 ; 
Firon et al.  2006 ), while similar observations 
have been made for sorghum and barley 
(Wallwork et al.  1998 ; Jain et al.  2007 ). 

 At high temperatures, the starch and sucrose 
synthesis is negatively regulated on several lev-
els. Enzymes like the sucrose phosphate syn-
thase, ADP-glucose pyrophosphorylase, and 
invertase are less active (Djianaguiramman et al. 
 2009 ; Rodriguez et al.  2005 ), while others like 
the acid invertase have already reduced mRNA 
levels in developing tomato anthers exposed to 
heat stress (Sato et al.  2006 ). Other sugars includ-
ing maltose, nonstructural carbohydrates, starch, 
fructose, and raffi nose are reduced in heat- 
stressed barley grains (Vasseur et al.  2011 ). 

 Cultivars or mutants with higher thermotoler-
ance showed increased levels of different sugars. 
A thermotolerant cultivar of creeping bent grass 
retained higher glucose and sucrose content 
under stress conditions (Liu and Huang  2000 ). 
The nonreducing disaccharide, trehalose, was 
found to be accumulated in  Arabidopsis  plants 
after a 4-h heat stress treatment at 40 °C (Kaplan 
et al.  2004 ). In yeast, trehalose protected dena-
tured proteins from aggregation by maintaining 
them in a partially folded state which could then 
be reactivated by the action of molecular chaper-
ones (Singer and Lindquist  1998 ). When trans-
genic  Arabidopsis  and  Medicago  plants 
expressing the yeast homologues of trehalose- 6- 
phosphate synthase (TPS) and trehalose-6- 
phosphate phosphatase (TPP) were heat stressed, 

  Fig. 2.2    Metabolites that have been associated with plant tolerance to heat stress, mainly due to their function as com-
patible osmolytes and/or ROS scavengers       
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both showed an increased thermotolerance 
(Miranda et al.  2007 ; Suárez et al.  2009 ). 
Moreover, Luo et al. ( 2008 ) showed that treha-
lose could act as a concentration-dependent ROS 
scavenger in heat- stressed wheat ( Triticum aesti-
vum ). A similar function was attributed to raffi -
nose and galactinol.  Arabidopsis  plants 
overexpressing galactinol synthases GolS1 and 
GolS2 had increased levels of both sugars and 
exhibited tolerance in response to oxidative 
stress, suggesting that these two oligosaccharides 
function both as osmoprotectants and scavengers 
of hydroxyl radicals (Nishizawa et al.  2008 ).  

2.4.2     Amino Acids 

 Proline accumulates in response to different envi-
ronmental cues including cold, salt, and drought 
and is considered as a major osmoprotectant. 
Regarding heat stress, proline biosynthesis is 
enhanced in some plants but this is not the gen-
eral rule and it is rather restricted to specifi c crops 
and tissues. For example, proline levels increase 
in tomato (Rivero et al.  2004 ) and tobacco 
(Cvikrová et al.  2012 ) leaves exposed to heat 
stress but not in  Arabidopsis  (Rizhsky et al. 
 2004 ). In contrast, proline content drops in heat- 
stressed germinating wheat seeds (Song et al. 
 2005 ). In the same direction, overproduction of 
proline using transgenic approaches is benefi cial 
for some plant species, such as soybean, where 
overexpression of  Arabidopsis  pyrroline-5- 
carboxylate reductase gene ( AtP5CR ) improved 
thermotolerance (de Ronde et al.  2000 ,  2004 ). 
However,  Arabidopsis  plants overexpressing 
Δ(1)-pyrroline-5-carboxylate synthetase 1 gene 
( AtP5CS1 ) exhibited decreased thermotolerance, 
most likely due to higher ROS production and 
inhibition of ABA and ethylene biosynthesis (Lv 
et al.  2011 ). Therefore, the protective role of pro-
line is also species specifi c. Proline, supplied by 
the tapetum cells, is related to pollen viability 
under heat stress conditions (Sato et al.  2006 ). 
Defects in pollen development have been related 
with reduced proline content in heat-stressed rice 
and the legume  Vigna unguiculata  (Mutters et al. 
 1989 ; Tang et al.  2008 ). 

 Synthesis of other amino acids is also 
enhanced under stress conditions.  Arabidopsis  
plants subjected to heat or drought stresses con-
vert glutamic acid preferentially to glutamine 
instead of proline (Rizhsky et al.  2004 ). Under 
the same stress conditions, synthesis of cysteine, 
a precursor of the antioxidant glutathione, is 
favored, and the transcripts of several genes 
involved in glutathione biosynthesis are enhanced 
(Rizhsky et al.  2004 ). 

 β-Alanine is also expected to increase toler-
ance to thermal stress. Using a plastid transfor-
mation approach, Fouad and Altpeter ( 2009 ) 
produced transgenic tobacco plants expressing 
the  E. coli panD  gene. Subsequently the elevated 
decarboxylation of L-aspartate resulted in higher 
levels of β-alanine and carbon dioxide. The trans-
genic plants performed better under heat stress 
conditions, showing increased thermotolerance 
of photosynthesis and higher biomass produc-
tion, suggesting that β-alanine serves as an 
important marker or candidate for genetic engi-
neering for the development of thermotolerant 
crops.  

2.4.3     Nonprotein Amino Acids 

 The osmolyte γ-aminobutyric acid (GABA) is a 
non-proteinogenic amino acid which accumu-
lates in response to different stress conditions, 
including heat stress (Kinnersley and Turano 
 2000 ). Biosynthesis of GABA is stimulated by 
the activity of the calmodulin-dependent gluta-
mate decarboxylase, which is related to the 
increased cellular levels of Ca 2+ . GABA is syn-
thesized from glutamate in the cytosol by gluta-
mate decarboxylase and then transported to 
mitochondria. GABA is converted to succinate 
by the action of GABA transaminase and semial-
dehyde dehydrogenase to feed the TCA cycle 
(Fait et al.  2008 ). Apart from its action as an 
osmolyte, GABA also functions against oxidative 
damage, as shown by the inability of  Arabidopsis  
T-DNA knockout mutants of the mitochondrial 
succinic-semialdehyde dehydrogenase (SSADH), 
the ultimate enzyme of the GABA biosynthesis 
pathway, to prevent accumulation of H 2 O 2  under 
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heat stress conditions (Bouche and Fromm  2004 ). 
Additionally,  Arabidopsis  plants expressing the 
xenobiotic non-proteinogenic β-aminobutyric 
acid (BABA) also conferred increased acquired 
thermotolerance in seedlings (Zimmerli et al. 
 2008 ). Therefore, non-proteinogenic amino acids 
such as GABA and BABA can be also considered 
as targets for crop improvement.  

2.4.4     Amines 

 Polyamines, like putrescine, spermidine, and 
spermine, are also important constituents of abi-
otic stress responses in plants. Higher levels of 
free and conjugated polyamines as well as 
enhanced activity of key enzymes of polyamine 
biosynthetic pathways such as arginine decar-
boxylase and polyamine oxidase are correlated 
with a heat stress-tolerant rice cultivar (Roy 
and Ghosh  1996 ). The importance of polyamines 
for stress responses has been demonstrated in 
several studies by overexpression of key biosyn-
thetic genes but also by exogenous application 
of specifi c polyamines. Polyamines can increase 
photosynthetic effi ciency by maintaining the 
thermostability of thylakoid membranes under 
heat stress. For example, expression of yeast 
S-adenosyl-l-methionine decarboxylase (SAMDC) 
in tomato increased both spermidine and sperm-
ine content under heat stress, which led to 
enhanced antioxidant enzyme activity, protection 
of membrane lipid peroxidation, improved CO 2  
assimilation, and increased tolerance to high tem-
perature (Cheng et al.  2009 ). The activity of 
SAMDC during heat stress is important for pol-
len germination as well which was shown by the 
application of inhibitors of SAMDC which 
reduced the in vitro pollen germination rate even 
at ambient temperatures (Song et al.  2002 ). In 
contrast, addition of spermine and spermidine 
reversed the negative effect of the inhibitors even 
at high temperatures (Song et al.  1999 ). Similarly, 
overexpression of the key polyamine biosyn-
thetic gene arginine decarboxylase (ADC) in 
eggplant increased its tolerance to several abiotic 
stresses (Prabhavathi and Rajam  2007 ), while 
overexpression of spermidine synthase increased 
tolerance to heat and oxidative stress in sweet 

potato ( Ipomoea batatas ) (Kasukabe et al.  2006 ). 
These fi ndings support the role of polyamines in 
heat stress tolerance even further. 

 Apart from genetic approaches, the impor-
tance of polyamines in improving stress toler-
ance has been demonstrated by exogenous 
application of polyamines. Application of 4 mM 
spermidine increased heat tolerance in a sensitive 
tomato cultivar by improving chlorophyll fl uo-
rescence properties and hardening and enhancing 
the resistance of the pigment-protein complex 
structure to thermal damage, thus mitigating the 
decrease of PSII activity (Murkowski  2001 ). 
Application of polyamines can also serve as an 
agricultural practice to increase thermotolerance 
and extend the planting period for some crops, as 
for example in wheat, where foliar application of 
2.5 mM putrescine allowed the delayed sowing, 
which otherwise had detrimental effects on plant 
growth due to heat stress conditions during the 
farming period (Mostafa et al.  2010 ). 

 Glycine betaine (GB) is an N-methyl- 
substituted derivative of glycine, belonging to the 
group of compatible osmolytes (Sakamoto and 
Murata  2002 ). The benefi cial effects of GB have 
been shown by genetic approaches as well as 
through exogenous applications in plants that 
naturally do not accumulate GB under stress con-
ditions. GB is thought to stabilize the quaternary 
structures of proteins and promote maintenance 
of highly ordered states of membranes under 
nonphysiological temperatures (Papageorgiou 
and Murata  1995 ). Accumulation of GB in chlo-
roplasts of tobacco plants, transformed with the 
gene encoding for aldehyde dehydrogenase 
(BADH) from spinach, increased the resistance 
of PSII to moderate heat stress-induced photoin-
hibition, due to stabilization of Rubisco and 
reduced ROS generation (Yang et al.  2005 ). 
Similarly,  Arabidopsis  plants, expressing an 
 Arthrobacter globiformis  choline oxidase ( codA ) 
gene, accumulated GB and exhibited enhanced 
thermotolerance and reduced accumulation of 
heat shock proteins during seed imbibition and 
germination as well as during growth of young 
seedlings (Alia et al.  1998 ). Collectively, these 
results show that GB can be used as an effective 
biotechnological tool for improving thermotoler-
ance in different crops.  
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2.4.5     Secondary Metabolites 

 In line with the changes in primary metabolism, 
heat stress alters the levels of various secondary 
metabolites as a means for survival. The levels of 
phenolic compounds such as fl avonoids and 
phenylpropanoids are enhanced upon exposure to 
increased temperatures (Wahid et al.  2007 ). This 
is due to an induced activity of phenylalanine 
ammonia-lyase (PAL), the key enzyme of the 
phenylpropanoid pathway, and decreased activity 
of peroxidase and polyphenol oxidase in tomato 
and watermelon ( Citrullus lanatus ) plants 
(Rivero et al.  2001 ). The subsequent accumula-
tion of soluble phenols suggests that enhance-
ment of biosynthesis and reduction of oxidation 
of phenolic compounds is an important mecha-
nism to heat stress acclimation. 

 As part of the antioxidant mechanisms acti-
vated during heat stress response, the accumula-
tion of carotenoids, such as zeaxanthin, can 
reduce the peroxidative damage of membrane 
lipids by ROS (Wahid et al.  2007 ). Xanthophylls, 
including violaxanthin, on the other hand can 
increase the thermostability by interacting with 
membrane lipids, decrease membrane fl uidity, 
and increase resistance to lipid peroxidation 
(Havaux  1998 ).  Arabidopsis  mutants defi cient in 
zeaxanthin had decreased acquired and basal 
thermotolerance (Larkindale et al.  2005 ). 
Transgenic plants overexpressing β-carotene 
hydroxylase, the enzyme catalyzing the conver-
sion of β-carotene to zeaxanthin, exhibited 
increased tolerance to a combination of heat and 
high-light stress (Davison et al.  2002 ). 

 The accumulation of fl avonoids such as antho-
cyanins in vegetative tissues exposed to high 
temperature can reduce the transpirational losses 
by lowering leaf osmotic potential (Chalker-Scott 
 2002 ). However, the changes in anthocyanin con-
tent vary among different tissues. High tempera-
ture decreases anthocyanin content in 
reproductive organs, including buds and fruits, 
due to decreased synthesis and stability (Shaked‐
Sachray et al.  2002 ), but increases in vegetative 
tissues such as leaves (Wahid and Ghazanfar 
 2006 ). Other metabolites have been less studied 
but might also have an important role in plant 

thermotolerance. When the  Arabidopsis  gluco-
sinolate mutant TU8 is exposed to high tempera-
tures, it produces reduced levels of Hsp90 and is 
less thermotolerant, indicating a role of gluco-
sinolates in heat stress response (Ludwig-Müller 
et al.  2000 ). 

 In conclusion, specifi c metabolites play 
important roles in heat stress response and ther-
motolerance both in vegetative and reproductive 
tissues. Metabolomics studies which allow the 
qualitative and quantitative determination of 
numerous metabolic profi les in different plants 
and organs under various stress conditions, in 
combination with forward and reverse genetics, 
will give more insights into the role of metabolic 
pathways in thermotolerance.   

2.5     Approaches for Improving 
Plant Thermotolerance 

 Genetic improvement led to signifi cant increases 
in yield of many agricultural crops over the last 
decades, but for many important crops such as 
rice and wheat, the ongoing climate change 
threatens to halt this increase (Long and Ort 
 2010 ). Considering that the capacity to expand 
agricultural land is low and that production per 
unit land area has to be doubled in order to meet 
the demands of rising population and dietary 
changes, global food safety requires the develop-
ment of improved crops that will maintain the 
capacity for high yields and will be able to with-
stand and perform well under both physiological 
and unfavorable environmental conditions. 
However, improving crops is more challenging, 
as in nature it is often that heat stress is accompa-
nied by other abiotic stresses such as drought. 

 Farmers have long been aware of desirable 
cultural practices to minimize adverse effects of 
environmental stresses on crop production. 
Typical examples of adjustments or modifi ca-
tions in farming practices are planting time, den-
sity of plantation, or soil and irrigation 
management (Wahid et al.  2007 ). Most com-
monly, farmers synchronize the stress-sensitive 
stage of plants with the most favorable time 
period of the season. In some crops, adjustment 
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of the fertilization and irrigation program accord-
ing to predicted environmental conditions can 
moderate the effects of heat stress to some extent. 
In wheat, continuous water supply can sustain the 
grain-fi lling rate, duration, and size under moder-
ate stress conditions, while application of nitro-
gen, phosphorus, and potassium can improve 
growth (Dupont et al.  2006 ). 

 Preconditioning or exogenous application of 
chemical inducers of heat stress response such as 
osmoprotectants and hormones can mitigate the 
negative effects of high temperature on existing 
high-yield but temperature-sensitive cultivars. 
Preconditioning can trigger acquired thermotol-
erance and improve the osmotic adjustment and 
growth of tomato plants (Morales et al.  2003 ) or 
increase thermostability by decreasing damages 
of chloroplasts in turfgrass leaves (Xu et al. 
 2006 ). Alternatively, the survival rate and growth 
under heat stress conditions were promoted by 
preconditioning of cucumber ( Cucumis sativus ) 
seedlings with low and ambient doses of UVB 
light (Teklemariama and Blake  2003 ). 
Furthermore, pretreatment of barley seeds with 
glycine betaine improved stress tolerance of 
developed plants (Wahid and Shabbir  2005 ), 
while exogenously applied spermidine decreased 
the inhibition of PSII activity in heat-stressed 
tomato (Murkowski  2001 ). In another study, 
soaking of sugarcane ( Saccharum  sp.) nodal buds 
in a solution of proline and glycine betaine 
reduced the production of H 2 O 2 , enhanced the 
accumulation of soluble sugars, and protected the 
developing tissues from heat stress effects 
(Rasheed et al.  2011 ). 

2.5.1     Screening 
for Thermotolerance 

 Apart from the good knowledge of heat stress 
physiology and biology, crop improvement 
requires the existence of the appropriate proto-
cols that will allow the evaluation of tolerance or 
sensitivity of a large population of plants. Due to 
the complexity of heat stress response and the 
differences among various plant species, there is 

currently no unique protocol that can be used for 
all crops. 

 One set of protocols utilizes the measurement 
of the growth potential of different plant organs 
in response to heat stress. In  Arabidopsis , sur-
vival rate as a measure to estimate tolerance 
between genotypes and different temperature 
regimes has been widely used in young seedlings 
grown on MS medium (Larkindale et al.  2005 ). 
Hypocotyl recovery or mass production is con-
sidered as a good indicator for heat tolerance in 
many plants regarding vegetative growth. Heat 
tolerance index (HTI) defi ned as the ratio of 
resumed coleoptile growth after heat stress com-
pared to normal growth has been successfully 
used in sorghum ( Sorghum bicolor ), which 
allows the rapid and cost-effective screening of a 
large plant population within a relatively short 
period (Setimela et al.  2005 ). 

 Another rapid genotype screen for thermotol-
erance monitors the electrolyte leakage to esti-
mate the membrane thermostability (Ibrahim and 
Quick  2001 ). In wheat, membrane stability and 
grain yield under heat stress are well correlated 
under stress conditions (Blum et al.  2001 ). 
Maintenance of the photosynthetic rate under 
stress conditions is an important factor of toler-
ance against heat stress, and therefore chloro-
phyll content has been also used as an indicator 
of thermotolerance as a high-throughput screen-
ing method (Reynolds et al.  1994 ; Shah and 
Paulsen  2003 ). 

 However, the evaluation of tolerance derived 
only from measurements of the photosynthetic 
rate or relative changes in growth can lead to 
false conclusions in cases that heat stress is 
expected to affect reproductive organs. 
Considering that male gametophyte development 
is the most sensitive developmental stage, pollen 
quality tests, including number of pollen grains 
produced as well as viability and germination 
rates, can offer important information on thermo-
tolerance (Abdul-Baki and Stommel  1995 ). In 
crops that are destined for fruit production such 
as tomato, fruit setting is an indicator of thermo-
tolerance since it is highly correlated with yield 
(Abdul-Baki  1991 ; Berry and Rafi que-Uddin 
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 1988 ). Similarly, tolerance is related to seed set 
and yield in cereals (Prasad et al.  2008 ). Rice har-
vest index, defi ned as the ratio of grain weight to 
total above-the-ground crop dry weight, has been 
successfully used in screening programs (Prasad 
et al.  2006 ). In wheat, maintenance of grain 
weight during grain-fi lling period under heat 
stress is a good indicator of thermotolerance, and 
some thermotolerant lines are characterized by 
high grain-fi lling rate and increased potential 
grain weight (Dias and Lidon  2009 ). In addition, 
grain yield is positively correlated with canopy 
temperature depression (CTD) and has been pro-
posed as a trait for selection of heat-tolerant 
plants (Pradhan et al.  2012 ). 

 It is important to note that stress conditions 
applied for the characterization of mutants for 
biological purposes in most of the cases do not 
resemble natural stress conditions but challenge 
plant survival by the rapid application of very- 
high- temperature regimes, in contrast to the more 
gradual temperature increase occurring on a hot 
summer day. Ideally, for fi eld crops, screening 
should be performed on fi eld trials which repre-
sent the actual environmental conditions. 
Unfortunately, in fi eld trials, environmental con-
ditions cannot be controlled and the experimental 
setup is dependent on weather predictions. 
Moreover, the presence of other stress factors, 
including biotic stressors, might also infl uence 
the thermotolerance evaluation process. Such 
constraints can be overcome by indoor trials in 
greenhouses or growth chambers that allow the 
control of important environmental factors such 
as temperature, humidity, and light, which then 
can be properly adjusted to mimic natural fi eld 
stress conditions. Most importantly, such trials 
can be repeated several times over the year, which 
allows more rapid collection of statistically sound 
data. Currently, understanding plant stress 
response and tolerance has been accelerated by 
the use of phenomics technologies, which offer 
simultaneous large data collection using high- 
throughput and high-resolution phenotyping 
tools which in many cases include many of the 
abovementioned screening methods (Furbank 
and Tester  2011 ).  

2.5.2     Enhancing Heat Tolerance 
by Genetic Engineering 

 Heat stress is a complex phenomenon and cell 
survival depends on the maintenance of cellular 
homeostasis and the coordinated activation of 
numerous processes. Reverse and forward genetic 
approaches have revealed a plethora of genes as 
candidates for genetic manipulation and improve-
ment of thermotolerance. These genes are mainly 
involved in protein homeostasis, photosynthesis, 
energy production, and antioxidant defense 
mechanism, while in several cases, overexpres-
sion of genes related to specifi c metabolic routes 
has been also proved to be benefi cial. 

 The introduction or overexpression of specifi c 
genes offers many advantages over conventional 
breeding approaches. Plant transformation is a 
routine method for most of the crops, and in 
many cases, transgenic plants can be obtained 
within a relatively short period. Genetic engi-
neering allows the introduction of genes from 
genetically distant sources, overcoming the prob-
lem of cross-barrier species, distant relatives, or 
even transformation of genes from non-plant 
organisms. For example, introduction of SAMDC 
from  S. cerevisiae  to tomato enhanced polyamine 
biosynthesis, antioxidant enzyme activity, and 
CO 2  assimilation, resulting in increased thermo-
tolerance of the transgenic plants (Cheng et al. 
 2009 ). Similarly, expression of maize  EFTu1  in 
wheat reduced protein aggregation in heat- 
stressed leaves and injury to photosynthetic 
membranes, enhanced the rate of CO 2  fi xation, 
and improved the tolerance to heat stress (Fu 
et al.  2008 ). In another approach, Ahn and 
Zimmermann ( 2006 ) created several transgenic 
potato lines expressing  Hsp17.7  from carrot in 
order to make the cold crop plant more heat resis-
tant. The different potato lines showed increased 
thermotolerance, measured by higher membrane 
stability as well as improved tuberization at high 
temperatures. 

 In some cases, the introduction or overexpres-
sion of a single gene is not suffi cient to trigger 
thermotolerance, which might require the 
 coordinated induction of whole gene networks 
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controlled by specifi c TFs. In tomato, HsfA1a is 
an absolute requirement for the induction of other 
Hsfs and many important heat stress-inducible 
genes and therefore is considered as master regu-
lator (Mishra et al.  2002 ). Overexpression of 
 HsfA1a  conferred tolerance to heat stress in both 
vegetative organs and fruits. Furthermore, the 
overexpression of specifi c TFs can improve toler-
ance to different stresses. ZmDREB2A tran-
scripts accumulate in response to cold, 
dehydration, salt, and heat stress in  Zea mays , 
and  Arabidopsis  plants overexpressing 
ZmDREB2A are more tolerant to heat and 
drought stress (Qin et al.  2007 ). 

 A successful transgenic approach depends 
also on the selection of the appropriate promoter 
for the desired transcriptional regulation of the 
transgene. In the majority of studies, the overex-
pression of a gene is usually driven by the control 
of a constitutively active promoter such as cauli-
fl ower mosaic virus CaMV35S or UBI (Grover 
et al.  2013 ). However, constitutive expression of 
a gene might have pleiotropic and undesired 
effects. Boosting plant endogenous defense 
mechanisms by overexpression of regulatory ele-
ments can be accompanied by reduced growth 
and lower yield due to cross talk between over-
lapping stress response and developmental net-
works (Cabello et al.  2014 ). In such cases, the use 
of inducible promoters offers the possibility of 
controlling the timing of expression, tissue speci-
fi city, or even the strength of the transcript level. 

 Furthermore, the activity of some promoters 
varies signifi cantly among different cell types. 
For example, the activity of the extensively used 
CaMV35S is very low in pollen cells 
(Mascarenhas and Hamilton  1992 ). The use of 
appropriately active pollen-specifi c promoters is 
suggested. Interestingly, the developmental regu-
lation of some Hsfs and Hsps suggests that the 
promoter of such genes might be good candidates 
for combination of developmental stage-specifi c 
and heat-induced expression. For example, 
HsfA2 and Hsp17.4CII are both strongly induced 
by heat stress but are also highly expressed dur-
ing the early stages of male gametophyte devel-
opment and could be therefore used for such 
purposes (Giorno et al.  2010 ). 

 Despite the advantages of genetic engineering 
for crop improvement, the adoption of such a 
strategy for commercial purposes is still at its 
early phase, due to legislation which prohibits the 
cultivation of genetically modifi ed (GM) crops or 
even marketing of their products in many coun-
tries worldwide. Even more, public concern has 
led to the low acceptance of GM products by the 
majority of consumers.  

2.5.3     Breeding 
for Heat-Tolerant Crops  

 Tolerance to heat stress is an important and 
desired trait and several seed companies make 
efforts to develop thermotolerant cultivars. This 
is essential for crops cultivated exclusively in the 
fi eld like rice, wheat, and maize but also impor-
tant for fi eld-grown vegetables, like tomato. 
Breeding for stress tolerance is still at its early 
phase due to the limited knowledge on heat stress 
response but also to the absence of appropriate 
screening tools that will allow the determination 
of tolerant phenotypes. 

 Breeders and breeding programs are nowa-
days supported by the burst of - omics  technolo-
gies, which can provide valuable information and 
allow selection of promising candidates from a 
pool of transcripts, proteins, and metabolites 
(Langridge and Fleury  2011 ). These candidates 
can be identifi ed and directly mapped onto the 
segregating population, giving information for 
the genetic loci of interest. The vast amount of 
genomic information derived from the develop-
ment of high-throughput DNA sequencing tech-
nologies allows the large collections of markers, 
high-density genetic maps, and high-throughput 
genotyping strategies, facilitating the develop-
ment of new, improved, and more rapid breeding 
methodologies (Pérez-de-Castro et al.  2012 ). 

 Identifi cation and mapping of quantitative 
trait loci (QTL) for different agriculturally 
important and complex traits is a very popular 
approach in plant breeding research. In rice, a 
recombinant inbred line (RIL) population was 
screened for thermotolerance based on spikelet 
fertility at high temperatures (Jagadish et al. 
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 2010 ). They identifi ed eight loci mapped to dif-
ferent chromosomes that were associated with 
spikelet fertility, while QTLs from similar chro-
mosomal positions have also been associated 
with tolerance to other stresses including 
drought, cold, and salinity, indicating that these 
loci are probably involved in common respon-
sive genomic regions. Similarly, QTLs related to 
heat and drought tolerance have been identifi ed 
in wheat (Pinto et al.  2010 ). In maize, Frova and 
Sari-Gorla ( 1994 ) found QTLs related with heat 
stress tolerance by screening pollen germination 
rate and pollen tube growth, while Yang et al. 
( 2002 ) identifi ed two QTLs that controlled grain 
fi lling under stress conditions. 

 Genotyping for heat stress tolerance has led to 
the selection of populations that are suitable for 
cultivation and fruit production in environments 
with higher temperatures (Hanson et al.  2002 ). 
The selection is based on several phenotyping 
factors including days to 50 % fl owering, fl owers 
per cluster, percentage of fruit set, number of 
fruit clusters per plant, fruits per plant, individual 
fruit weight, fruit yield per plant, fruit length and 
diameter, seeds per fruit, and percentage viable 
pollen grain which were measured in tomato 
(Ahmad et al.  2010 ). Therefore, a successful 
breeding program highly depends on the genetic 
material used but also on the screening methods 
applied due to the polygenic nature of heat stress 
response and thermotolerance.   

2.6     Conclusions 

 Extreme seasonal heat is expected to have dra-
matic effects on agricultural productivity and 
food security (Battisti and Naylor  2009 ). 
Development of plants that will be able to main-
tain a high yield under increased temperature 
conditions requires the detailed understanding of 
the molecular and physiological mechanisms of 
heat stress response. Thermotolerance depends 
on the activation and coordination of various 
sensing, signaling, and regulatory pathways. This 
complexity suggests that more holistic approaches 
are required for the improvement of thermotoler-
ance rather than focusing on single genes or 

routes. Approaches including  -omics  technolo-
gies offer a wealth of information and unravel 
new aspects of tolerance to heat stress. The use of 
such high-throughput platforms has advanced 
plant genotyping and selection for breeding. 
Alternatively, the development of heat-tolerant 
plants can be achieved by genetic engineering, 
but this approach has been proven useful mainly 
for deciphering heat stress response mechanisms 
and not for development of cultivars for food pro-
duction. However, efforts that combine different 
research fi elds, systems, and approaches are 
required to develop plants with increased 
thermotolerance.     
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    Abstract  

  Over 17 million km 2  of land surface is affected by fl ooding every year, 
resulting in severe damage to plants and associated losses in agricultural 
production around the globe. While importance of plant breeding for 
waterlogging stress tolerance has been long on the agenda, the progress in 
the fi eld is handicapped by the physiological and genetic complexity of 
this trait. In this chapter, we summarise the recent knowledge about the 
major constraints affecting plant performance in waterlogged soils and 
discuss the mechanisms employed by plants to deal with the stress. The 
topics covered include oxygen availability in fl ooded soils; whole-plant 
responses to oxygen deprivation; biochemical alterations in hypoxic roots; 
mechanisms of aerenchyma formation; the role of ethylene signalling and 
programmed cell death in hypoxic roots; oxygen transport from shoot to 
root; formation of ROL barrier and control of oxygen loss; changes in soil 
redox potential under fl ooding; Mn and Fe toxicity in waterlogged plants; 
secondary metabolite toxicity and plant adaptation to organic phytotoxins; 
MAS approach to plant breeding for fl ooding stress tolerance; and emerg-
ing areas such as elucidating the role of membrane transporters in fl ooding 
tolerance, developing high-throughput technology platforms for fi ne QTL 
mapping and understanding ROS signalling in fl ooding stress tolerance.  

  Keywords  

  Waterlogging   •   Aerenchyma   •   Elemental toxicity   •   Ethylene   •   Membrane 
transport   •   Programmed cell death   •   ROS   •   Breeding   •   QTL  

3.1         Introduction 

 Over 17 million km 2  of land surface is affected by 
fl ooding every year, double the size of the USA 
(Voesenek and Sasidharan  2013 ). This results in 
an estimated annual damage exceeding 60 
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 billion euro (  www.dartmouth.edu/~fl oods/
Archives/2005sum.htm    ). Crop losses due to 
excess water are second only to drought, and 
yield reductions as high as 80 % have been 
recorded in waterlogged soils (MacEwan et al. 
 1992 ; Shaw et al.  2013 ). Waterlogging is com-
mon in duplex, or texture contrast, soils (Setter 
and Waters  2003 ). Such soils are widespread in 
the world, covering ~20 % of the landscape in 
Australia, Eastern Europe and the Russian 
Federation (Shaw et al.  2013 ) and 16 % of soils 
in the USA (Setter and Waters  2003 ). Because of 
this, the production of crop plants that can com-
bine high grain yield with an increased fl ooding 
tolerance phenotype has been an important objec-
tive for decades (Agarwal and Grover  2006 ). 
However, despite some signifi cant efforts, the 
progress in plant breeding for waterlogging stress 
tolerance is much slower than one would hope 
for. Several factors contribute to this problem. 

 The fi rst one is the physiological complexity 
of waterlogging stress. Because gas diffusion is 
10,000-fold slower in solution than in air 
(Armstrong  1979 ), the depletion of O 2  is a major 
feature of fl ooded sites, which creates hypoxia or 
anoxia around plant tissues. This leads to acute 
energy crises and a very substantial alterations in 
cell metabolism (and associated yield penalties). 
There are several possible options plants can use 
to adjust to this energy crisis: 

3.1.1     Maintaining Adequate 
Oxygen 

 Maintaining adequate oxygen supply by a series 
of anatomical and morphological alterations in 
the root (Perata and Voesenek  2007 ). One of 
these alterations is the formation of aerenchyma. 
Species with higher root porosity are more toler-
ant to soil fl ooding, and in many wetland plants, 
aerenchyma is well developed even in drained 
conditions (and can be further enhanced in water-
logged conditions), while dry land species often 
do not form aerenchyma at all (Colmer  2003 ). In 
mature zone of rice (tolerant species) roots, aer-
enchyma comprised about 45 % of the root vol-
ume (Colmer  2003 ), in stark contrast to only 3 % 
of aerenchyma in the seminal roots of (intolerant) 

wheat species (McDonald et al.  2001 ). Another 
possibility is to minimise radial oxygen losses 
(ROL) by the formation of a tight barrier in the 
root peripheral cell layers exterior to the aeren-
chyma (Visser et al.  2000 ; McDonald et al.  2002 ). 
Formed as a result of suberisation and/or lignifi -
cation of the cell walls, such ROL will facilitate a 
longitudinal diffusion of O 2  towards the root apex 
(Nishiuchi et al.  2012 ), the most metabolically 
active part of the root. In layman’s terms, this is a 
“business as usual” option that would be the most 
preferred but that is rather diffi cult to achieve in 
full. Nevertheless, in anatomically adapted rice 
roots, anoxia-induced decrease in the rate of ATP 
synthesis was only 25 %, in marked contrast to 
the tenfold decrease in maize (highly sensitive to 
fl ooding) root tips (Ratcliffe  1997 ). More detailed 
analysis of anatomical and physiological traits 
contributing to adequate oxygen supply in fl ood- 
affected plants is given in Sect.  3.3.1 .  

3.1.2     Economisation of ATP 
Consumption 

 This includes shutting down energy-demanding 
processes such as protein synthesis (Branco- Price 
et al.  2008 ) and redirecting available ATP resources 
towards the production of molecular chaperones 
(e.g. heat shock proteins; Banti et al.  2010 ). This 
option can be classifi ed as a “survival” strategy, as 
plant growth will be severely affected, with major 
implications for yield. Therefore, it is highly 
unlikely that this option may be sustainable for 
adaptation to prolonged soil fl ooding.  

3.1.3     Developing a Capacity 
to Generate ATP 
without Oxygen 

 This includes energy-effi cient sucrose catabolism 
through sucrose synthase, the preferential use of 
PPi-dependent enzymes and constrained catabo-
lism of storage compounds such as starch, lipids 
and proteins (Licausi  2011 ; Bailey-Serres et al. 
 2012 ). 

 The above complexity of adaptive strategies 
makes it highly unlikely that one specifi c “key 
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gene” responsible for waterlogging tolerance 
could be found and then introduced in high- 
yielding varieties, by either genetic or classical 
breeding methods. More likely, a thorough pyra-
miding of suitable traits should be envisaged. This 
question is discussed in more detail in Sect.  3.5 . 

 In addition to reduced oxygen availability and 
associated metabolic shifts, plants grown in 
fl ooded soils are exposed to the range of elemen-
tal (Mn, Fe, etc.) and phytotoxicities (Shabala 
 2011 ). Surprisingly, up to now, the focus of plant 
breeders was predominantly on detrimental 
effects of anoxia, targeting traits dealing with 
oxygen uptake and redistribution within plant tis-
sues, while tolerance to these toxicities was 
essentially neglected. This issue is discussed in 
more detail in Sects.  3.3  and  3.4 .   

3.2     Oxygen Availability 
and Plant Metabolism 
under Hypoxia and Anoxia 

3.2.1     Oxygen Availability 
in Flooded Soils 

 As mentioned above, oxygen diffusion in water is 
10 4  times slower than the oxygen diffusion in the 
air, resulting in hypoxia (oxygen defi ciency) or 
anoxia (complete lack of oxygen) conditions 
around the roots (Bailey-Serres and Voesenek 
 2008 ). As a result, ATP production is greatly 
declined in hypoxic conditions (Colmer and 
Voesenek  2009 ), resulting in decreased energy 
availability and reduced water use effi ciency in 
plants (Barrett-Lennard  2003 ). Decreased energy 
availability also disturbs the metabolic balance in 
plant tissues (Voesenek and Sasidharan  2013 ). 
Oxygen is the fi nal electron acceptor in the mito-
chondrial electron transport. The decreased oxy-
gen eliminates ATP production in mitochondria 
due to the reduced NADH oxidation (Bailey- 
Serres and Voesenek  2008 ). Activities of many 
glycolytic and fermentative enzymes increased in 
adventitious roots to generate ATP and regener-
ate NAD +  (Bailey-Serres et al.  2012 ). However, 
oxygen production through glycolysis or fermen-
tation is signifi cantly lower than the energy from 
mitochondrial respiration. Roots are directly 

injured by the deprivation of oxygen in water-
logged soils, with the rapid death of seminal roots 
reported (Malik et al.  2001 ). Reduced nitrogen 
uptake and transportation, resulted from energy 
defi ciency, lead to the death and senescence of 
old leaves (Trought and Drew  1980 ). Many other 
nutritional disorders also occur as a result of 
reduced ability of plant roots to maintain nega-
tive membrane potential and “fuel” high-affi nity 
transport systems relying on a cotransport with 
H +  (Pang et al.  2007b ; Pang and Shabala  2010 ; 
Shabala et al.  2014 ). Consequently, the reduced 
leaf area, leaf water potential, dry matter, shoot 
growth, root growth and chlorophyll contents are 
common symptoms of waterlogging injury (Yan 
et al.  1996 ; Zhou et al.  1997 ; Malik et al.  2001 ; 
Pang et al.  2004 ; Kumutha et al.  2009 ).  

3.2.2     Whole-Plant Responses 
to Oxygen Deprivation 

 Stomatal closure usually occurs within a few 
hours after exposure to waterlogged soils, with 
root signalling driving stomatal closure (Jackson 
 2002 ), most likely as a result of increased accu-
mulation of abscisic acid in foliage (Jackson and 
Hall  1987 ). Stomata closure leads to the decreased 
CO 2  assimilation and reduced transpiration 
(Zhang and Zhang  1994 ; Yordanova and Popova 
 2001 ; Yordanova et al.  2005 ). Further decline in 
photosynthesis may be due to decreased chloro-
phyll content (Malik et al.  2001 ) and high levels 
of ROS accumulation in leaves (Arbona et al. 
 2008 ). Leaf chlorosis has been widely used as the 
indicator of waterlogging stress and waterlog-
ging tolerance (Drew and Sisworo  1977 ; Xu and 
Mackill  1996 ; Yu and Rengel  1999 ; Zhou et al. 
 2007 ). Early senescence of older leaves is another 
typical symptom of waterlogging stress (Malik 
et al.  2002 ). Yield loss by waterlogging is mainly 
dependent on the different plant growth stage. 
Waterlogging at early seedling stages has a long- 
term infl uence on plant growth (Malik et al. 
 2002 ), and results showed that yield loss was the 
most when waterlogging occurred at early vege-
tative growth, compared with waterlogging at 
late vegetative growth or fl owering (Watson et al. 
 1976 ).  
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3.2.3     Biochemical Alterations 
in Hypoxic Roots 

 Under waterlogging conditions, roots of plants 
and waterlogged soils synthesise a larger amount 
of ethylene quickly (Jackson  1985 ). Ethylene 
production has been detected under hypoxia con-
ditions in different plants roots (Jackson et al. 
 1984 ; He et al.  1992 ; Steffens et al.  2010 ). Not 
only oxygen but also ethylene diffusion in water-
logged soils is slower than aerated soils, resulting 
in the ethylene accumulation in roots (Sairam 
et al.  2008 ). Ethylene is produced with the 
enzymes 1-aminocyclopropane-1-carboxylate 
(ACC) synthase and oxidase in plants. Many 
plant-adaptive physiological and biochemical 
traits are induced by the production and accumu-
lation of ethylene, including aerenchyma forma-
tion (Sairam et al.  2008 ). 

 Waterlogging also induces overproduction of 
reactive oxygen species (ROS) including super-
oxide radical (O 2  ▪ ), hydroxyl radical (OH ▪ ), 
hydroperoxyl radical (HO 2  ▪ ) and hydrogen per-
oxide (H 2 O 2 ). These ROS can be harmful to cel-
lular metabolism and may lead to oxidative stress 
(Karuppanapandian et al.  2011 ; Overmyer et al. 
 2003 ). ROS in plants can also be used as signal-
ling molecules inducing tolerance mechanisms 
(Wong et al.  2004 ; Gechev et al.  2006 ). 
Antioxidative enzymes and non-enzymatic com-
pounds that scavenge ROS are effective at con-
ferring waterlogging tolerance (Apel and Hirt 
 2004 ; He et al.  2012 ). 

 During waterlogging, oxygen deprivation is 
the main factor inhibiting plant growth, reducing 
the availability of oxygen for plants. Oxygen is 
the fi nal electron acceptor in the mitochondrial 
electron transport. With oxygen deprivation in 
waterlogged soils, ATP production mainly 
depends on anaerobic metabolism, glycolysis or 
fermentation with the enhanced activities of alco-
hol dehydrogenase and pyruvate decarboxylase 
(Bailey-Serres et al.  2012 ; Yamauchi et al.  2014 ). 
However, oxygen production through glycolysis 
or fermentation is signifi cantly lower than the 
energy from mitochondrial respiration. 
Insuffi cient energy inhibits the delivery of nutri-
ents, and plants show defi ciency in N, P, K, Ca 
and Mg in roots, shoots and leaves (Pang et al. 

 2007b ). Anaerobic metabolism also creates toxic 
secondary metabolites, such as fatty acids and 
phenolics. These toxic secondary metabolites 
affect root nutrient uptake and membrane trans-
port activities (Pang et al.  2007a ; discussed also 
in Sect.  3.4 ). The relatively waterlogging-tolerant 
varieties were less affected by organic phytotox-
ins suggesting importance of this trait for breed-
ing (Pang et al.  2007a ).   

3.3      Plant Adaptation to Hypoxia 

 In general, all the diversity of plant responses can 
be attributed to one of two strategies: escaping or 
quiescence.  Escaping strategy  involves the rapid 
stem elongation with the internode elongation 
under waterlogging conditions. Stem elongation 
allows plants to gain access to the atmosphere, 
enhancing respiration and photosynthesis 
(Hattori et al.  2010 ). However, fast elongation 
also probably cause plant death because of the 
fast energy consumption (Bailey-Serres and 
Voesenek  2008 ).  Quiescence strategy  restricts 
plant growth by reducing energy consumption 
under waterlogging conditions. After waterlog-
ging, plants start regrowth rapidly (Colmer and 
Voesenek  2009 ).  Sub1  is the major locus for sub-
mergence tolerance on chromosome 9 in rice, 
contributing to 69 % of phenotypic variance (Xu 
and Mackill  1996 ). The locus shows the quies-
cence strategy by conserving energy (Xu et al. 
 2006 ). Several physiological features improve 
oxygen conditions in roots of waterlogging- 
tolerant plants. Among the most important are 
adventitious roots development (Mcdonald et al. 
 2001 ; Garthwaite et al.  2003 ), aerenchyma for-
mation (Setter and Waters  2003 ; Evans  2004 ), 
reduced radial oxygen loss (ROL) (Garthwaite 
et al.  2003 ; Colmer et al.  2005 ), and greater activ-
ity of glycolytic pathway (Sairam et al.  2008 ). 

3.3.1      Aerenchyma Formation 

 Root aerenchyma is a special tissue with gas 
spaces, forming an internal system to improve 
the diffusion and concentration of oxygen 
(Barrett-Lennard et al.  1988 ; Colmer  2003 ; 
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Visser and Bögemann  2003 ; Sairam et al.  2008 ). 
The increased concentration of oxygen leads to 
higher root respiration rates, increasing energy 
(ATP) availability in roots (Kawase and 
Whitmoyer  1980 ; Drew et al.  1985 ; Suralta and 
Yamauchi  2008 ) and allowing plants to avoid 
adverse effects caused by waterlogging (Burgos 
et al.  2001 ; Shiono et al.  2008 ). Aerenchyma for-
mation is the most effective waterlogging toler-
ance mechanism for plants exposed to prolonged 
waterlogging treatments (Setter and Waters 
 2003 ). 

 Under waterlogged conditions, seminal roots 
are likely to be destroyed and adventitious roots 
are developed (Watson et al.  1976 ; Malik et al. 
 2001 ); if seminal roots can develop aerenchyma, 
their death can be prevented (Thomson et al. 
 1990 ; Colmer and Greenway  2010 ). Root poros-
ity, via intercellular gas spaces, further increases 
with aerenchyma formation (Colmer  2003 ). 
However, aerenchyma formation would reduce 
the mechanical strength of roots; this problem 
can be addressed with a multiseriate ring of cells 
which is able to help plants maintain the mechan-
ical strength of roots (Striker et al.  2007 ). 

 There are two types of aerenchyma: schizog-
enous aerenchyma and lysigenous aerenchyma. 
Schizogenous aerenchyma is generally the con-
stitutive aerenchyma, formed by the separation of 
cells and growth patterns that form the gas spaces. 
Lysigenous aerenchyma is formed under stresses, 
and the main factor is the programmed cell death 
of cells in the cortex (Wegner  2010 ). Further aer-
enchyma types were classifi ed, depending on the 
shape of aerenchyma (Jung et al.  2008 ), into 
three (Justin and Armstrong  1987 ) or six (Seago 
et al.  2005 ) major types. Aerenchyma can also be 
formed by the radial elongation of cortical cells 
in sponge gourd, resembling expansigeny aeren-
chyma, and this greatly improves waterlogging 
tolerance in plants (Shimamura et al.  2007 ). 

3.3.1.1     Lysigenous Aerenchyma 
Formation 

 Lysigenous aerenchyma is normally formed 
under hypoxia conditions among many species, 
but only a few plants have constitutive schizoge-
nous aerenchyma (Barrett-Lennard  2003 ). The 

mechanism of lysigenous aerenchyma formation 
is widely explored. Rice cultivars and wild rela-
tives of maize are able to form constitutive lysig-
enous aerenchyma even under aerobic conditions 
(Colmer  2002 ; Mano et al.  2006b ; Joshi and 
Kumar  2012 ; Nishiuchi et al.  2012 ; Yamauchi 
et al.  2013 ). Waterlogging stress resulted in lysig-
enous aerenchyma formation in many species 
including barley (Benjamin and Greenway  1979 ), 
maize (Mano et al.  2006b ), rice (John  1977 ) and 
wheat (Malik et al.  2001 ). The genes and proteins 
associated with lysigenous aerenchyma forma-
tion have been studied (Emdadul Haque et al. 
 2011 ; Rajhi et al.  2011 ), and possible signalling 
pathways identifi ed. 

 The classical view is that lysigenous aeren-
chyma formation includes fi ve steps (Evans 
 2004 ): (1) hypoxia perception and the beginning 
of ethylene biosynthesis; (2) ethylene perception 
by cells of the mid-cortex; (3) loss of ions, initia-
tion of cell death, plasma membrane invagination 
and formation of vesicles; (4) chromatin conden-
sation, enhanced wall hydrolytic enzymes and 
organelles surrounded by membrane; and (5) cell 
lysis, cell wall degradation and fl uid absorption 
by the surrounding cells and then formation of 
dry gas spaces. Recently, an ethylene- independent 
pathway of aerenchyma formation was suggested 
(Shabala  2011 ; Shabala et al.  2014 ), mediated by 
the loss of cytosolic K +  and resultant increase in 
activity of proteolytic enzymes in root cortical 
cells.  

3.3.1.2     Ethylene Signalling 
in Aerenchyma Formation 
via PCD 

 Numerous lines of evidence suggest that ethylene 
accumulation induced by hypoxia is essential to 
trigger the formation of lysigenous aerenchyma 
in waterlogged roots (He et al.  1996a ; Colmer 
et al.  2006 ; Geisler-Lee et al.  2010 ). When the 
root was treated with the inhibitors of ethylene 
biosynthesis, aerenchyma was not developed and 
programmed cell death was also inhibited (He 
et al.  1996b ; Yin et al.  2013 ). 

 According to accepted models, ethylene sig-
nalling leads to the expression of RBOH (the 
NADPH oxidase respiratory burst homolog), 
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which induces the production of ROS (Torres and 
Dangl  2005 ; Kumutha et al.  2009 ). RBOH 
expression is the factor triggering the production 
and accumulation of H 2 O 2  (one of the ROS 
forms) in the apoplast. H 2 O 2  is then easily dif-
fused into the cytosol (Rajhi et al.  2011 ) and trig-
gers programmed cell death (Nishiuchi et al. 
 2012 ), leading to aerenchyma formation. The lat-
ter process may differ between species (Webb 
and Jackson  1986 ). In maize roots, the loss of 
tonoplast integrity leads to cellular collapse. In 
rice, non-apoptotic programmed cell death was 
detected during aerenchyma formation (Webb 
and Jackson  1986 ; Joshi et al.  2010 ). 

 The expression of genes controlling cell wall 
decomposition also increases when plants are 
subjected to waterlogging hypoxia conditions 
(Colmer and Voesenek  2009 ; Nishiuchi et al. 
 2012 ). The genes associated with scavenging of 
ROS and cell wall degradation were candidate 
genes contributing to the root lysigenous aeren-
chyma formation (Rajhi et al.  2011 ). In 
 Arabidopsis , H 2 O 2  and ethylene signalling also 
induce lysigenous aerenchyma formation, and 
three controlled genes were identifi ed: 
 LESIONSIMULATINGDISEASE1  ( LSD1 ), 
 ENHANCEDDISEASESUSCEPTIBILITY1  
( EDS1 ), and  PHYTOALEXINDEFICIENT4  
( PAD4 ) (Muhlenbock et al.  2007 ). Specifi cally, 
a hypoxia-induced gene was found to encode 
a xyloglucan  endo -transglycosylase homolog, a 
putative cell wall-loosening enzyme associated 
with aerenchyma formation under waterlogging 
conditions (Peschke and Sachs  1994 ; Saab and 
Sachs  1996 ). Cell walls are further degraded by 
xylanolytic, pectolytic, and cellulosolytic 
enzymes (Jackson and Armstrong  1999 ). The 
fl uid is then absorbed by surrounding cells, and 
the dry gas space is formed. 

 The process of lysigenous aerenchyma forma-
tion has been mainly studied in rice and maize 
(Bailey-Serres and Voesenek  2008 ; Evans  2004 ), 
while limited research has been performed in 
wheat and barley (McDonald et al.  2001 ; 
Garthwaite et al.  2003 ; Malik et al.  2003 ; Jiang 
et al.  2010 ). In terms of aerenchyma formation in 
wheat, membrane invagination and vesicles 
between the plasma membrane and the cell wall 

could be detected. The following process included 
chromatin condensation, membrane invagination 
and vesicles between the plasma membrane 
(Jiang et al.  2010 ). This process is similar to aer-
enchyma formation in maize (Evans  2004 ). Acid 
phosphatases were essential in the programmed 
cell death in wheat (Jiang et al.  2010 ), which was 
not detected in maize.  

3.3.1.3     Ca 2+  Signalling 
in the Lysigenous Aerenchyma 
Formation 

 Lysigenous aerenchyma formation induced by 
ethylene is also associated with other signalling 
pathways including Ca 2+ , heterotrimeric G pro-
tein and phospholipase C (Nishiuchi et al.  2012 ). 
Microarray analysis and laser microdissection 
showed that Ca 2+  signalling-related genes were 
upregulated under waterlogging conditions in 
both rice and maize (Rajhi et al.  2011 ). 

 Under waterlogging conditions, the forma-
tion of aerenchyma is greatly infl uenced by the 
availability of free cytoplasmic calcium (He 
et al.  1996b ; Fagerstedt  2010 ). The inhibitors of 
free Ca 2+  release in roots were able to block aer-
enchyma formation (He et al.  1996b ). The 
increase of H 2 O 2  and free Ca 2+  in hypoxic stress 
in roots leads to ethanolic fermentation and alco-
hol dehydrogenase gene expression, which is 
another important strategy for plants to be toler-
ant under waterlogging stress (Baxter-Burrell 
et al.  2002 ). 

 Exogenous applications of ethylene and H 2 O 2  
increase Ca 2+  infl ux in different plants under nor-
mal conditions. Cytoplasmic Ca 2+  activities were 
studied in tobacco, by exposing tobacco proto-
plasts to ACC and ethylene-related compound, 
ethephon. Results showed that ethylene induced 
Ca 2+  permeable channels activities and then 
increased Ca 2+  infl ux and elevation (Zhao et al. 
 2007 ). Ca 2+  signalling is able to trigger NADPH 
oxidase, which will increase the production of 
H 2 O 2 . H 2 O 2  further activates hyperpolarisation- 
activated Ca 2+  channels, resulting in the Ca 2+  
infl ux, which is also the beginning of this cycle 
(Laohavisit and Davies  2007 ). In  Arabidopsis , 
exogenous H 2 O 2  application leads to the increase 
of Ca 2+  infl ux in roots (Demidchik et al.  2007 ).   
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3.3.2     Variation in Aerenchyma 
Formation between and 
Within Species 

 Several researchers reported that there is large 
genetic variation in waterlogging tolerance and 
aerenchyma formation among different genotypes 
in wheat and barley (Setter et al.  1999 ; Garthwaite 
et al.  2003 ; Zhou et al.  2007 ). This genetic varia-
tion can be utilised in the waterlogging tolerance 
breeding programmes in wheat and barley. In 
maize, genetic variation of aerenchyma formation 
has been utilised in improving waterlogging 
 tolerance (Mano and Omori  2013a ,  b ). 

 Rice is able to form constitutive aerenchyma. 
The constitutive root porosity in rice can be 
20–30 %, increasing to more than 40 % in water-
logged soils (Colmer  2002 ; Steffens et al.  2010 ). 
In wheat, seminal, nodal and adventitious roots 
were all capable of forming aerenchyma under 
waterlogged conditions (Barrett-Lennard et al. 
 1988 ; Thomson et al.  1990 ; Setter et al.  1999 ). 
The wild relative  H. marinum  and some wild 
relatives of maize are able to form adventitious 
root aerenchyma under well-aerated conditions. 
This ability is expected to be related to 
waterlogging- tolerant traits since plants with 
developed aerenchyma adapt to waterlogged 
soils quickly (Mano and Omori  2008 ; Malik et al. 
 2009 ). 

 Cultivated barley ( Hordeum vulgare ) and 
wheat ( Triticum aestivum ) are more waterlogging 
susceptible, compared with their wild relatives  H. 
marinum , and do not form constitutive aeren-
chyma under normoxic conditions. However, aer-
enchyma formation is induced in these species 
under waterlogging conditions. Root porosities 
of seminal, nodal and adventitious roots of culti-
vated barley and wheat all increased with 
restricted oxygen conditions, although to the 
lesser extent compared with their wild relatives, 
rice, or wetland species (Benjamin and Greenway 
 1979 ; Thomson et al.  1990 ; McDonald et al. 
 2001 ; Garthwaite et al.  2003 ). 

 The faster development of aerenchyma is also 
important for waterlogging tolerance in plants. 
After 1 week of hypoxia conditions or 

 waterlogging treatments, waterlogging-tolerant 
 Melilotus siculus  species (Teakle et al.  2011 ) and 
waterlogging- tolerant soybean varieties were 
able to form aerenchyma (Thomas et al.  2005 ; 
Shimamura et al.  2010 ). The porosity of these 
waterlogging-tolerant varieties reached more 
than 20 % after 7 days of waterlogging treatment. 
By contrast, in the relatively less tolerant wheat 
and canola, aerenchyma was also induced soon 
after waterlogging treatment, but the percentage 
of aerenchyma formation was only less than 10 % 
(Voesenek et al.  1999 ; Yamauchi et al.  2014 ). 

 The above results support the notion that the 
waterlogging-tolerant cultivars generally have 
signifi cantly higher root porosity than the suscep-
tible cultivars, with faster aerenchyma formation 
under waterlogging conditions (Gibberd et al. 
 1999 ; Voesenek et al.  1999 ; Gibberd et al.  2001 ). 
Therefore, screening wheat and barley cultivars 
for adventitious root porosity might provide a 
potential selection criterion for tolerance under 
water waterlogging conditions.  

3.3.3     Oxygen Transport from Shoot 
to Root 

 In waterlogged plants, oxygen supply in roots 
depends mainly on the internal transport of oxy-
gen from shoots (Kotula et al.  2014 ). 
Morphological features, such as root thickness, 
transporting length and small numbers of laterals, 
also infl uence the internal oxygen transport 
(Jackson and Armstrong  1999 ). The oxygen 
transport from shoot to root is also affected by 
temperature since the lower temperature 
decreases the respiration rates, causing the lower 
demand of oxygen in roots (Colmer  2003 ). 
Longitudinal diffusion of oxygen through aeren-
chyma from shoots towards the roots may be dif-
fused to the rhizosphere or consumed for 
respiration (Yamauchi et al.  2013 ). Convection of 
gas is another possible way to increase oxygen 
transport in waterlogged plants. But compared 
with oxygen diffusion from shoot to root, con-
vection had less infl uence on root aeration 
(Beckett et al.  1988 ).  
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3.3.4     Formation of ROL Barrier 
and Control of Oxygen Loss 

 Longitudinal diffusion of oxygen through aeren-
chyma towards the roots may be diffused to the 
rhizosphere (Colmer  2003 ; Yamauchi et al. 
 2013 ). Such diffusion is termed radial oxygen 
loss (ROL). The barrier to ROL in waterlogged 
soil improves the diffusion of oxygen towards 
roots through aerenchyma, resulting in the greater 
accumulation of oxygen in roots (Colmer  2003 ; 
Nishiuchi et al.  2012 ), and thus is regarded as an 
important adaptive trait in waterlogged soils 
(Armstrong  1979 ). In addition to preventing the 
oxygen loss from roots to the soils, ROL also 
impedes movement of toxins into the roots 
(Malik et al.  2001 ; Colmer  2003 ; Kotula et al. 
 2009b ). 

 In rice roots, the suberised exodermis and lig-
nifi ed sclerenchyma cells act as the main ROL 
barrier under stagnant conditions (Kotula and 
Steudle  2009 ; Kotula et al.  2009a ). The suberin 
and lignin contents in the outer parts of roots in 
deoxygenated solution were greatly higher than 
the contents of plants in aerated conditions 
(Kotula et al.  2009a ; Ranathunge et al.  2011 ). 
Suberin deposits were accumulated earlier than 
lignin, indicating the possibility that suberin is 
more important than lignin in forming the barrier 
to ROL (Shiono et al.  2011 ). The oxygen perme-
ability under aerated conditions was higher than 
the oxygen permeability under non-aerated con-
ditions, indicating the barrier to ROL was effec-
tive in lowering the oxygen permeability (Kotula 
and Steudle  2009 ). 

 The factors inducing the formation of the ROL 
barrier are not discovered yet. Ethylene is not 
able to enhance the ROL barrier even though eth-
ylene is the main factor contributing to aeren-
chyma formation (Colmer et al.  2006 ). In 
addition, the formation of the ROL barrier is 
affected by root length, while aerenchyma forma-
tion is not associated with root length (Shiono 
et al.  2011 ). These fi ndings are indicative of the 
fact that the formation of aerenchyma and ROL 
barrier may occur via independent signalling 
pathways. Cell degradation during aerenchyma 
formation might also lead to the formation of 

ROL barrier (Garthwaite et al.  2008 ). Carboxylic 
acids and caproic acid had a great impact on 
forming the barrier to ROL in rice, while the bar-
rier to ROL is mainly formed because toxins 
caused injury rather than the function of specifi c 
signals (Armstrong and Armstrong  2001 ,  2005 ). 
Silicon also induced the increase of suberisation 
and lignifi cations and thus was suggested as a 
component of the ROL barrier formation in rice 
(Fleck et al.  2011 ). Overall, compared with the 
detailed aerenchyma formation process, the pro-
cess of ROL barrier formation remains less 
understood. 

 It was suggested that in wetland species, the 
ROL barrier could infl uence water and nutrient 
uptake (Armstrong  1979 ). Other results, how-
ever, showed that water uptake was not affected 
by the formation of the barrier to ROL. In both 
 Hordeum marinum  and rice, ROL barrier did not 
infl uence the hydraulic conductivity of root sys-
tems (Garthwaite et al.  2006 ; Ranathunge et al. 
 2011 ). When rice was subjected to hypoxia con-
ditions, rice roots had much higher bulk water 
permeability than diffusional water permeability 
(Kotula et al.  2009a ; Ranathunge et al.  2004 ). 
There seems to be a good balance between water 
uptake and oxygen loss in waterlogging-tolerant 
cultivars (Kotula et al.  2009a ; Nishiuchi et al. 
 2012 ; Ranathunge et al.  2011 ). Hence, it seems to 
be possible to reduce the ROL while retaining 
water uptake in plants.  

3.3.5     Gas Film Formation 

 Leaf gas fi lm, termed plant plastrons (Raven 
 2008 ), is another trait that enables oxygen avail-
ability and enhances waterlogging tolerance. In 
submerged plants, leaf gas fi lms facilitate the gas 
exchange between the submerged leaves and 
water due to enlarged water-gas interface (Colmer 
and Pedersen  2008 ). Formed leaf gas fi lms 
improve the whole plant aeration via the oxygen 
transport from water to plants in darkness and 
enhance photosynthesis rate in light through the 
carbon dioxide transport (Pedersen et al.  2009 ). 
Relatively waterlogging-tolerant plants maintain 
higher sugar contents through an increased pho-
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tosynthesis rate and whole plant aeration condi-
tions (Pedersen et al.  2009 ). Enhanced growth of 
submerged rice was also observed with the leaf 
gas fi lm formation (Colmer and Pedersen  2008 ).   

3.4       Secondary Metabolite 
Toxicities in Flooded Soils 

3.4.1     Changes in Soil Redox 
Potential under Flooding 

 As waterlogging occurs in the soil, progressive 
decrease in redox potential (Eh) occurs. The lat-
ter is generally regarded the most appropriate 
indicator of the chemical changes occurring dur-
ing soil waterlogging (Pezeshki and DeLaune 
 1998 ). Not only it is a suitable indicator of O 2  
level (Eh around +350 mV under anaerobic con-
ditions), but Eh per se also considerably affects 
the availability and concentration of many nutri-
ents in the soil (Pezeshki  2001 ). Following fl ood-
ing, the solute O 2  in soil is rapidly consumed in 
aerobic microbial respiration, and other inorganic 
electron acceptors are used in microbial respira-
tion in the well-known sequence NO 3  − , Mn 4+ , 
Fe 3+  and SO 4  2−  (Kirk et al.  2003 ). As soon as oxy-
gen is depleted in soils, nitrate is utilised by soil 
microorganisms as a primary alternative electron 
acceptor in respiration. As a result, nitrate is 
reduced to nitrite (NO 2  − ) or various nitrous oxides 
(e.g. N 2 O, NO) and molecular nitrogen (N 2 ) in 
the process of denitrifi cation, which occurs at 
round +300 mV redox potential (corrected to pH 
7) (Gambrell et al.  1991 ). Evidence also showed 
that nitrite can substitute oxygen at the terminal 
cytochrome oxidase step allowing electron trans-
port to proceed in anaerobic metabolism 
(Izaguirre-Mayoral and Sinclair  2005 ). 

 Mn and Fe are essential trace elements for all 
higher organisms and used in a variety of meta-
bolic processes, including enzyme activation 
(Marschner  1995 ; Alscher et al.  2002 ). The oxi-
dised forms Mn(III) and Mn(IV) are not bioavail-
able to plants and cannot be utilised (Rengel 
 2000 ). Fe is mostly found to be presenting in its 
insoluble ferric form that is unable to be utilised 
under various physiological conditions although 

it is abundant in the earth’s crust (Guerinot and Yi 
 1994 ). While redox potential drops to approxi-
mately +200 mV, Mn oxides are the next electron 
acceptors. In this case, the solubility of Mn is sig-
nifi cantly enhanced under fl ooding condition, 
exceeding plant requirement for this  micronutrient 
and often exceeding toxicity level (Khabaz- 
Saberi et al.  2006 ). As excess Mn and Fe can be 
toxic to plants, accumulation and segregation of 
both metals must be kept under rigorous homeo-
static control. This includes control over both 
uptake and sequestration of Mn and Fe.  

3.4.2     Elemental Toxicities 
in Flooded Soils 

3.4.2.1     Mn and Fe Uptake by Roots 
 The molecular mechanisms for Mn 2+  transport 
into the root from the soil solution are still poorly 
understood (Rengel  2000 ; Pittman  2005 ), even 
though several transporters have been implicated 
to be responsible for Mn accumulation (Pedas 
et al.  2008 ; Cailliatte et al.  2010 ; Sasaki et al. 
 2012 ). Manganese is probably absorbed and 
transported into the cell only in its reduced form 
of Mn(II) or divalent cation Mn 2+ . The concentra-
tion of Mn 2+  in the soil is strongly dependent on 
pH of the soil solution. Mn toxicity can be a cru-
cial constraint to plant growth when the soils are 
too acidic (pH < 5.5); on the contrary, Mn defi -
ciency will occur in alkaline soils (Marschner 
 1995 ). Mn 2+ -ethylenediaminetetraacetic acid 
(MnEDTA) complex is suggested to be taken up 
into root cells in barley (Laurie et al.  1995 ). 
Recently, IRT1 is revealed to have a capacity to 
transport a range of metals including Mn 2+ , and it 
was suggested as the primary pathway for Mn 2+  
transport during Fe defi ciency in barley (Pedas 
et al.  2008 ). Additionally, two other different 
plasma membrane transporters from the NRAMP 
family have been reported to affi liate with Mn 
uptake into root cells. NRAMP1, which is 
expressed in the root elongation zone of root tips, 
contributes high-affi nity Mn uptake in 
 Arabidopsis  (Cailliatte et al.  2010 ). In compari-
son with IRT1, the expression of NRAMP1 is 
more widespread along the root, especially 

3 Plant Breeding for Flood Tolerance: Advances and Limitations



52

enhanced in Mn defi ciency. However, 
OsNRAMP1 was not responsible for Mn uptake 
in rice roots (Ishimaru et al.  2012b ), where this 
role was attributed to NRAMP5. The latter trans-
porter is only expressed in the plasma membrane 
at the distal site of exodermis and endodermis; 
this differs from NRAMP1 which can be detected 
in all cell layers of the root. NRAMP5 knock-out 
lines of rice showed a signifi cant reduction of Mn 
concentration in the shoot in plants cultivated 
under fl ooding conditions (Sasaki et al.  2012 ). 

 The molecular mechanisms of Fe transport in 
plants are known better than those of Mn, and 
most research on Fe in plants concentrate on defi -
ciency rather than excess. Two distinct strategies 
are used by plants to acquire Fe from soils. 
Reduction (strategy I) is utilised by most types of 
plants (eudicots and non-grass monocots). Ferric 
reductase oxidase (FRO2, the key strategy I gene) 
encodes ferric chalet reductase in root, which is 
used to reduce chelate Fe(III) to soluble Fe 2+  
form (Robinson et al.  1999 ). Plants belonging to 
this strategy can transport iron across plasma 
membrane only in the reduced form (Fe 2+ ). 
AtIRT1 is expressed as the Fe 2+  transporter in the 
root epidermis. In  Arabidopsis , the loss-of- 
function IRT1-1 mutant line is responsible for Fe 
defi ciency in plants, resulting in plant chlorosis 
and proving that IRT1 can be the primary trans-
porter involved in Fe uptake from the soil 
(Henriques et al.  2002 ; Varotto et al.  2002 ; Vert 
et al.  2002 ). Expression of IRT1 is under the con-
trol of the FIT bHLH transcription factor, which 
is required for iron defi ciency response 
(Colangelo and Guerinot  2004 ). Similar to IRT1, 
IRT2, which is an intracellular membrane pro-
tein, is upregulated under Fe defi ciency and is 
capable of transporting Fe 2+  (Vert et al.  2001 , 
 2002 ). However, IRT2 is not immediately 
involved in the absorption of Fe 2+ , which appears 
to sequester excess Fe that is accumulated 
through IRT1 activity, implying that IRT2 is not 
able to replace the role of IRT1 in iron accumula-
tion from the soil (Varotto et al.  2002 ; Vert et al. 
 2009 ). 

 In contrast, strategy II plants (grasses that lack 
the reduction mechanism) usually accumulate 
chelated Fe(III) (Zaharieva and Römheld  2000 ). 

These plants can release Fe(III)-solubilising 
compounds termed phytosiderophores such as 
mugineic acid (Mino et al.  1983 ) and deoxyribo-
nucleic acid into the rhizosphere. TOM1, identi-
fi ed as phytosiderophores transporter, is involved 
in the effl ux of deoxyribonucleic acid in rice and 
barley (Nozoye et al.  2011 ). Fe(III)-
phytosiderophore complexes (Fe(III)-PS) are 
taken into the root cells by Yellow Stripe1 or 
Yellow Stripe-Like1 (YS1/YSL1) transporters 
identifi ed in maize (Curie et al.  2001 ) and barley 
(Murata et al.  2006 ). HvYSL1 transporter spe-
cifi cally transports Fe(III)-PS. However, 
ZmYSL1 transporter appears to possess extended 
transport capacities that can also transport 
of Co(II)-, Cu(II)-, Ni(II)-, Mn(II)- and Zn(II)-PS 
(Schaaf et al.  2004 ). In barley, Fe(III)-PS uptake 
can possibly be achieved without being disturbed 
by the uptake of Co(II)-, Cu(II)-, or Zn(II)-PS 
complexes. Strategy II plants can also acquire 
Fe 2+  from the soil by IRT transporters. The func-
tional Fe(II) transport system performing in rice 
has similar characteristics as observed in strategy 
I plants. OsIRT1 and OsIRT2 encode plasma 
membrane transporters which can be detected in 
roots under low-Fe conditions (Ishimaru et al. 
 2006 ). OsNRAMP5 is expressed as a bivalent 
cation transporter located in the root epidermis, 
exodermis and outer cortex cells and is consid-
ered to be a major contributor to the transporta-
tion of Fe, Mn and Cd (Ishimaru et al.  2012b ).  

3.4.2.2     Mn and Fe Transport 
to the Shoot 

 Following the initial uptake of Mn and Fe into 
root cells, they must be transported to the above- 
ground portion of the plant through phloem and 
xylem. Due to the poor solubility and high reac-
tivity of Fe, translocation of Fe inside the plant 
should be affi liated with proper chelators and 
certain redox states between ferrous and ferric 
forms (Marschner  1995 ; Hell and Stephan  2003 ). 
Citrate has long been accepted as the main form 
responsible for long-distance transport in the 
xylem sap (Tiffi n  1966 ; Brown and Chaney 
 1971 ). Recently, a certain form of Fe chelate has 
been identifi ed in tomato xylem sap as a tri- 
Fe(III)-citrate (Rellán-Álvarez et al.  2010 ). An 
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Arabidopsis Ferric Chelate Reductase Defective 
3 (FRD3) transporter that belongs to the multi-
drug and toxic compound extrusion (MATE) 
family appears to be responsible for citrate effl ux 
into xylem sap (Rogers and Guerinot  2002 ; 
Green and Rogers  2004 ; Durrett et al.  2007 ). 
FRD3 is essential for iron homeostasis. The 
absence of FRD3 in the  frd3  mutant of 
 Arabidopsis  can lead to loss or inhibition of the 
capacity to load citrate into the xylem, resulting 
in root chlorosis with approximately 40 % less 
citrate in xylem. Importantly, the  frd3  mutant is 
allelic to  manganese accumulator 1 (man1 ).  frd3  
can lead to abnormal distribution and accumula-
tion of various metals. This suggests that FRD3 
contributes crucial constitutive expression of iron 
uptake responses (Rogers and Guerinot  2002 ; 
Durrett et al.  2007 ). The FRD3-like gene in rice, 
OsFRDL1, which also encodes a citrate trans-
porter responsible for citrate effl ux (Yokosho 
et al.  2009 ), has been identifi ed in root pericycle 
cells, which is similar to  Arabidopsis  FRD3 
(Green and Rogers  2004 ; Inoue et al.  2004 ). 
Another novel transporter, PEZ1, which is 
located mainly in the plasma membrane of the 
stele root, can transport protocatechuic acid 
(PCA) and caffeic acid when expressed in 
 Xenopus laevis  oocytes (Yokosho et al.  2009 ). It 
is thought to be responsible for xylem loading of 
these phenolics. 

 Fe(II)-nicotianamine (Fe-NA) and Fe(III)-
DMA are main infl ux forms transported in 
the phloem and cytoplasm. Among those infl ux 
transporters, YSL family members are widely 
involved in Fe translocation. ZmYS1, which 
encodes both in root and shoot, facilitates Fe(III)-
DMA uptake from the rhizosphere (Curie et al. 
 2001 ). In rice, it is observed that Fe(II)-NA can 
be transported from roots to young leaves through 
phloem by OsYSL2 transporters (Tsukamoto 
et al.  2009 ; Ishimaru et al.  2010 ), whereas Fe(III)-
DMA cannot (Koike et al.  2004 ). TOM1 expres-
sion can be observed both in root cells and leaf 
sheaths. As DMA is responsible for Fe accumu-
lation from soil and translocation in plants, 
TOM1 appears to play an essential role in DMA 
chelation from the rhizosphere and effl ux of 
DMA to the phloem and xylem for internal Fe 

transport (Nozoye et al.  2011 ). Besides 
being expressed in the epidermis and exodermis, 
OsIRT1 is also expressed in vascular tissue, 
implying a function of Fe 2+  uptake into phloem 
cells (Ishimaru et al.  2006 ). 

 In comparison, there are few reports on Mn 
transport via phloem and xylem. Mn is taken up 
mainly in Mn(II) form. In barley, transpiration 
can make little effect on Mn translocation to 
younger leaves, whereas it crucially affects Mn 
translocation in older leaves (Tsukamoto et al. 
 2006 ), implying that major Mn transport via 
phloem to the young leaves is the main pathway. 
It has been suggested that Mn 2+  is possibly 
exported from the cell via a Mn 2+ /H +  antiport 
mechanism (Clarkson  1988 ; Shigaki et al.  2003 ). 
Transporter ECA1 isolated from  Arabidopsis , 
which belongs to Ca 2+ -ATPase subfamily, plays a 
role in manganese transport (Axelsen and 
Palmgren  2001 ). Besides being responsible with 
Fe translocation, OsYSL2 also appears to be 
involved in Mn-NA distribution into phloem for 
long-distance transport (Koike et al.  2004 ; 
Ishimaru et al.  2010 ).  

3.4.2.3     Physiological Constraints 
Imposed by Excessive Mn 
and Fe Accumulation 

 Heavy metal toxicity is one of the major abiotic 
stress-causing hazardous effects in plants. 
Mineral elements such as copper (Cu), zinc (Zn), 
aluminium (Al), iron (Fe) and manganese (Mn) 
are, at certain concentrations, essential micronu-
trients that are critically involved in functional 
activities such as the activation of enzymes and 
proteins and development of living organisms 
(Hossain et al.  2012 ). It is proven that the concen-
tration of elemental ions, such as Mn 2+  and Fe 2+ , 
could be signifi cantly enhanced in a hypoxia or 
anoxia context, especially in waterlogged acidic 
soil (Khabaz-Saberi et al.  2006 ). However, ele-
vated concentrations of those mineral elements in 
the soil can result in toxicity symptoms and inhi-
bition of growth of most plants (Evans and Sorger 
 1966 ; Hall  2002 ). Elevated Mn levels can 
severely affect plant development in growth 
medium (Khabaz-Saberi et al.  2006 ). Excessive 
concentration of Mn can interfere with absorp-
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tion, translocation and utilisation of other min-
eral elements, such as Ca, Mg, Fe and P, and alter 
the activities of enzymes and hormones, while 
essential Mn-requiring processes become less 
active or nonfunctional (Epstein  1961 ; Clark 
 1982 ; Horst  1988 ). Several factors determine Mn 
availability by plants, including soil PH, redox 
potential, soil moisture and microbiological 
activities in soils (Wang et al.  2002 ). Different 
from Al, excess Mn generally affects plant shoots 
more detrimentally than roots. Although the 
expression of Mn toxicity varies considerably 
among plant species, the typical symptom of Mn 
toxicity for many plants is marginal chlorosis and 
necrosis of leaves, while brown necrotic spots 
can be observed on older leaves in barley (Foy 
et al.  1978 ; El-Jaoual and Cox  1998 ). Additionally, 
those brown necrotic spots are reported to con-
tain accumulations of oxidised Mn or precipita-
tion of Mn compounds (Horst  1988 ). In some 
severe cases of Mn toxicity, high concentration of 
Mn causes root browning, and root browning also 
indicates the presence of oxidised Mn (Foy et al. 
 1978 ; Horiguchi  1987 ). High concentrations of 
Fe and Mn in waterlogging-affected acid soil are 
reported as crucial restrictions for intolerant 
wheat genotypes with 25–50 % decrease in shoot 
dry weight (Khabaz-Saberi and Rengel  2010 ) 
and two- to ten-fold increase in shoot Mn and Fe 
concentrations (Khabaz-Saberi et al.  2006 ). 

 ROS react with cellular constituents depend-
ing on properties such a chemical reactivity, 
redox potential, half-life and mobility within cel-
lular compartments, and OH• radicals are the 
most reactive and short lived (1 ns) (Møller et al. 
 2007 ; Sharma and Dietz  2009 ). Mn and Fe toxic-
ity can mediate H 2 O 2  production or consumption 
and the oxidation of phenols in the leaf apoplast. 
Stimulating POD activity was observed in rice 
leaves while it absorbed excess Fe (Fang and Kao 
 2000 ). In cowpea, POD involving H 2 O 2  con-
sumption induced by the oxidation of Mn 2+  has 
been seen to be a key reaction defending Mn 
stress, leading to Mn toxicity symptoms (Fecht- 
Christoffers et al.  2003 ). 

 Excessive Mn 2+  and Fe 2+  can also compete 
with other essential metal ions and cause nutrient 
ion defi ciency. High Mn 2+  concentration in the 

growth solution caused a signifi cant decrease of 
K +  infl ux in barley roots (Pang et al.  2007b ). The 
displacement of one heavy metal ion by another 
generates the inhibition or loss of enzyme activi-
ties (Hossain et al.  2012 ). A high Mn availability 
in the soil can inhibit Fe accumulation and even 
alleviate Fe toxicity in plants (Fageria et al. 
 2008 ). Sequentially, this blocking of functional 
groups of metabolically important molecules, 
displacement of metal ions for biomolecules and 
membrane integrity attribute to altered plant 
metabolism and inhibition of photosynthesis res-
piration and alter activities of various key 
enzymes (Sharma and Dietz  2009 ; Hossain et al. 
 2012 ).  

3.4.2.4     Mechanisms to Deal 
with Elemental Toxicities 

 Tolerance to heavy metals in plants may be stated 
as the ability to survive in soils that are toxic to 
other plants (Mark et al.  1999 ). However, the 
occurrence of multiple tolerance and co- tolerance 
combining several heavy metals remains to be 
resolved (Hall  2002 ). Although great genotypic 
variation in Mn toxicity tolerance was reported 
for some species such as rice, mechanisms of 
plant tolerance to Mn toxicity are fragmentary 
(Wang et al.  2002 ; Shabala  2011 ). Restriction of 
accumulation and transport of heavy metals is an 
essential avoidance strategy for plants, involving 
root interception of elemental ions and transloca-
tion to the shoot. The removal of metals from the 
cytoplasm, particularly segregation into the vacu-
ole, is a crucial tolerance mechanism when accu-
mulating excess metals. In Arabidopsis, several 
pathways have been identifi ed for Mn import into 
vacuole. AtCAX2 and AtCAX4 cation/proton 
antiporters possess a capacity to transport Mn 
into the vacuole (Cheng et al.  2002 ; Schaaf et al. 
 2002 ; Koren’kov et al.  2007 ). Additionally, three 
metal tolerance proteins (MTPs) belonging to the 
cation diffusion facilitators (CDF) have been 
reported to be affi liated with Mn tolerance. The 
Mn-specifi c transport protein ShMTP8 is tar-
geted to the vacuole membrane, conferring Mn 
tolerance by compartmentalisation  of excess Mn 
when expressed in  Arabidopsis  (Delhaize et al. 
 2003 ). MTP11, another CDF family member 
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which is expressed in pre-vacuolar or Golgi vesi-
cles, has been revealed to be responsible for Mn 
tolerance (Delhaize et al.  2007 ). A great increase 
of Mn concentration is revealed in shoots and 
roots of the  mtp11  mutant, with 45–60 % higher 
concentration, implying MTP11 transporter can 
signifi cantly activate segregation of excess Mn. 
In rice, OsMTP8.1 is expressed in cells of leaf 
blades and localised to the tonoplast. This trans-
porter is also thought to play a role in sequester-
ing Mn into vacuoles in the shoot (Chen et al. 
 2013 ). OsYSL6 is constitutively expressed at a 
high level both in roots and shoots under excess 
Mn or Fe conditions. Importantly, YSL6 is 
expressed unlike other YSL members whose 
expression is up- or down-regulated by Fe defi -
ciency (Sasaki et al.  2011 ). NRAMP members 
have been involved in numerous functions includ-
ing uptake, translocation, intracellular transport 
and detoxifi cation of transition metals (Nevo and 
Nelson  2006 ). Overexpressed NRAPM1 in 
 Arabidopsis  is crucial to Fe homeostasis with 
excess Fe, indicating a tolerance to Fe toxicity 
(Curie et al.  2000 ).   

3.4.3     Organic Phytotoxins 
in Flooded Soils 

 Another essential factor that affects overall 
fl ooding tolerance is the secondary metabolite 
toxicities that occur in waterlogged soils (Drew 
and Lynch  1980 ; Armstrong et al.  1996 ; 
Armstrong and Armstrong  1999 ,  2001 ,  2005 ; 
Shabala  2011 ; Setter et al.  2009 ). These sub-
stances may signifi cantly affect plant physiolog-
ical performance, both at the cellular and the 
whole-plant level. Toxic compounds can enter 
roots and move to shoots, with adverse effects on 
both organs (Baba et al.  1965 ; Armstrong and 
Armstrong  2005 ). Damage to plants, particularly 
in species well adapted to wetland conditions, 
has sometimes been attributed to the accumula-
tion of harmful concentrations of organic and 
inorganic substances in the soil, rather than to 
the effects of oxygen defi ciency per se (Drew 
et al.  1981 ). 

3.4.3.1     Secondary Metabolite Toxins 
Produced under Flooded 
Conditions 

 In addition to inorganic phytotoxins such as Fe 2+  
and Mn 2+ , a signifi cant accumulation of organic 
substances also occurs in waterlogged soils. 
Numerous volatile (short-chain) fatty acids and 
phenolics accumulate in soils during prolonged 
waterlogging (Drew and Lynch  1980 ; Armstrong 
and Armstrong  1999 ). Organic acids are formed 
from plant residues and have been shown to reach 
rapidly phytotoxic concentrations (Drew and 
Lynch  1980 ). These are secondary metabolites, 
produced as a result of anaerobic metabolism in 
both plants (Lynch  1977 ; Armstrong and 
Armstrong  1999 ) and rhizosphere microorgan-
isms (Drew and Lynch  1980 ). The type and 
amount of secondary metabolites produced 
depend upon the fermentative character of the 
microfl ora, the type and amount of organic mate-
rials added, the duration of waterlogging and 
physical and chemical changes associated with 
waterlogged soils. 

 As a consequence of microbial respiration, the 
redox potential (Eh) of the soil gradually declines 
(Drew and Lynch  1980 ). When Eh values fall 
below zero, SO 4  2−  is reduced to H 2 S, resulting 
consequently to methane production. Short-chain 
aliphatic acids (acetic, propionic and butyric) and 
aromatic acids including phenolics have been 
isolated from a range of soils under anaerobic 
conditions. With the volatile fatty acids, phenolic 
acids and nitrite (in equilibrium with nitrous 
acid), it is the undissociated acid form that is 
most active (Drew and Lynch  1980 ). The process 
of H 2 S production is pH dependent as sulphate- 
reducing bacteria, e.g.  Desulfovibrio desulfuri-
cans , that produce sulphide require pH 5.5–9 and 
anaerobic conditions (Starkey  1966 ). H 2 S pro-
duced in the reduction is readily soluble and 
above pH 7 dissociates to S 2−  and HS − . All three 
reduced S species are highly toxic to plants. 

 In addition, produced organic acids, as well as 
high CO 2 , can impose “acid loads” on cells of 
roots in waterlogged soils (Greenway et al.  2006 ). 
Upon re-aeration after a period of O 2  deprivation, 
ethanol remaining in tissues will be converted 

3 Plant Breeding for Flood Tolerance: Advances and Limitations



56

into acetaldehyde that can induce post-anoxic 
cell injuries (Bailey-Serres and Voesenek  2008 ).  

3.4.3.2     Whole-Plant and Cellular 
Responses to Phytotoxins 

 Flooding affects plants in two ways: while roots 
experience the direct effects of waterlogging, the 
shoots of plants in waterlogged soils suffer any 
consequences of root dysfunction. Phytotoxins 
have been shown to substantially affect nutrient 
uptake. Shoots can be damaged by defi ciencies of 
mineral nutrients, particularly nitrogen, and by 
an infl ux of reduced soil toxins. For example, the 
application of submillimolar concentrations of 
cinnamic and benzoic acid derivatives caused 
40–95 % reduction in both phosphorus (P) and 
potassium (K) reported in barley roots (Glass 
 1973 ,  1974 ). These effects were observed within 
minutes (Glass  1974 ) and were reversible (Glass 
 1973 ), suggesting a direct effect upon the cell 
membrane. Organic acids were also shown to 
reduce the uptake of other nutrients such as mag-
nesium (Mg), calcium (Ca) and nitrogen (N) in a 
range of plant species (Booker et al.  1992 ; 
Armstrong and Armstrong  2001 ). 

 Plant performance under fl ood conditions 
largely depends on soil type, as was shown for 
different wheat genotypes (Setter et al.  2009 ). 
Armstrong and co-workers reported that the com-
mon reed,  Phragmites australis , and rice 
responded to sulphide and the low molecular 
weight organic acids by the cessation of root 
growth and inhibition of lateral root emergence. 
The induction of blockages within the internal 
gas space system, lignifi cation and suberisation 
in the normally permeable parts of the root sys-
tem such as the superfi cial layers of fi ne laterals 
and of the apical regions of adventitious roots 
and blockages within the vascular system 
(Armstrong et al.  1996 ; Armstrong and 
Armstrong  1999 ,  2001 ,  2005 ). They also showed 
that ROL from adventitious root apices was 
greatly decreased in rice by acetic acid (15 mM 
as a single dose) and in  Phragmites  by mixtures 
of low molecular weight organic acids 
(Armstrong and Armstrong  2001 ). Damage to 
rice shoots attributed to hydrogen sulphide is 
known as browning, bronzing, brusome, akiochi, 
hie- imochi, suffocation and straight head 

 diseases. Sulphide is a well-known inhibitor of 
oxidative metabolism in rice and other species 
(Armstrong and Armstrong  2005 ). Control of the 
disease is best achieved through increasing soil 
redox potential by the application of nitrate to 
prevent sulphide formation, rather than by pro-
moting binding of sulphide. 

 It should also be stressed that many investiga-
tions analysed effects of only one of the potential 
toxins while there is possibility of synergistic 
interactions between toxins, particularly at limit-
ing oxygen concentrations, thus calling for fur-
ther attention.  

3.4.3.3     Plant Adaptation to Organic 
Phytotoxins 

 Plants developed different survival approaches in 
the presence of high levels of phytotoxins and O 2  
deprivation including minimisation of the adverse 
effects of phytotoxins to the roots and shoots and 
the repair of already damaged tissue. As men-
tioned earlier, some injuries caused by phytotox-
ins are attributed to inadequate uptake of 
inorganic nutrients and water. In order to com-
pensate for the latter, plants developed physio-
logical responses such as the slower growth rate 
of the shoot, the redistribution of inorganic nutri-
ents to the younger leaves, senescence and abscis-
sion of the older leaves, epinasty and rapid 
stomatal closure (Drew and Lynch  1980 ; Colmer 
and Voesenek  2009 ). All these traits are designed 
to minimise nutrient requirements and water loss 
by the plant. Nitrogen is also redistributed from 
the older leaves to the younger (growing) leaves, 
thus compensating the lack of supply from the 
roots (Drew and Lynch  1980 ). 

 A number of mechanisms promote detoxifi ca-
tion of reduced products in the anaerobic soil in 
the immediate vicinity of the root. These include 
the formation of root barriers to restrict entry of 
these compounds, as well as having some ROL 
from key sites (root tips and laterals) to re- oxidise 
these substances in the rhizosphere, regarded as 
important traits for minimising these toxicities 
(Armstrong  1979 ; Armstrong and Armstrong 
 2005 ). Oxidation of these compounds to less- 
toxic forms can occur either through the activities 
of aerobic microorganisms that colonise the 
 oxygenated rhizospheres or by direct chemical 
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oxidation (Begg et al.  1994 ; Kirk and Bajita 
 1995 ). In this context, radial oxygen loss (ROL) 
from root is considered to be essential for detoxi-
fi cation of phytotoxins (e.g. Fe 2+ , Mn 2+ , H 2 S, S 2− , 
HS − ) and organic acids by direct oxidation or by 
the agencies of oxidising aerobic microorgan-
isms from the rhizosphere (Armstrong and 
Armstrong  2005 ). 

 Finally, exposure to hypoxia for a short period 
of time prior to prolonged exposure to hypoxia 
allows cells to initiate processes that favour sur-
vival (Drew  1997 ; Chang et al.  2000 ; Bailey- 
Serres and Voesenek  2008 ). It would be of 
interest to assess whether species differ in their 
intrinsic tolerance to phytotoxins once the entry 
into the shoots and roots has already occurred.    

3.5      Crop Breeding for Flooding 
Stress Tolerance 

3.5.1     Transgenic Approach: Is This 
a Way Forward? 

 Genetically modifi ed crops are plants used in 
agriculture, the DNA of which has been modifi ed 
using genetic engineering techniques. In most 
cases, the aim is to introduce a new trait to the 
plant which does not occur naturally in the spe-
cies. Genetic engineering promises to speed the 
process and broaden the scope of what can be 
done. According to the International Service for 
the Acquisition of Agri-biotech Applications 
(ISAAA), the area used for biotech crop increased 
by more than 100-fold from 1.7 million hectares 
in 1996 when fi rst commercialisation started to 
over 175 million hectares in 2013 which are dis-
tributed in 27 countries. From 1996 to 2012, the 
use of biotech crops increased crop production 
valued at US$116.9 billion. In 2013, more coun-
tries, including Bangladesh, Indonesia and 
Panama approved biotech crop planting for com-
mercialisation in 2014. 

 While the fi rst generation of genetically engi-
neered crops included mainly pest and herbicide 
tolerance (Ohkawa et al.  1999 ; Moellenbeck 
et al.  2001 ), the following research have targeted 
various quality traits (e.g. product shelf life; 
Bruening and Lyons  2000 ; Haroldsen et al.  2012 ; 

nutrition; Beyer et al.  2002 ) as well as a broad 
range of stress-tolerant traits such as cold 
(Kenward et al.  1999 ) and soil salinity (Zhang 
and Blumwald  2001 ). Attempts have also made 
to improve waterlogging/submergence tolerance. 
For example,  Arabidopsis  with transferred chi-
meric SAG12-ipt gene displayed higher-level of 
tolerance to waterlogging than wild-type plants 
(Zhang et al.  2000 ). The improved tolerance was 
explained by accelerated function of anti- 
oxidative system in transgenic plants. 

 However, the introduction of transgenic plants 
into agriculture has been vigorously opposed by 
both general public and authorities in many coun-
tries. Also, in addition to the potential risk of 
transgenes in commercial crops endangering 
native or nontarget species, there are some scien-
tifi c issues. It is impossible to guide the insertion 
of the new gene, which leads to unpredictable 
effects. Also, gene expression is not necessarily 
directly correlated with the protein content so 
expression levels of the gene might not refl ect 
expression of the phenotype (Zhou et al.  2013 ). 
Moreover, since genes do not work in isolation 
but in highly complex relationships which are not 
understood, any changes to the DNA at any point 
will affect it throughout its length in ways scien-
tists cannot predict.  

3.5.2     Marker-Assisted Selection 
(MAS) Approach to Plant 
Breeding 

 As a GMO approach is still being highly debated, 
conventional breeding remains the best way for 
variety improvement. Similar to other major abi-
otic stresses, little progress has been made in 
breeding for waterlogging tolerance because of 
its low heritability, variability among waterlog-
ging treatments and the diffi culty of screening a 
large number of lines in the fi eld or under con-
trolled conditions (Collako and Harrison  2005 ; 
Zhou  2010 ). Up to date, plant breeding for water-
logging tolerance was driven mainly by the avail-
ability of convenient screening tools. Agronomic 
characteristics represent the combined genetic 
and environmental effects on plant growth that 
have been widely used both in genetic studies 
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(Mano et al.  2005 ,  2006b ; Li et al.  2008 ; Zhou 
et al.  2012 ; Xue et al.  2010 ) and in breeding pro-
grammes (Zhou  2010 ). 

 Marker-assisted selection (MAS) could be 
very effective in selecting the tolerance for vari-
ous stresses which are easily affected by environ-
ment. Molecular markers give unambiguous, 
single site genetic differences that can easily be 
scored and mapped in most segregating popula-
tions (Kearsey  1998 ). However, QTL analysis 
depends on the close linkage between markers 
and the differences in the marker genotypes will 
be associated with different trait phenotypes 
(Kearsey  1998 ). Thus, the success of MAS 
depends on the development of reliable markers 
(accurate QTL location). 

3.5.2.1     MAS for Agronomic Traits 
Linked to Waterlogging/
Submergence Tolerance 

 Many QTLs have been reported for waterlogging 
or submergence tolerance based on various agro-
nomical and morphological characteristics. Some 
markers closely linked to the traits have been suc-
cessfully used for many traits such as acid soil 
(  http://www.theland.com.au/news/agriculture/
cropping/grains/acidic-soils-options/2667100.
aspx    ) and barley yellow dwarf virus (Western 
Australia breeding programme, pers. comm.) 
resistance in breeding programmes. In rice, a 
submergence tolerance locus has been success-
fully transferred to a submergence-intolerant 
Thai Jasmine rice variety KDML105 without 
changing any agronomically desirable traits 
through backcrossing using MAS (Siangliw et al. 
 2003 ). Using a population developed from a 
cross between an indica submergence tolerant 
line (IR40931-26) and a susceptible japonica line 
(PI543851), a major QTL was mapped to chro-
mosome 9, designated as Sub1 (Xu and Mackill 
 1996 ). This QTL accounted for about 70 % of the 
phenotypic variation in submergence tolerance in 
the population studied. Nandi et al. ( 1997 ) con-
fi rmed the importance of Sub1 in submergence 
tolerance and identifi ed four additional QTLs on 
four different chromosomes. 

 However, most of the traits used as the indices 
for waterlogging/submergence tolerance are not 

only easily affected by environment but  controlled 
by many genes. For example, 34 different QTL-
controlling waterlogging tolerance in maize were 
detected based on the analysis of agronomical 
traits such as plant height, root length and root 
and shoot dry weight; these QTLs were mapped 
to eight different chromosomes (Qiu et al.  2007 ). 
All the QTLs determined only a small proportion 
of phenotypic variation and it is not possible to 
conduct fi ne mapping in order to fi nd molecular 
markers closely linked to the tolerance genes. 
Accurate phenotyping may narrow down the 
number to a few major QTLs, but it is still hard to 
make effective selection on many QTLs at the 
same time.  

3.5.2.2     MAS for Major Physiological 
Traits Conferring Waterlogging 
Stress Tolerance 

 Plant adaptation to waterlogged conditions is 
physiologically complex and involves an orches-
trated action of several contributing mechanisms. 
Linking tolerance with identifi able physiological 
traits may help guide evaluation and selection 
processes associated with breeding.

    Minimising radial oxygen losses (ROL)  from 
roots is one of the key features of waterlog-
ging stress tolerance (Colmer and Voesenek 
 2009 ). Wetland species are able to form a 
 barrier to ROL in the basal zones of roots with 
plenty of oxygen diffusion to the root apex 
(Abiko et al.  2012a ). Many rice varieties 
grown in stagnant solutions also induced a 
tight barrier to ROL (Colmer  2003 ). The 
induced high root porosity and a barrier to 
ROL in wild relative  H. marinum  are the main 
contributors to waterlogging tolerance, with 
84 % of the reduction in oxygen loss 
(Garthwaite et al.  2008 ). The wild relative of 
maize,  Z. nicaraguensis , which is waterlog-
ging tolerant, showed much greater ability to 
form a barrier to ROL in the basal zone of 
roots than less waterlogging-tolerant culti-
vated maize (Abiko et al.  2012a ). Genetic 
variations in the formation of the barrier to 
ROL exist among varieties, and the formation 
of the barrier to ROL is correlated with 
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 waterlogging tolerance in rice (Colmer  2002 ), 
wheat (Malik et al.  2003 ), maize (Abiko et al. 
 2012a ) and pasture species (Gibberd et al. 
 1999 ). However, the success of breeding 
waterlogging-tolerant varieties through ROL 
relies on the discovery of molecular markers 
linked to this trait since it’s not practical to 
select a large number of individuals for ROL 
in a breeding programme.  

   Aerenchyma formation  is considered to be one of 
the most crucial adaptive traits for waterlog-
ging tolerance (Jackson and Armstrong  1999 ; 
Evans  2004 ; Colmer and Voesenek  2009 ). 
Waterlogging tolerance showed a strong cor-
relation with aerenchyma formation in roots 
under waterlogging stress in barley (Colmer 
 2003 ; Pang et al.  2004 ; Broughton et al.  2015 ), 
wheat (Malik et al.  2003 ), maize (Abiko et al. 
 2012a ), and pasture species (Gibberd et al. 
 2001 ). Wild relatives of maize are able to form 
constitutive lysigenous aerenchyma under 
non-waterlogging conditions. The constitu-
tively formed aerenchyma allows cultivars to 
adapt to waterlogging conditions more rapidly 
than those without constitutive aerenchyma. 
QTLs were identifi ed for aerenchyma forma-
tion (Mano et al.  2007 ) in maize. One major 
QTL on chromosome 1 was found in two pop-
ulations, maize inbred B64 × teosinte  Zea 
nicaraguensis  cross population and their 
advanced backcross population (Mano et al. 
 2007 ,  2008 ; Mano and Omori  2008 ,  2009 ). 
Nearly 50 % of the phenotypic variation was 
determined by this QTL (Mano et al.  2007 ). 
This QTL was also identifi ed in other popula-
tion B73 × teosinte  Zea luxurians , determining 
36.3 % of the phenotypic variation (Mano 
et al.  2008 ). Six candidate genes were identi-
fi ed for constitutive aerenchyma formation in 
the region where the major QTL was located 
(Abiko et al.  2012b ). In barley, a single major 
QTL was identifi ed on 4H (Broughton et al. 
 2015 ), and this QTL was located in a similar 
position to a QTL for waterlogging tolerance 
(Zhou et al.  2012 ). This QTL explained 35.7 
and 39.0 % of phenotypic variation in aerated 
and oxygen-defi cient conditions, respectively. 
Comparative mapping revealed this QTL is 

syntenic with the Qaer1.02-3 QTL in maize 
(Mano et al.  2007 ) and the Sub1A-1 gene in 
rice (Xu and Mackill  1996 ), which are respon-
sible for aerenchyma formation and submer-
gence tolerance, respectively.  

   Superior ability to reduce detrimental effects of 
secondary metabolites and toxic ions  such as 
Mn 2+  was shown to be related to waterlogging 
tolerance (Pang et al.  2007a ,  b ; Khabaz-Saberi 
and Rengel  2010 ; Khabaz-Saberi et al.  2012 ; 
Huang et al.  2014 ). Our preliminary study 
identifi ed one major QTL and one minor QTL 
for Mn 2+  tolerance in a DH population, and the 
minor QTL was in a similar position to one of 
the QTLs for waterlogging tolerance (Zhou 
 2011 ).  

   Many other physiological traits  such as potas-
sium retention in the cytosol, maintenance of a 
negative membrane potential and ROS toler-
ance may also contribute to waterlogging tol-
erance. However, no attempts have been 
undertaken in identifying QTL linked to these 
traits, which limits the direct use of these traits 
as selecting indices.      

3.5.3     Limitations and Development 
of More Reliable Markers 
to Be Used in MAS 

 Many factors limit the progress of breeding for 
waterlogging/submergence tolerance. Since the 
direct selection on yield for waterlogging toler-
ance is not practical in a breeding programme, 
various agronomical and physiological traits 
were used as indirect selecting criteria. The rela-
tionships between these traits and waterlogging 
tolerance are crucial for the effectiveness of 
selection. 

 The mapping of quantitative trait loci (QTL) is 
an important step towards MAS. However, QTL 
mapping using segregating populations has lim-
ited resolution (Paterson et al.  1990 ) with most 
QTL covering a wide region of chromosome. 
Using QTL-derived markers for direct selection 
can often lead to disappointment as recombina-
tion at sites internal to the markers may disrupt 
the QTL. In most cases, several QTL were 
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involved in the tolerance based on agronomic 
traits with each QTL controlling a relatively 
small proportion of phenotypic variance. This 
makes fi ne mapping of these QTL very hard. 
Physiological traits can be simply inherited (i.e. 
aerenchyma formation), and increased waterlog-
ging tolerance can be achieved by pyramiding 
different traits. However, very few studies were 
conducted in identifying QTL for these traits, 
which is necessary for these traits to be used in 
breeding programmes. 

 To obtain markers that can be reliably used to 
follow a locus, additional experiments have to be 
conducted to fi ne map the region. One of the 
methods of resolving the map position of a QTL 
is by analysing a series of near-isogenic lines 
(NILs) that differ in markers fl anking the QTL 
(Young et al.  1988 ; Paterson et al.  1990 ). NILs 
contain only a single introgression per line, which 
increases the power to detect small-effect QTL 
and conduct fi ne mapping and the study on 
molecular mechanisms of the individual QTL. In 
addition, because most of the genetic background 
is identical for all lines, NILs show more limited 
developmental and growth variation, increasing 
the homogeneity of growth stage within experi-
ments. Thus these NILs can be used to (1) study 
the linkage between different indirect selection 
indices and yield under water logging conditions 
and (2) identify and fi ne map QTL for various 
agronomical and physiological traits linked to 
waterlogging tolerance, leading to more reliable 
markers in MAS.   

3.6     Emerging Areas 

3.6.1     Elucidating the Role 
of Membrane Transporters 
in Flooding Tolerance 

 Membrane transporters are central to perception 
and signalling of every known environmental 
factor (Ward et al.  1995 ; Zimmermann et al. 
 1999 ; Demidchik and Maathuis  2010 ). In 
 Arabidopsis , 43 % of over 25,000 protein 
sequences have at least one transmembrane span-
ning domain, and 18 % of proteins have two such 

domains and thus are associated with cellular 
membranes (Ward  2001 ). Genetic manipulation 
with ion-permeable channels and transporters has 
resulted in improved tolerance to a range of key 
abiotic stresses such as salinity (Zhang et al. 
 2001 ), drought (Becker et al.  2003 ) and soil acid-
ity (Ryan et al.  2011 ). Surprisingly, fl ooding tol-
erance is absent from this list. The role and the 
molecular identity of membrane transporters in 
signalling and adaptation to fl ooding stress 
remain largely unexplored and represent an under 
explored avenue for improving plant perfor-
mance under stress conditions. From this per-
spective, at least three promising directions may 
be identifi ed. 

3.6.1.1     Hypoxia Sensing 
 The issue of what constitutes the oxygen sensor 
in plants still remains a hotly debated topic. 
Oxygen status might also be directly measured 
by the cell, for example, through sensor proteins 
or transcription factors whose activity is directly 
affected by oxygen levels (Banti et al.  2013 ). 
Recent studies in  Arabidopsis  (Gibbs et al.  2011 ; 
Licausi et al.  2011 ) showed that plant-specifi c 
group VII ethylene response factor (ERF) tran-
scription factors may play this role. Under nor-
moxia, ERF transcription factors are targets of 
proteasomal degradation via the N-end rule path-
way. Under hypoxia, the N-degron is stabilised 
and ERF-VII transcription factors migrate to the 
nucleus to activate anaerobic gene expression 
(Licausi et al.  2013 ). Under anoxia, a mitochon-
drial imbalance or a nicotinamide adenine dinu-
cleotide phosphate oxidase-mediated mechanism 
leads to the production of ROS, promoting the 
activation of genes involved in oxidative 
responses (Licausi et al.  2013 ; Bailey-Serres 
et al.  2012 ). However, by defi nition, sensing 
implies an  immediate  (e.g. microsecond times-
cale) response, while changes in ERF transcrip-
tion factors operate in much slower timescale. 
Thus, it cannot be excluded that ERF factors rep-
resent an important downstream signalling com-
ponent but  not the sensor per se . In mammalian 
systems, a broad range of specialised K + -, Ca 2+ -, 
and Na + -permeable channels were shown to act 
as oxygen sensors (reviewed by Kemp and Peers 
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 2007 ), and it was suggested that such membrane- 
based oxygen sensors may also operate in plant 
systems (Pang and Shabala  2010 ; Shabala et al. 
 2014 ). If proven to be the case (to be elucidated 
in direct patch-clamp experiments), tempering 
with such oxygen sensor (a single protein trans-
porter) will open exciting prospects of modifying 
plan fl ooding tolerance by genetic means.  

3.6.1.2     Cytosolic pH Homeostasis 
 Most of cytosolic enzymes are “pH tuned” and 
operate at their optimum at around pH 7.0–7.2 
(Ratcliffe  1997 ). Meanwhile, hypoxic stress 
results in signifi cant cytosolic acidifi cation. 
Within seconds after imposing hypoxia or anoxia 
to a cell, cytoplasmic pH rapidly drops by several 
tenths of a pH unit (Felle  2005 ). There may be a 
slow partial recovery of pH (e.g. in rice; Menegus 
et al.  1991 ), but for as long as the suboptimal 
oxygen conditions last, the pH remains below the 
normoxic set point (Felle  2005 ). Plasma mem-
brane H + -ATPase is thought to play a major role 
in cytoplasmic pH regulation (Greenway and 
Gibbs  2003 ; Felle  2005 ; Koizumi et al.  2011 ); 
however, reduced energy availability (see above) 
makes its operation questionable. The viable 
option is to switch to pyrophosphatase-driven H +  
transport. The H + ‐pyrophosphatase pumps 
(termed V-PPase) exist at tonoplast membranes 
(Dietz et al.  2001 ), and it was argued that a switch 
from V-ATPase to V-PPase-driven H +  transport 
will be benefi cial to anoxically treated roots 
(Gibbs and Greenway  2003 ), both in the light of 
reduced ATP availability and due to the fact that 
hydrolysis of PPi is favoured to ATP when cyto-
plasmic pH drops as it does under anoxia (Felle 
 2005 ). Thus, transgenic crops with overexpressed 
PPase activity may be a possible way forward in 
developing fl ood-tolerant crops (Carystinos et al. 
 1995 ; Koizumi et al.  2011 ; Shabala et al.  2014 ).  

3.6.1.3     Potassium Homeostasis 
 Potassium plays multiple roles in plants (Dreyer 
and Uozumi  2011 ; Anschütz et al.  2014 ; Shabala 
and Pottosin  2014 ), and the ability of roots to 
maintain a better cytosolic K +  homeostasis and 
K +  channel functionality was also named as an 
essential component of plant acclimation to 

hypoxia in this species (Mugnai et al.  2011 ; 
Barrett-Lennard and Shabala  2013 ). These traits 
may be, therefore, targeted in breeding pro-
grammes. It was argued, however, that reduction 
in the cytosolic K +  pool may provide a mean by 
which plants “shut down” many energy- 
dependent processes such as protein synthesis, to 
survive the energy crisis (Shabala and Pottosin 
 2014 ; Shabala et al.  2014 ) and to redirect avail-
able energy to defence-related processes such as 
prevention of cytosolic acidifi cation, ROS detox-
ifi cation and production of molecular chaper-
ones. Also, high cytosolic K +  levels are also 
essential to suppress the activity of caspase-like 
proteases and endonucleases in plants (Shabala 
et al.  2007 ; Demidchik et al.  2010 ), and decrease 
in the cytosolic K +  pool may result in the activa-
tion of these catabolic enzymes triggering 
PCD. It was argued (Shabala et al.  2014 ) that 
such a PCD-driven elimination of the cell may be 
benefi cial if it occurs in the root cortex (for gen-
erating the air pocket and thus contributing to 
aerenchyma formation), but the same process in 
the root meristem (not capable of forming aeren-
chyma; Colmer  2003 ) may result in a complete 
arrest of growth and the eventual death of the root 
apex. Thus, the issue of potassium homeostasis 
and its regulation should be put in a strict time 
and tissue context.   

3.6.2     Developing High-Throughput 
Technology Platforms for Fine 
QTL Mapping 

 Non-invasive microelectrode fl ux measurements 
have gradually emerged as a convenient tool to 
study membrane-transport processes in plants in 
situ (Shabala and Bose  2012 ). Some of their key 
features (non-invasiveness, high spatial and tem-
poral resolution, etc.) allow us to establish and 
quantify causal links between membrane- 
transport processes and other metabolic or physi-
ological processes in the cell. The MIFE 
technique developed in our laboratory (Shabala 
et al.  2006 ,  2012 ) has been successfully applied 
in the past to understand cellular mechanisms of 
waterlogging stress signalling and adaptation 
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(Pang et al.  2006 ,  2007a ,  b ; Zeng et al.  2013 ; 
Teakle et al.  2013 ). We argue here that, if applied 
to the DH population, application of the MIFE 
technique may be useful for fi ne mapping QTL 
conferring key mechanisms contributing to fl ood-
ing tolerance in crops. 

 It was shown in the past that K +  leakage from 
root cells is mediated by two types of plasma 
membrane channels: depolarisation-activated 
outward-rectifying (GORK in  Arabidopsis ) and 
non-selective cation channels (NSCC) (Pang 
et al.  2007a ,  b ). Thus, measurements of net K +  
fl uxes from roots of DH plants contrasting in K +  
retention under either hypoxic or phytotoxin 
treatments may determine QTL conferring toler-
ance to these factors. The MIFE technique may 
be also used to map net O 2  fl uxes from adventi-
tious roots under hypoxic or anoxic conditions 
(Pang et al.  2006 ), determining QTL responsible 
for ROL. Finally, effi ciency of H + -ATPase activ-
ity operation may be determined by measuring 
the vanadate-sensitive component of H +  effl ux by 
H + -selective microelectrodes (Shabala and Bose 
 2012 ). The fact that each of these physiological 
traits is mediated by a function of one (or perhaps 
a few), specifi c transport proteins gives hope that 
the detected QTL will be narrow and sharp and, 
hence, usable for practical purposes of pyramid-
ing suitable traits.  

3.6.3     Understanding ROS Signalling 
in Flooding Stress Tolerance 

 Plant survival of waterlogging or submergence 
also depends on their ability to limit or endure 
oxidative stress, which occurs during the transi-
tion from normoxia to anoxia as well as upon de- 
submergence (Bailey-Serres et al.  2012 ). H 2 O 2  
was identifi ed as a second messenger in responses 
to low oxygen (Baxter-Burrell et al.  2002 ), and 
ROS is believed to be sensed by two-component 
sensors possessing a histidine kinase, subse-
quently inducing a mitogen-activated protein 
kinase (MAPK) signalling pathway (Voesenek 
et al.  2006 ). When produced in low quantities, 
ROS may have an important signalling role; 
when accumulated in large quantities, they may 

become cytotoxicants (Bailey-Serres and 
Voesenek  2008 ; Rodrigo-Moreno et al.  2013a ,  b ). 
Thus, a better understanding of mechanisms of 
ROS production and signalling in fl ooded roots is 
needed. At least three possible mechanisms were 
suggested (Shabala et al.  2014 ): (1) by PM 
NADPH oxidase, (2) as a result of imbalance in 
mitochondrial functions, and (3) due to the accu-
mulation of excess quantities of metal ions. 
Importantly, while H 2 O 2  formation during fl ood-
ing is principally caused by DPI-sensitive 
NADPH oxidase, the oxidative burst during 
recovery is mostly insensitive to DPI (Kumutha 
et al.  2009 ). High levels of antioxidant activity 
are essential to avoid damage during the reoxy-
genation period.   

3.7     Conclusions 
and Prospectives 

 In light of the above, it is highly unlikely that 
progress in crop breeding for waterlogging stress 
tolerance will be achieved by targeting just one 
physiological mechanism. More likely, a thor-
ough MAS-based pyramiding of physiological 
traits conferring effi cient oxygen supply and 
energy maintenance, cytosolic ion homeostasis 
and ROS control and detoxifi cation is required 
(Shabala et al.  2014 ). However, it appears that all 
the required techniques and methods seem to be 
in place, and high-throughput technology plat-
forms for fi ne QTL mapping at the functional 
(protein) level are available for many traits. The 
next few years will show if these technological 
advances will be eventually implemented into 
fl ood-tolerant varieties in farmers’ fi elds.     
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    Abstract  

  Among multiple abiotic stresses, drought or water defi cit is considered the 
most important constraint in rice production in many rice-growing areas. 
Therefore, development of drought-resistant rice varieties is urgently 
needed. Through identifi cation of drought-resistant germplasms, numer-
ous genetic resources with drought resistance traits have been introduced 
to commercialized paddy rice cultivars through conventional breeding. 
Many drought resistance quantitative trait loci (QTLs) were also identifi ed 
based on root-, leaf-, and yield-related traits. Especially, some QTLs that 
showed a large and consistent effect in a wide range of environments are 
of special interest for improving drought resistance of elite rice cultivars 
following marker-assisted breeding. Using transgenic techniques, many 
drought-resistance transgenic rice lines have been produced by changing 
the expression of endogenous drought-responsive genes or by introducing 
exogenous genes. Some transgenic rice plants that harbored the drought- 
responsive genes driven by appropriate promoters showed signifi cantly 
improved drought resistance without phenotypic changes or yield penalty 
in the fi eld conditions, suggesting of potential promise of genetic engi-
neering in genetic improvement of drought resistance in rice. All these 
genetic resources, combined with the development of new strategies and 
drought screening methods, provide great opportunities to improve 
drought resistance in rice. This article provides an overview and perspec-
tive of the strategies, resources, progresses, and challenges toward the 
improvement of drought resistance in rice.  
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4.1         Introduction 

 Rice is one of the major staple food crops in the 
world. In some developing countries, rice 
 productivity is closely associated with food 
 security and is even related to political security. 
The continuous increase of the human popula-
tion, together with the loss of agricultural land 
which is mainly due to urbanization, industrial-
ization, and desertifi cation, poses serious chal-
lenges to world food security. To meet the 
Declaration of the World Summit on Food 
Security (  http://www.fao.org/wsfs/forum2050/
wsfs-forum/en/    ) target of 70 % more food by 
2050, an average annual increase in production of 
44 million metric tons per year is required (Tester 
and Langridge  2010 ). This goal is even more 
challenging in light of the simultaneous occur-
rence of different abiotic stresses, as well as the 
increased frequency of extreme weather condi-
tions (Mittler and Blumwald  2010 ). 

 Among multiple abiotic stresses, drought or 
water defi cit is considered the most important con-
straint in rice production in many rice- growing 
areas due to variation in the rainfall patterns from 
one year to another and the uneven distribution of 
rainfall in the rice-growing season (Zhang  2007 ). 
Drought conditions can affect the plant at any 
growth stage, but drought stress during the repro-
ductive stage directly results in yield losses of 
24–84 % (Venuprasad et al.  2007 ). To cope with 
the challenges of sustainable rice production, a 
Green Super Rice Project was put forward to 
develop environment-friendly cultivated rice 
(Zhang  2007 ). Water conservation and drought 
resistance are indispensable features of the Green 
Super Rice. Increasing the understanding of the 
drought resistance mechanism in rice, identifi ca-
tion of drought-resistant rice germplasm, develop-
ment of new strategies and selection methods, 
identifi cation of drought-tolerant quantitative trait 
loci (QTLs) and genes, and international work-
shops provide great opportunities to improve 
drought tolerance in rice. This article provides a 

perspective of the strategies, resources, current sta-
tus, and challenges toward the improvement of 
drought tolerance in rice.  

4.2     Evaluation of Drought 
Resistance in Rice 

 For crops, drought resistance is not only the abil-
ity to survive or grow in a water-defi cient envi-
ronment, but also encompasses minimum loss 
of yield resulting from the stress. Drought 
 resistance of rice can be defi ned as the survival 
ability and production capacity under drought 
conditions (Luo  2010 ). Drought resistance is a 
quantitative trait and is often indicated by relative 
values (the values under drought stress relative to 
the values under normal growth conditions) of 
various traits. Drought resistance in rice consists 
of four mechanisms: drought escape, drought 
avoidance, drought tolerance, and drought recov-
ery (Yue et al.  2006 ; Luo  2010 ; Lawlor  2013 ; 
Fukai and Cooper  1995 ). Drought escape (DE) 
refers to escape away from stress by a short life 
cycle or developmental plasticity. In agricultural 
production, DE means avoiding the seasonal or 
climatic drought by adjusting the planting time or 
by the application of short-duration varieties. 
Drought avoidance (DA) is characterized mainly 
by the plant capacity in sustaining high water sta-
tus under drought conditions via enhanced water 
uptake and reduced water loss. For example, DA 
can be achieved through the development of a 
dense and deep root system to exploit water or 
through the closure of stomata, leaf rolling, or a 
non-permeable leaf cuticle to reduce  transpiration. 
Drought tolerance (DT) is defi ned as the capacity 
of plant cells to maintain function under water-
defi cit status through reducing stress- induced 
damage by regulation of gene expression and 
metabolic pathways. DT is often associated with 
the accumulation of osmotic adjustment (OA)-
related molecules (such as proline) in plant cells 
for turgor maintenance. DT is also commonly 
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related to the removal of harmful substances 
accumulated in plants such as reactive oxygen 
species (ROS). Drought recovery (DR) refers to 
the recovery capability of a plant after a period of 
severe drought stress, which causes the complete 
loss of turgor and leaf desiccation. 

 Drought resistance is a complex trait refl ected 
by changes at the morphological, physiological, 
biochemical, and molecular levels. It is important 
to identify the main criteria or indices to evaluate 
the drought resistance for different crops. Drought 
resistance indices in rice can be divided into three 
categories. (1) DA-related indices. The main crite-
ria of DA include root morphological traits (such 
as root length, root diameter, root  volume, etc.) 
and physiological traits (such as stomatal conduc-
tance, leaf water potential, leaf relative water con-
tent, water loss rate, photosynthetic rate, canopy 
temperature, etc). (2) DT-related indices. This cat-
egory includes several physiological traits related 
to OA (such as proline and soluble sugar content), 
abscisic acid (ABA) content and response, and 
oxidative stress protection (peroxidase or superox-
ide dismutase activity, chlorophyll content, etc). 
(3) Composite indices. These indices include the 
traits related to biological yield (survival rate, 
fresh weight, dry weight, green leaf area, and dead 
leaf scoring) or economic yield (seed setting rate 
and grain yield) under drought stress conditions. 

 Comprehensive evaluation of rice drought 
resistance is very hard. Actually, researchers from 
different disciplines typically choose part of the 
above indices to evaluate drought resistance 
according to their purposes. Although it is diffi -
cult to apply the comprehensive index system to 
reveal the mechanism of drought resistance, some 
of the composite indices (especially yield- related 
traits) are preferable and effective for drought-
resistance breeding by agronomists and breeders.  

4.3     Conventional Breeding 
of Drought Resistance in Rice 

 Conventional breeding for drought tolerance in 
rice has made little progress in the twentieth cen-
tury (Fukai and Cooper  1995 ). This is mainly due 
to the polygenic nature of the phenomenon with 
low heritability and high G × E interaction (Ingram 

and Bartels  1996 ; Fukai and Cooper  1995 ; 
Pantuwan et al.  2002 ; Lafi tte et al.  2007 ). Indirect 
selection of secondary traits, which has poor cor-
relation with grain yield under stress, may also 
lead to the slow progress in breeding for improved 
drought tolerance in rice (Guan et al.  2010 ; Bernier 
et al.  2008 ). Furthermore, the long- time practice of 
breeding for higher yield under well-watered con-
ditions has narrowed the genetic spectrum of cur-
rent cultivars with respect to their ability to tolerate 
drought stress (Yang et al.  2010 ). 

 Rice is rich in germplasm resources. The 
International Rice Genebank holds >105,000 
types of Asian and African cultivated rice 
and ≈ 5000 ecotypes of wild relatives. In addition, 
many major rice-producing countries have estab-
lished national germplasm banks (Zhang  2007 ). 
In recent years, drought resistance as well as the 
major agronomic characteristics, physiological 
traits, and leaf anatomical and root traits of the 
drought-resistant varieties originating from Asia 
and Africa were examined by a fi eld screen facil-
ity, and several accessions showed a high level of 
drought resistance (Luo  2010 ; Lafi tte et al.  2006 ). 

 A large-scale backcross breeding project was 
initiated at the International Rice Research 
Institute (IRRI) to improve drought tolerance in 
rice. Three elite lines were used as the recurrent 
parents: two broadly adapted, high-yielding low-
land  indica  cultivars (IR64 and Teqing) and the 
tropical  japonica  new plant type breeding line 
IR68552-55-3-2. A total of 163 varieties of 
diverse origins, which represented the breadth of 
cultivated rice germplasm, were used as donors 
(Yu et al.  2003 ). A total of 322 crosses were made 
between the recurrent parents and donors, and 
325 BC2F2 bulk populations were screened in 
drought lowland or upland nurseries (Lafi tte et al. 
 2006 ). The high frequency of BC progeny show-
ing apparent transgressive performance for yield 
in the severe stress of the selection nurseries over 
the parental lines in most populations was found. 
This indicates substantial genetic drought toler-
ance in the donors (Lafi tte et al.  2006 ). Further 
analysis of IR64-derived superior lines indicated 
that improving drought tolerance in a background 
of a semidwarf modern variety is not necessarily 
linked to losses in yield potential (Lafi tte et al. 
 2007 ). Dual goals of good yield potential in 
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fl ooded environments and yield under drought 
stress conditions were also not incompatible in 
these materials (Lafi tte et al.  2007 ). A new and 
promising strategy combining BC breeding with 
designed QTL pyramiding has been practiced at 
the IRRI and in China, in which exploiting useful 
genetic diversity for drought tolerance from the 
primary gene pool of rice by BC breeding and 
developing drought tolerance introgression lines 
in elite genetic backgrounds, discovery, allelic 
mining, and characterization of QTL networks for 
DT/ST and directed trait improvement by 
designed QTL pyramiding are well designed and 
integrated (Li and Xu  2007 ). For an instance, 48 
pyramiding lines (PLs) developed by two rounds 
of QTL pyramiding in the IR64 background were 
evaluated over 2 years for yield performance and 
related traits under severe drought stress and irri-
gated conditions, and all of these PLs had signifi -
cantly improved drought tolerance (Guan et al. 
 2010 ). In addition, 17 PLs had higher yield poten-
tial than IR64, and the remaining 31 PLs had a 
yield potential similar to IR64 under the irrigated 
control. The results indicated that selection for 
yield plus some secondary traits under appropri-
ately managed stress and nonstress conditions 
similar to the target environments are critically 
important for improving drought resistance with-
out yield penalties in rice (Guan et al.  2010 ). 

 Upland rice is a special ecotype of cultivated 
rice, which has low yield but high potential in 
water conservation and drought resistance (Luo 
 2010 ). One strategy to improve the drought resis-
tance of paddy rice (also called irrigated or low-
land rice) is to introduce the water conservation 
and drought resistance capacity of the upland rice 
into the commercialized paddy rice cultivars. 
Using upland rice IRAT 109 as a drought resis-
tance donor, large-scale hybridization and back-
crossing with the paddy rice varieties was done at 
the Shanghai Agrobiological Gene Center 
(SAGC). After selection in a water-limited envi-
ronment, a drought-resistant variety Huhan 3 was 
developed and registered at the national level and 
released to farmers in 2004 (Luo  2010 ). The 
drought resistance of Huhan 3 was also intro-
duced to Hanfong B, a paddy rice possessing the 
ability to maintain the cytoplasm male sterility of 

 japonica , which led to the release of Huhan 2B 
which retained the same yield potential as 
Hanfong B and the same drought resistance as 
Huhan 3 (Luo  2010 ). By this strategy, SAGC 
released a batch of drought-resistant varieties, 
including the conventional varieties, such as 
Zhonghan 3, Huhan 3, and Huhan 15 and hybrid 
rice such as Hanyou 2 and Hanyou 3. These vari-
eties performed better in terms of drought resis-
tance and/or water conservation properties and 
have been applied for cultivation in low and mod-
erate yielding fi elds (Luo  2010 ).  

4.4     MAS for Drought Resistance 
in Rice 

 Since the development of molecular markers 
allows the construction of saturated linkage maps, 
QTL analysis could be employed to analyze the 
genetics of complex traits (Price et al.  2002b ). 
With the development of DNA markers, marker-
assisted selection (MAS) provides an opportunity 
for examining the usefulness of introducing spe-
cial genomic regions from drought-resistant 
germplasms into elite rice cultivars for genetic 
improvement of drought resistance in rice. 

 The root system is very important to drought 
resistance because plants obtain water and nutri-
ents through roots. The ability to access water in 
deep soil layers through an effective rooting  system 
has been considered as an important DA mecha-
nism for upland rice (Price and Courtois  1999 ). 
Many genetic studies have been conducted on the 
root system, and numerous root-related QTLs were 
identifi ed, including root length and thickness 
(Champoux et al.  1995 ; Yadav et al.  1997 ; Price 
et al.  2002a ; MacMillan et al.  2006 ; Qu et al.  2008 ), 
root volume (Hemamalini et al.  2000 ; Price and 
Tomos  1997 ; Yue et al.  2006 ), and root penetration 
ability (Ray et al.  1996 ; Ali et al.  2000 ; Price et al. 
 2000 ; Zheng et al.  2000 ) (Table  4.1 ). Yue et al. 
( 2006 ) detected 38 QTLs for seven root traits under 
drought stress conditions (maximum root depth, 
drought-induced root growth in depth, root growth 
rate in depth, root volume, deep root rate in vol-
ume, root growth rate in volume, deep root rate in 
volume induced by drought conditions) using a 
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    Table 4.1    QTLs associated with drought tolerance in rice   

 Trait  Cross  Population 
 Number of 
QTLs  Reference 

 Root system trait 

 Root thickness, 
root-shoot ratio, root 
dry weight per tiller, 
deep root dry weight 
per tiller 

 CO39/Moroberekan  RILs  56  Champoux et al. 
( 1995 ) 

 Number of penetrated 
roots, total root 
number, root 
penetration index 

 CO39/Moroberekan  RILs  29  Ray et al. ( 1996 ) 

 Maximum root length, 
root thickness, total 
root weight, deep root 
weight, deep root 
weight per tiller, deep 
root to shoot ratio 

 IR64/Azucena  DH  39  Yadav et al. ( 1997 ) 

 Total root number, 
penetrated root 
number, root 
penetration index, 
penetrated root 
thickness, penetrated 
root length 

 IR58821/IR52561  RILs F7  28  Ali et al. ( 2000 ) 

 Root length, total root 
number, root volume, 
root thickness, root dry 
weight 

 IR64/Azucena  DH  28  Hemamalini et al. 
( 2000 ) 

 Root penetration 
ability, root thickness, 
penetrated root 
number, total root 
number 

 IR64/Azucena  DH  12  Zheng et al. ( 2000 ) 

 Maximum root length, 
root thickness, root dry 
weight 

 IAC165 × Co39  RILs F7  29  Courtois et al. 
( 2003 ) 

 Maximum root length, 
root volume, 
adventitious root 
thickness, root cell 
length 

 Bala/Azucena  F2  24  Price and Tomos 
( 1997 ) 

 Number of roots, 
number of penetrated 
roots, ratio of 
penetrated to total 
roots 

 Bala/Azucena  RILs F6  17  Price et al. ( 2000 ) 

 Maximum root length, 
root thickness, dry 
weight of roots, 
number of roots, root 
to shoot ratio 

 Bala/Azucena  RILs F6  49  Price et al. ( 2002a ) 

(continued)
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Table 4.1 (continued)

 Trait  Cross  Population 
 Number of 
QTLs  Reference 

 Maximum root length, 
maximum root 
thickness, root mass 
below 50 cm, % root 
mass 

 Bala/Azucena  RILs F6  51  MacMillan et al. 
( 2006 ) 

 Root axis length, 
branching index, root 
dry weight 

 Akihikari/IRAT109  BC1F5  9  Horii et al. ( 2006 ) 

 Deep root mass, deep 
root ratio, deep root 
per tiller, rooting 
depth, root thickness 

 IR58821/IR52561  RILs F7  31  Kamoshita et al. 
( 2002 ) 

 Root penetration 
index, root thickness, 
root pulling force, root 
dry weight, penetrated 
root length 

 CT9993/IR62266  DH  36  Zhang et al. 
( 2001a ) 

 Root pulling 
resistance, root dry 
weigh 

 CT9993/IR62266  DH  3  Kumar et al. 
( 2007 ) 

 Maximum root length, 
root dry weight, total 
dry weight, root-shoot 
ratio 

 ZS97/Minghui63  RILs F10  20  Xu et al. ( 2004 ) 

 Maximum root depth, 
drought-induced root 
growth in depth, root 
growth rate in depth, 
root volume, deep root 
rate in volume, root 
growth rate in volume, 
deep root rate in 
volume induced by 
drought conditions 

 ZS97/IRAT109  RILs F9  74  Yue et al. ( 2006 ) 

 Seminal root length  IR1552/Azucena  RILs F10  2  Zhang et al. 
( 2001b ) 

 Seminal root length, 
adventitious root 
number, lateral root 
length, lateral root 
number 

 IR1552/Azucena  RILs F10  23  Zheng et al. ( 2003 ) 

 Basal root thickness, 
total root number, 
maximum root length, 
root fresh weight, root 
dry weight, ratio of 
root fresh weight to 
shoot fresh weight, 
ratio of root dry weight 
to shoot dry weight 

 IRAT109/Yuefu  DH  19  Li et al. ( 2005 ) 

(continued)
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Table 4.1 (continued)

 Trait  Cross  Population 
 Number of 
QTLs  Reference 

 Basal root thickness, 
root number, 
maximum root length, 
root fresh weight, root 
dry weight, root 
volume 

 Yuefu/IRAT109  RILs  84  Qu et al. ( 2008 ) 

 Basal root thickness  Yuefu/IRAT109  BC5F3  22  Li et al. ( 2011b ) 

 Leaf trait related to drought resistance 

 Osmotic adjustment, 
dehydration tolerance 

 Mor/CO39  RIL F7  7  Lilley et al. ( 1996 ) 

 Osmotic adjustment  CT9993/IR62266  DH  5  Zhang et al. 
( 2001a ) 

 Osmotic adjustment  IR62266/IR60080  BC3F3  14  Robin et al. 
( 2003 b) 

 ABA content  IR20/63-83  F2  10  Quarrie et al. 
( 1997 ) 

 Cell membrane 
stability 

 CT9993/IR62266  DH  9  Tripathy et al. 
( 2000 ) 

 Canopy temperature, 
relative water content, 
leaf rolling, leaf drying 

 CT9993/IR62266  DH  9  Babu et al. ( 2003 ) 

 Canopy temperature, 
leaf rolling, leaf drying 

 ZS97/IRAT109  RILs F9  17  Yue et al. ( 2005 ) 

 Leaf drying, leaf 
rolling time 

 ZS97/IRAT109  RILs F9  10  Yue et al. ( 2006 ) 

 Leaf rolling, leaf 
drying, relative water 
content 

 Bala/Azucena  RILs F6  40  Price et al. ( 2002c ) 

 Leaf rolling, leaf 
drying, relative water 
content 

 IR64/Azucena  DH  32  Courtois et al. 
( 2000 ) 

 Leaf rolling, drought 
score 

 IR64/Azucena  DH  3  Hemamalini et al. 
( 2000 ) 

 Leaf rolling  Guichao2/Dongxiang  ILs  12  Zhang et al. ( 2006 ) 

 Stomatal density, leaf 
rolling time 

 Nipponbare/Kasalath  BC1F7  5  Ishimaru et al. 
( 2001a ) 

 Stomatal density, 
stomatal size 

 IR69093/IR72  RILs  14  Laza et al. ( 2010 ) 

 Water use effi ciency  Nipponbare/Kasalath  BC1F5  5  Xu et al. ( 2009 ) 

 Water use effi ciency  Nipponbare/Kasalath  BC1F7  6  Ishimaru et al. 
( 2001b ) 

 Water use effi ciency  Bala/Azucena  RILs F6  9  Price et al. ( 2002b ) 

 Net photosynthesis 
rate, stomatal 
conductance, 
transpiration rate, 
quantum yield of PSII, 
proportion of open 
PSII, chlorophyll 
fl uorescence 

 Shennong265/Haogelao  BC3F6  15  Gu et al. ( 2012 ) 

(continued)
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Table 4.1 (continued)

 Trait  Cross  Population 
 Number of 
QTLs  Reference 

 Growth and developmental traits 

 Relative growth rate  IR64/Azucena  DH  10  Courtois et al. 
( 2000 ) 

 Plant height, tiller  IR64/Azucena  DH  7  Hemamalini et al. 
( 2000 ) 

 Plant height, biomass, 
heading date 

 CT9993/IR62266  DH  10  Babu et al. ( 2003 ) 

 Plant height, biomass, 
fl owering date 

 CT9993/IR62266  DH  24  Lanceras et al. 
( 2004 ) 

 Biomass, fl owering 
date, fl owering delay 

 CT9993/IR62266  DH  8  Kumar et al. 
( 2007 ) 

 Plant height, biomass, 
fl owering date, 
fl owering delay 

 Bala/Azucena  RILs F6  28  Lafi tte et al. ( 2004 ) 

 Plant height, heading 
date 

 Lemont/Teqing  ILs  24  Xu et al. ( 2005 ) 

 Relative biomass  ZS97/IRAT109  RILs F9  4  Yue et al. ( 2006 ) 

 Biomass  Bala/Azucena  RILs F6  8  Price et al. ( 2002a ) 

 Plant height, relative 
plant height, fl ag leaf 
length, fl ag leaf width, 
relative leaf length, 
relative leaf width, 
panicle exsertion, 
difference of panicle 
exsertion 

 ZS97/IRAT109  RILs F9  53  Yue et al. ( 2008 ) 

 Plant height, biomass, 
fl owering date, panicle 
length 

 IR62266/Norungan  RILs F7  23  Suji et al. ( 2012 ) 

 Plant height, biomass, 
fl owering date 

 N22/MTU1010, N22/Swarna, 
N22/IR64 

 F3:4  7  Vikram et al. 
( 2011 ) 

 Plant height, maximum 
root length, shoot fresh 
weight, root fresh 
weight, number of 
roots, root-shoot ratio 
(seedling stage) 

 ZS97/Minghui63  RILs F12  34  Cui et al. ( 2008 ) 

 Adventitious root 
lengths, shoot height, 
shoot biomass, root to 
shoot dry weight ratio 
(seedling stage) 

 IR64/Azucena  DH  16  Zheng et al. ( 2008 ) 

 Yield-related traits 

 Grain yield, relative 
yield, grains per 
panicle, harvest index 

 CT9993/IR62266  DH  9  Babu et al. ( 2003 ) 

(continued)
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Table 4.1 (continued)

 Trait  Cross  Population 
 Number of 
QTLs  Reference 

 Grain yield, grain 
weight, grains per 
panicle, fraction sterile 
panicles, panicle 
number, spikelet 
fertility, harvest index 

 Bala/Azucena  RILs F6  49  Lafi tte et al. ( 2004 ) 

 Grain yield, grain 
weight, spikelet 
fertility, panicle 
number, spikelet 
number per panicle 

 ZS97/IRAT109  RILs F9  14  Zou et al. ( 2005 ) 

 Grain yield, grain 
weight, panicle 
number 

 Lemont/Teqing  ILs  10  Xu et al. ( 2005 ) 

 Index of drought 
resistance 

 IRAT109/Yuefu  DH  4  Li et al. ( 2005 ) 

 Relative yield, relative 
spikelet fertility, 
drought response index 

 ZS97/IRAT109  RILs F9  16  Yue et al. ( 2005 ) 

 Relative yield, relative 
grain weight, relative 
spikelet fertility, 
relative rate of fertile 
panicles, relative 
harvest index, relative 
number of spikelets 
per panicle 

 ZS97/IRAT109  RILs F9  23  Yue et al. ( 2006 ) 

 Grain number per 
plant, panicle neck 
diameter, panicle 
length, primary branch 
number, second branch 
number 

 ZS97/IRAT109  RILs F9  11  Liu et al. ( 2008 ) 

 Grain yield, grain 
number per plant, 
primary branch 
number, second branch 
number, spikelet 
density, panicle length 

 ZS97/IRAT109  RILs F9  14  Liu et al. ( 2010 ) 

 Grain yield, spikelet 
number, spikelet 
sterility, panicle 
number, harvest index 

 CT9993/IR62266  DH  53  Lanceras et al. 
( 2004 ) 

 Grain yield, relative 
grain yield, spikelet 
fertility, harvest index 

 IR62266/Norungan  RILs F7  17  Suji et al. ( 2012 ) 

 Grain yield  Apo/Swarna  BC1F4:5  2  Venuprasad et al. 
( 2009 ) 

 Grain yield  Vandana/Way Rarem  F3  1  Bernier et al. 
( 2007 ) 

(continued)
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recombinant inbred line (RIL) population. Most 
QTLs have a low genetic effect and could not be 
detected in different populations or different envi-
ronments. For example, 29, 26, 14, and 10 QTLs 
related to root penetration ability were identifi ed by 
Ray et al. ( 1996 ), Ali et al. ( 2000 ), Price et al.
( 2000 ), and Zheng et al. ( 2000 ) using different 
mapping populations with different genetic back-
grounds, respectively. Only the QTL region for 
root penetration ability on chromosome 2 was 
revealed in all four mapping populations (Ali et al. 
 2000 ; Zheng et al.  2000 ; Price et al.  2002b ).

   Drought resistance is associated with leaf 
traits of rice, and numerous QTLs have been 
reported for drought resistance-related leaf traits. 
For example, QTLs have been identifi ed for leaf 
rolling (Babu et al.  2003 ; Yue et al.  2005 ,  2006 ; 
Price et al.  2002c ; Courtois et al.  2000 ; 
Hemamalini et al.  2000 ), which is considered to 
be a DA mechanism since leaf rolling can reduce 
the water loss in addition to reducing the leaf area 
exposed to heat and light radiation (Price and 
Courtois  1999 ). QTLs for other DA-related traits, 
such as canopy temperature (Babu et al.  2003 ; 
Yue et al.  2005 ), relative water content (Babu 
et al.  2003 ; Courtois et al.  2000 ; Price et al. 
 2002c ), and water use effi ciency (Xu et al.  2009 ; 
Ishimaru et al.  2001b ; Price et al.  2002b ), were 
also identifi ed. In another study, Gu et al. ( 2012 ) 
detected 15 QTLs for six photosynthesis param-
eters in leaves under drought stress conditions. 
Many QTLs for DT-related traits such as osmotic 
adjustment (Lilley et al.  1996 ; Zhang et al.  2001a ; 
Robin et al.  2003 a), ABA content (Quarrie et al. 
 1997 ), and cell membrane stability (Tripathy 
et al.  2000 ) were also identifi ed. 

 Drought stress coinciding with the rice booting 
to heading stage affects the development of the 

panicle and causes signifi cant yield loss. The traits 
related to drought resistance at the reproductive 
stages include heading date or fl owering time, 
plant height, and biomass (Babu et al.  2003 ; 
Lanceras et al.  2004 ; Kumar et al.  2007 ; Lafi tte 
et al.  2004 ; Xu et al.  2005 ) and yield-related traits 
(Babu et al.  2003 ; Lafi tte et al.  2004 ; Zou et al. 
 2005 ; Xu et al.  2005 ; Li et al.  2005 ,  2010 ; Yue 
et al.  2006 ; Suji et al.  2012 ) (Table  4.1 ). Using a 
subset of 154 doubled haploid lines and a line 
source sprinkler irrigation system, 53 QTLs related 
to grain yield and yield-related traits under differ-
ent water limited regimes were identifi ed (Lanceras 
et al.  2004 ). Yue et al. ( 2006 ) analyzed the genetic 
basis of DT and DA at the reproductive stage in 
rice using an RIL population. The RIL plants were 
grown individually in PVC pipes, and two cycles 
of drought stress were applied to individual plants 
at the same panicle development stage. Little cor-
relation of relative yield traits with potential yield, 
plant size, and root traits was detected, suggesting 
that DT and DA were detected separately in the 
experiment. A total of 23 QTLs were detected for 
six traits of relative performance of fi tness and 
yield, and 74 QTLs were detected for root traits. 
Only a small portion of QTLs for fi tness and yield-
related traits overlapped with QTLs for root traits, 
indicating that DT and DA had distinct genetic 
bases (Yue et al.  2006 ). A large-effect QTL,  qtl12.1  
(explaining 51 % of the genetic variance), was 
identifi ed for grain yield under drought stress con-
ditions in upland situations in 2 years by screening 
a population of 436 F 3  lines derived from a cross 
between two upland rice cultivars, Vandana and 
Way Rarem (Bernier et al.  2007 ). Two QTLs, 
 qDTY1.1  and  qDTY3.1 , were identifi ed under low-
land drought stress conditions. The  qDTY1.1  
showed a consistent effect in the  background of 

Table 4.1 (continued)

 Trait  Cross  Population 
 Number of 
QTLs  Reference 

 Grain yield  CT9993/IR62266  DH  1  Kumar et al. 
( 2007 ) 

 Grain yield, harvest 
index 

 N22/MTU1010, N22/Swarna, 
N22/IR64 

 F3:4  7  Vikram et al. 
( 2011 ) 

 Grain yield  IR74371-46-1-1/Sabitri  BC1F3:5  1  Mishra et al. 
( 2013 ) 
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high-yielding mega-varieties Swarna, IR64, and 
MTU1010, explaining up to 16.9 % of the pheno-
typic variance (Vikram et al.  2011 ). The  qDTY3.1  
was identifi ed in an Apo/Swarna population by 
bulk-segregant analysis and explained 31 % of the 
genetic variance (Venuprasad et al.  2009 ). 

 Although a large number of QTLs for drought 
tolerance have been identifi ed in rice, few of 
them have been validated in advanced backcross 
lines and further used in marker-assisted breed-
ing programs. Shen et al. ( 2001 ) used MAS to 
transfer four QTLs for deep root traits from the 
 japonica  upland cultivar “Azucena” to the low-
land  indica  variety “IR64,” and some BC 3 F 3  near- 
isogenic lines (NILs) showed improvement on 
the root depth trait. Similarly, Steele et al. ( 2006 ) 
conducted a marker-assisted backcrossing 
(MABC) breeding program to improve the root 
traits of the Indian upland rice variety, Kalinga 
III. Cultivar Azucena was used as a donor parent. 
Four segments carrying QTLs related to root 
morphological traits (root length and thickness) 
from cultivar Azucena were selected for intro-
gression. Twenty-two NILs were evaluated for 
root traits in fi ve fi eld experiments, and the target 
segment on chromosome 9 (RM242-RM201) 
signifi cantly increased root length under both 
irrigated and drought stress treatments. Steele 
et al. ( 2007 ) further tested some key agronomic 
traits in NILs derived from the previous study 
(Steele et al.  2006 ) in a fi eld trial. All four NILs 
excelled Kalinga III in terms of grain and straw 
yield under drought-prone conditions. All of 
these efforts resulted in the release of the fi rst 
upland rice variety, Birsa Vikas Dhan 111 (PY 
84), with early maturing, high drought tolerance, 
and high grain yield with good grain quality bred 
using MAS (Steele  2009 ). 

 In another study conducted at the IRRI, 
Bernier et al. ( 2007 ) detected a QTL ( qtl12.1 ) on 
chromosome 12 with a large effect on grain yield 
under stress conditions. The large effect of this 
QTL on grain yield under drought stress was fur-
ther confi rmed under a wider range of environ-
ments, stress intensities, and stress timing, and 
also in the target environment of Eastern India 
(Bernier et al.  2009 ). The QTL  qtl12.1  improved 
grain yield in nine out of ten direct-seeded upland 

trials where drought stress was severe or moder-
ate, indicating that  qtl12.1  has a large and consis-
tent effect on grain yield under upland drought 
stress conditions, in a wide range of environ-
ments (Bernier et al.  2009 ). Recently,  qtl12.1  
( qDTY12.1 ) also showed a consistent effect 
across environments for high grain yield under 
lowland reproductive-stage drought stress in the 
background of the popular high-yielding but 
drought-susceptible recipient variety Sabitri 
(Mishra et al.  2013 ).  qtl12.1  is the only QTL 
reported so far in rice to have shown a large effect 
against multiple recipient genetic backgrounds, 
as well as under highly diverse upland and low-
land rice ecosystems. Therefore, this QTL can be 
successfully introgressed to improve grain yield 
of popular high-yielding but drought-susceptible 
lowland as well as upland-adapted varieties under 
drought stress conditions following marker- 
assisted breeding (Mishra et al.  2013 ).  

4.5     Transgenic Techniques 
for Drought Tolerance in Rice 

 For about 30 years, the techniques referred to as 
transgenic or genetic engineering have offered 
the prospect of directly altering the genomes of 
higher plants to change their metabolisms and 
improve growth and yield under adverse environ-
mental conditions to better serve human require-
ments (Lawlor  2013 ). In contrast to classical 
breeding, the transgenic approach allows the 
incorporation of specifi c gene(s) into different 
organisms (Ashraf  2010 ). 

 Using microarray technology, a large number 
of genes responding to drought stress have been 
identifi ed. The functions of many drought- 
responsive genes have been tested by the reverse 
genetic approach in plants, particularly in the 
model species  Arabidopsis thaliana . Meanwhile, 
many transgenic rice lines with altered expres-
sion of drought-responsive genes have been 
produced and tested for drought tolerance 
(Table  4.2 ). These genes are involved in par-
ticular aspects of cellular homeostasis such as 
osmotic adjustment, chaperones, or antioxidants. 
Alternatively, the overexpression or suppression 

4 Genetic Improvement of Drought Resistance in Rice
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of some regulatory genes, which may potentially 
activate multiple mechanisms of stress tolerance 
simultaneously, also resulted in drought toler-
ance (Deikman et al.  2012 ).

   Transcriptional factors (TFs) are a kind of 
important regulatory proteins involved in abiotic 
stress responses. Members of the dehydration- 
responsive element-binding factors (DREB), 
basic leucine zipper (bZIP), zinc fi nger and NAM 
(no apical meristem), ATAF1-2, and CUC2 (cup- 
shaped cotyledon) (NAC) families have been 
characterized with roles in the regulation of plant 
drought responses (Yamaguchi-Shinozaki and 
Shinozaki  2006 ; Ariel et al.  2007 ; Fang et al. 
 2008 ; Ciftci-Yilmaz and Mittler  2008 ), and some 
of them have been modifi ed to improve drought 
resistance in rice (Hu et al.  2006 ; Xiao et al. 
 2009 ). The members of the AP2/ERF 
(APETALA2/ethylene response factor) TF fam-
ily, including DREB/CBF TFs, are especially 
important as they regulate many genes involved 
in drought, salinity, and freezing responses based 
on the studies conducted in  Arabidopsis  (Mizoi 
et al.  2012 ). To test the effect of these well- 
documented DREB genes on improving stress 
resistance in crop plants, the  Arabidopsis 
DREB1A  was overexpressed under the control of 
the rice  LEA3-1  promoter in rice. Transgenic rice 
plants showed signifi cantly improved seed set-
ting rate and yield under drought conditions in 
the fi eld (Xiao et al.  2009 ), indicating that the 
stress tolerance genes identifi ed in non-crop spe-
cies are important gene resources for drought 
resistance engineering in crop plant species. 
Overexpression of AP2 family gene  OsAP37  in 
rice, driven by a  OsCc1  constitutive promoter 
signifi cantly enhanced drought tolerance in the 
fi eld and increased grain yield by 16–57 % more 
than the control under severe drought conditions, 
yet exhibited no signifi cant difference under nor-
mal growth conditions (Oh et al.  2009 ). Some 
bZIPs have been well characterized for their roles 
in ABA signaling during dehydration and seed 
maturation (Jakoby et al.  2002 ). Overexpression 
of  OsbZIP23  and  OsbZIP46CA1  (constitutively 
active form) in rice also resulted in signifi cant 
improvement in drought tolerance and sensitivity 
to ABA (Tang et al.  2012 ; Xiang et al.  2008 ). 

NACs are plant-specifi c TFs with various roles in 
plant development and stress response (Puranik 
et al.  2012 ).  Stress-responsive NAC1  ( SNAC1 ) is 
predominantly induced in guard cells by drought. 
Overexpression of  SNAC1  signifi cantly enhanced 
drought resistance in transgenic rice (with 
22–34 % more seed setting than the control) in 
the fi eld under severe drought stress conditions at 
the reproductive stage, while showing no pheno-
typic changes or yield penalty under normal 
growth conditions (Hu et al.  2006 ). Compared 
with the wild type, the transgenic rice was more 
sensitive to ABA and lost water more slowly by 
closing more stomatal pores, yet displayed no 
signifi cant difference in the rate of photosynthe-
sis (Hu et al.  2006 ). In two additional studies, 
overexpression of  OsNAC5  and  OsNAC10  in rice 
under the control of the root-specifi c promoter 
 RCc3  resulted in signifi cantly enhanced drought 
tolerance at the reproductive stage and increased 
grain yield in the fi eld under both drought stress 
and normal conditions (Jeong et al.  2010 ,  2013 ). 
Zinc fi nger proteins play a critical role in many 
cellular functions, including transcriptional regu-
lation, RNA binding, regulation of apoptosis, and 
protein- protein interactions (Ciftci-Yilmaz and 
Mittler  2008 ). Overexpression of an  Arabidopsis  
zinc fi nger protein gene  ZAT10  in rice improved 
seed setting rate and yield under drought stress in 
fi eld conditions (Xiao et al.  2009 ). AlSAP, a zinc 
fi nger protein isolated from the halophytic grass 
 Aeluropus littoralis , also has a positive effect on 
the drought tolerance of rice (Ben Saad et al. 
 2012 ). In addition to TFs, some transcriptional 
coregulators also have functions in drought resis-
tance in rice. For example, OsSKIPa, a rice 
homolog of the human Ski-interacting protein 
(SKIP), has been studied for its effect on stress 
resistance. The  OsSKIPa -overexpressing rice 
exhibited signifi cantly improved drought resis-
tance at both the seedling and reproductive stages 
by increasing the ROS scavenging ability and 
transcript levels of many stress-related genes 
(Hou et al.  2009 ). 

 Various signal transduction systems, involv-
ing protein phosphorylation and dephosphoryla-
tion, calcium sensing, protein degradation and 
modifi cation, phospholipid metabolism, and so 
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on, have very important roles in abiotic stress 
responses (Umezawa et al.  2006 ). Although these 
complex signaling processes are not yet fully 
understood, several genes encoding signaling 
factors that function in the drought response have 
been identifi ed (Umezawa et al.  2006 ; Xiao et al. 
 2009 ). Reversible protein phosphorylation medi-
ated by protein kinases and protein phosphatases 
is a major event in signal transduction, regulating 
virtually all cellular activities in eukaryotic sys-
tems (Luan  2003 ; DeLong  2006 ; Becraft  2002 ). 
Protein kinases related to osmotic adaptation 
include mitogen-activated protein kinases 
(MAPKs), calcium-dependent protein kinases 
(CDPKs), CBL (calcineurin B-like)-interacting 
protein kinase (CIPK), and sucrose non- 
fermenting protein (SNF1)-related kinase 2 
(SnRK2). The tobacco MAPKKK gene  NPK1  is 
known to activate an oxidative stress-response 
signaling cascade and enhanced tolerance to 
freezing, heat, and salt stress in transgenic 
tobacco (Kovtun et al.  2000 ). When  NPK1  was 
expressed under the control of the drought- 
inducible  LEA3-1  promoter in rice, the overex-
pression lines showed enhanced drought 
tolerance and maintained signifi cantly increased 
spikelet fertility and yield under fi eld drought 
conditions (Xiao et al.  2009 ). A rice MAPK gene 
 OsMAPK5  and MAPK kinase kinase (MAPKKK) 
gene  DSM1  enhanced drought resistance in rice 
at the seedling stage (Xiong and Yang  2003 ; Ning 
et al.  2010 ). The  Arabidopsis SOS2  gene encodes 
a Ser/Thr protein kinase that is required for salt 
tolerance (Liu et al.  2000 ). Overexpression of 
 SOS2  in rice under the control of the drought- 
inducible  LEA3-1  promoter showed enhanced 
drought tolerance and signifi cantly increased 
spikelet fertility than wild type in the fi eld under 
drought stress conditions (Xiao et al.  2009 ). The 
functions of other types of protein kinases such 
as OsCIPK12, OsCDPK7, OsSIK1, and 
OsGSK1 in drought resistance at the seedling 
stage have been characterized (Xiang et al.  2007 ; 
Saijo et al.  2000 ; Ouyang et al.  2010 ; Koh et al. 
 2007 ). Farnesylation is a post-translational pro-
tein modifi cation that mediates the COOH- 
terminal lipidation of specifi c cellular signaling 
proteins. Farnesylated proteins function to regu-

late many different developmental and stress 
response processes (Galichet and Gruissem 
 2003 ). Manavalan et al. ( 2012 ) demonstrated that 
RNAi-mediated disruption of a rice farnesyl-
transferase/squalene synthase (SQS) improves 
drought tolerance at both the vegetative and 
reproductive stages. When subjected to drought 
stress, the transgenic plants had higher yield and 
lost water more slowly compared with the wild 
type, through reduced stomatal conductance and 
the retention of high leaf relative water content 
(RWC) (Manavalan et al.  2012 ). The 
ubiquitination/26S proteasome-dependent pro-
tein degradation pathway, consisting of ubiquitin- 
activating enzymes (E1), ubiquitin-conjugating 
enzymes (E2), and ubiquitin ligases (E3), is one 
of the most prominent mechanisms that plants 
use to control growth and development and to 
respond to biotic and abiotic stresses (Smalle and 
Vierstra  2004 ). The functions of four E3 ubiqui-
tin ligases (OsDIS1, OsDSG1, OsSDIR1, and 
OsRDCP1) in drought resistance have been 
 demonstrated in rice (Ning et al.  2011 ; Park et al. 
 2010 ; Gao et al.  2011 ; Bae et al.  2011 ). 

 Phytohormones, especially ABA, play impor-
tant roles in the drought response. In response to 
drought stress, plants synthesize ABA, which 
triggers ABA-inducible gene expression and 
closing of stomatal pores to reduce water loss 
(Yamaguchi-Shinozaki and Shinozaki  2006 ; 
Schroeder et al.  2001 ). The ABA biosynthesis 
and metabolism pathways have been well eluci-
dated in  Arabidopsis  by utilizing different 
mutants of these pathways as well as genetic 
approaches (Nambara and Marion-Poll  2005 ). 
Some studies reported manipulation of ABA 
metabolism to enhance drought tolerance in rice. 
 Arabidopsis LOS5  encodes the molybdenum 
cofactor (MoCo) sulfurase, which is a key 
enzyme function in the last step of ABA biosyn-
thesis. The  LOS5  mutant exhibited reduced toler-
ance to drought, salt, and cold stresses (Xiong 
et al.  2001 ). The constitutive or drought- inducible 
overexpression of  LOS5  in rice signifi cantly 
increased the spikelet fertility and yield of trans-
genic plants under fi eld drought conditions, with 
no yield decrease observed under normal irriga-
tion growth conditions (Xiao et al.  2009 ). 
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However, 9-cis-epoxycarotenoid dioxygenase 2 
(NCED2), a rate-limiting enzyme for ABA bio-
synthesis from  Arabidopsis , has no effect on 
drought resistance when controlled by either con-
stitutive or drought-inducible promoters in 
transgenic rice plants (Xiao et al.  2009 ).  DSM2 , a 
gene encoding β-carotene hydroxylase which is 
predicted to have a role in the biosynthesis of 
zeaxanthin (carotenoid precursor of ABA), was 
isolated in rice by screening drought- 
hypersensitive mutants (Du et al.  2010 ). 
Overexpression of  DSM2  in rice resulted in sig-
nifi cantly increased resistance to drought and 
oxidative stresses by control of the xanthophyll 
cycle and ABA synthesis, both of which play 
critical roles in the establishment of drought 
resistance in rice (Du et al.  2010 ). Cytokinin 
(CK) is involved in responses to adverse environ-
mental stimuli (Hare et al.  1997 ) and is also 
involved in delaying stress-induced senescence 
(Rivero et al.  2007 ). Overexpression of the iso-
pentenyl transferase (a critical enzyme for CK 
synthesis) gene  IPT , driven by a stress-induced 
promoter, exhibited a delayed response to stress 
with signifi cantly higher grain yield when com-
pared to wild-type plants (Peleg et al.  2011 ).  IPT- 
transgenic  rice displayed changes in the 
expression of many genes associated with hor-
mone synthesis and homeostasis and modifi ca-
tion of sink-source relationships and enhanced 
drought tolerance (Peleg et al.  2011 ). The rice 
 GH3.13  gene encodes indole-3-acetic acid 
(IAA)-amido synthetase, which is dramatically 
induced by drought stress. The activation of 
 OsGH3.13  in  tld1-D  mutant rice resulted in an 
IAA defi ciency and dramatic changes in architec-
ture; however, it also resulted in enhanced 
drought tolerance (Zhang et al.  2009 ). 

 The biosynthesis and accumulation of com-
patible solutes, such as trehalose, proline, and 
spermine, are important adaptive mechanisms 
that enable protection of cell turgor and restora-
tion of the water status of cells by maintaining 
cellular water potential as well as stabilizing 
membranes and/or scavenging ROS (Reguera 
et al.  2012 ). Many genes encoding the synthesis 
of such organic solutes have been engineered to 
overproduce these solutes in transgenic plants to 

improve drought tolerance. To increase the bio-
synthesis of trehalose in rice, a trehalose-6- 
phosphate synthase/phosphatase (TPSP) fusion 
gene that includes the coding regions of the 
 Escherichia coli  trehalose biosynthetic genes 
( otsA  and  otsB ) was engineered into rice under 
the control of either tissue-specifi c, stress-
responsive, or constitutive promoters (Jang et al. 
 2003 ; Garg et al.  2002 ). During abiotic stress, 
transgenic plants accumulated increased amounts 
of trehalose and showed high levels of tolerance 
to salt, drought, and low-temperature stresses, as 
compared with the non-transformed plants (Jang 
et al.  2003 ; Garg et al.  2002 ). Overexpression of 
the rice trehalose biosynthetic gene  OsTPS1  also 
improved the tolerance of rice seedlings to cold, 
high salinity, and drought stresses (Li et al. 
 2011a ). Proline accumulation has been demon-
strated to be correlated with tolerance to drought 
and salt stress in plants (Delauney and Verma 
 2002 ). Overexpression of Δ1-pyrroline-5-
carboxylate synthetase (P5CS), a key enzyme in 
proline biosynthesis, increased tolerance to 
drought stress in rice (Zhu et al.  1998 ). 
Polyamines (spermidine and spermine) are 
derived from arginine via enzymes such as argi-
nine decarboxylase (ADC) and 
S-adenosylmethionine decarboxylase (SAMDC) 
in plants. The modifi cation of polyamine levels 
by the overexpression of genes such  ADC  and 
 SAMDC  from  Datura  was reported, and trans-
genic rice containing these genes showed 
enhanced tolerance to drought stress (Capell 
et al.  2004 ; Peremarti et al.  2009 ). 

 LEA proteins are low molecular weight pro-
teins that play crucial roles in cellular dehydra-
tion tolerance by preventing protein aggregation 
during desiccation or water stress, and they may 
have antioxidant capacity together with a possi-
ble role as chaperones (Reguera et al.  2012 ; Hand 
et al.  2011 ). Transgenic rice overexpressing 
 OsLEA3-1  under the control of constitutive and 
stress-inducible promoters had a signifi cantly 
higher relative yield (yield under drought stress 
treatment/yield under normal growth conditions) 
than the wild type under drought stress condi-
tions, while it showed no yield penalties under 
control conditions (Xiao et al.  2007 ). Another 
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rice LEA gene,  OsLEA3-2 , and the LEA gene 
 HVA1  from barley were also engineered in rice 
and confi rmed to confer drought tolerance (Xu 
et al.  1996 ; Chandra Babu et al.  2004 ; Duan and 
Cai  2012 ). 

 Some defense-related, metabolic-related, and 
transporter proteins were reported to have a sig-
nifi cant effect on improving drought tolerance in 
rice.  Oryza sativa chymotrypsin inhibitor-like 1  
( OCPI1 ) was strongly induced by dehydration 
stresses and ABA, and  OCPI1 -overexpressing 
transgenic plants had signifi cantly higher grain 
yields and seed setting rates than the negative 
transgenic control under severe drought stress 
conditions (Huang et al.  2007 ). PR4 proteins 
constitute a pathogenesis-related (PR) protein 
family with a conserved Barwin domain, and fi ve 
PR4-homologous genes were identifi ed in rice 
(Wang et al.  2011 ). Transgenic rice overexpress-
ing  OsPR4a  showed enhanced tolerance to 
drought at both the seedling and reproductive 
stages (Wang et al.  2011 ). Ornithine 
 δ -aminotransferase ( δ -OAT) is a pyridoxal-5′-
phosphate-dependent enzyme that has been pro-
posed to be involved in proline and arginine 
metabolism.  OsOAT -overexpressing rice showed 
signifi cantly increased  δ -OAT activity and pro-
line levels under normal growth conditions and 
enhanced drought, osmotic, and oxidative stress 
tolerance (You et al.  2012 ). AtNHX1, the most 
abundant vacuolar Na + /H +  antiporter in 
 Arabidopsis , contributes to salt tolerance by 
transporting Na +  and K +  into the vacuole (Apse 
et al.  1999 ). Interestingly, overexpression of 
 AtNHX1  in rice under the control of a constitutive 
promoter resulted in enhanced drought resistance 
(Xiao et al.  2009 ). 

 There is evidence that many of the other genes 
that are listed in Table  4.2  are involved in drought 
tolerance, although they are not described indi-
vidually due to the limited space of this chapter.  

4.6     Conclusions 
and Perspectives 

 Compared to conventional breeding, MAS offers 
the potential to assemble target traits in the same 
genotype more precisely, with fewer uninten-

tional losses in fewer selection cycles (Xu and 
Crouch  2008 ). Successful cases of genetic 
improvement for yield under drought stress have 
been obtained by selecting for secondary traits 
related to drought tolerance. For example, the 
silk-tassel interval was identifi ed as an indicative 
secondary trait for drought resistance in maize, 
which showed a strong and consistent genetic 
correlation to grain yield under drought stress 
conditions (Bolanos and Edmeades  1996 ). 
However, indirect selection for secondary traits 
was used in several cases with little success in 
improvement of rice drought tolerance because 
of the low broad-sense heritability, a lack of 
effective selection criteria, and the poor correla-
tion of secondary traits with yield under stress 
(Atlin and Lafi tte  2000 ; Serraj et al.  2009 ; Bernier 
et al.  2008 ). Recently, direct selection for yield 
under stress by backcrossing breeding popula-
tions has been shown to be promising for improv-
ing drought tolerance in rice (Guan et al.  2010 ; 
Steele et al.  2007 ; Lafi tte et al.  2006 ). Numerous 
QTLs for traits associated with drought tolerance 
were identifi ed in rice. However, few of them 
have been successfully used in drought-tolerance 
rice breeding mainly due to the large geno-
type × environment, QTL × environment, and 
QTL × recipient genetic background interactions, 
as well as the absence of QTLs with a large and 
consistent effect against high-yielding but 
drought-susceptible varieties (Mishra et al. 
 2013 ). Therefore, a strategy of screening in dif-
ferent environments, particularly in the target 
population of environments, is advocated for 
developing high-yield varieties with broader 
adaptation (Mishra et al.  2013 ; Fukai and Cooper 
 1995 ; Cooper  1999 ). 

 With the completion of the rice genome 
sequencing project, there have been rapid devel-
opments in functional genomic resources, 
including a large number of mutants and full-
length cDNA libraries and whole-genome 
expression profi ling datasets. Using these 
resources in combination with rice germplasm, a 
large number of drought-responsive genes have 
been identifi ed by forward and/or reverse genetic 
approaches (Hadiarto and Tran  2011 ; Ashraf 
 2010 ). The functions of many drought-respon-
sive genes have been precisely characterized in 
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transgenic plants. However, our knowledge of 
drought tolerance in rice remains fragmental, 
which is an important subject especially for fi nd-
ing solutions to dramatically improve drought 
tolerance without yield penalty in elite rice vari-
eties under fi eld conditions. New methods (such 
as association mapping) and new regulatory 
mechanisms (such as epigenetic regulation and 
small RNAs) should be intensively adopted to 
discover novel genes and/or pathways for the 
drought tolerance improvement of rice. 
Meanwhile, most of the previous genetic engi-
neering efforts in rice for improving drought tol-
erance used constitutive promoters (such as 
CaMV35S and ubiquitin). Although these pro-
moters have been effective in improving the 
drought tolerance of transgenic plants, the con-
stitutive expression of candidate genes is not 
always desirable because of the negative effects 
on growth and development under normal condi-
tions. The application of stress- inducible or tis-
sue-specifi c promoters has been successfully 
used in many studies to overcome the negative 
effects of genes, such as  DREB1A  and  IPT  (Datta 
et al.  2012 ; Peleg et al.  2011 ). Most of the trans-
genic rice plants were tested under controlled 
laboratory or greenhouse conditions at the vege-
tative stage, and they showed a remarkable per-
formance (recovery or death) under drought 
conditions. Fewer studies have reported the 
drought resistance of transgenic rice at the repro-
ductive or fl owering stage showing good perfor-
mance based on yield and/or setting rate, and 
very few of these tests were conducted under 
drought-prone fi eld conditions. In addition, the 
drought stresses in some of the reported experi-
ments were too severe, and the yield was too low 
to be referenced for agricultural practice. A big 
challenge ahead is to incorporate multiple neces-
sary genes into the genetic backgrounds of elite 
cultivars or hybrids and to evaluate their perfor-
mance under real agricultural fi eld conditions 
(Zhang  2007 ). 

 With a long-term goal to improve the drought 
resistance of rice, more and more QTLs with 
large and consistent effects and key regulators of 
plant stress responses need to be identifi ed. The 
pyramiding or stacking of several well- 
characterized QTLs and/or key genes by MAS 

and/or transgenic approaches in elite cultivars 
targeting for a specifi c zone of breeding may be a 
strategy to create new cultivars with high-yield 
stability in drought-prone environments.     
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    Abstract  

  Polyamines (PAs) are small polycationic molecules which are present in 
all living organisms. PAs have been involved in a wide array of metabolic 
plant processes, extending from development to stress protection. Most of 
this knowledge has been achieved through the observation of PA homeo-
stasis and manipulation of plant PA levels mediated by different 
approaches. This chapter summarizes the approaches undertaken to dem-
onstrate the relationship between PAs and the stress response and, in par-
ticular, how the genetic manipulation of polyamine levels has evolved in a 
useful tool for the enhancement of plant stress tolerance in many species, 
including crops. This chapter also includes the most recent advances in the 
potential mechanisms of action by which polyamines could contribute to 
stress protection. Apart from a protective role based of its structural prop-
erties, PAs can also play regulatory roles, either directly or indirectly by 
the interaction with other signalling pathways including ion channel 
 regulation, nitric oxide, reactive oxygen species (ROS) signalling and 
abscisic acid (ABA).  

  Keywords  

  Abiotic stresses   •   Catabolism   •   Polyamines   •   Putrescine   •   Signalling   • 
  Spermidine   •   Spermine   •   Stress tolerance   •   Transgenic plants  

        F.   Marco    
  Departament de BiologiaVegetal, Facultat de 
Farmàcia ,  Universitat de València , 
  Av Vicent Andres Estellés s/n ,  46100   Burjassot, 
València ,  Spain     

    M.   Bitrián    
  Institut de Biologie Moléculaire des Plantes ,  Centre 
National de la Recherche Scientifi que , 
  12 Rue du Général Zimmer ,  67084   Strasbourg , 
 France     

    P.   Carrasco    
  Departament de Bioquímica i Biologia Molecular. 
Facultat de Ciències Biològiques ,  Universitat de 
València ,   Dr. Moliner 50 ,  46100   Burjassot, 
València ,  Spain     

    R.   Alcázar    •    A.  F.   Tiburcio      (*) 
  Unitat de Fisiologia Vegetal, Facultat de Farmàcia , 
 Universitat de Barcelona , 
  Avda Joan XXIII 27-31 ,  08028   Barcelona ,  Spain   
 e-mail: afernandez@ub.edu  

 5

© Springer India 2015 

mailto:afernandez@ub.edu


104

5.1         Introduction: Plant 
Polyamine Metabolism 

 Stress is induced by adverse environmental con-
ditions, triggering a series of changes at morpho-
logical, physiological, biochemical and molecular 
levels that ultimately alter plant development and 
yield, thus preventing crops reaching their full 
genetic potential. It is estimated that stress condi-
tions are going to develop more strong and per-
sistent with climate change, particularly global 
warming. Thus, it is necessary to gain a better 
comprehension of the molecular bases of plant 
stress responsiveness and the development of 
novel strategies to facilitate crops to survive 
future confronting environments while improv-
ing productivity. 

 Polyamines (PAs) are a group of compounds 
of low molecular weight and aliphatic nature, 
with a variable number of hydrocarbon chains 
and two or more primary amino groups, which at 
cell physiological pH appear positively charged. 
Their most widespread forms in living organisms 
are the diamine putrescine (Put), triamine sper-
midine (Spd) and tetramine spermine (Spm), 
molecules that differ in their number of positively 
charged amine groups, but with similar struc-
tures, since Spd and Spm are generated by the 
addition of aminopropyl units to the carbon frame 
of Put (Fig.  5.1 ). Previous evidences indicate that 
Put and Spd are required for life and growth. Put 
and/or Spd have been detected in all living organ-
isms so far analysed for their PA content. Put or 
Spd depletion by chemical treatment or genetic 
manipulation is lethal in yeast, protists and plants 
(Hamasaki-Katagiri et al.  1998 ; Imai et al.  2004b ; 
Roberts et al.  2001 ; Urano et al.  2005 ). 
Conversely, Spm-defi cient organisms are still 
viable but exhibit contrasted dysfunction degrees, 
thus suggesting a relevant role of Spm in growth 
and developmental programs (Imai et al.  2004a ; 
Minguet et al.  2008 ; Wang et al.  2004 ; Yamaguchi 
et al.  2007 ). 

 PAs have been involved in a wide set of key 
processes in plant growth and development, 
including hormone signalling, transcriptome reg-
ulation, cell cycle as well as abiotic and biotic 
stress responses (Alcazar et al.  2006b ; Bagni and 
Tassoni  2001 ; Bouchereau et al.  1999 ; Galston 

and Sawhney  1990 ; Kumar et al.  1997 ; Kusano 
et al.  2008 ; Malmberg et al.  1998 ; Walden et al. 
 1997 ). Physiological studies show that PAs in 
plants are frequently regulated at intracellular 
level by anabolic and catabolic processes (Fig. 
 5.1 ) and could be also found conjugated to 
hydroxycinnamic acids or macromolecules 
(DNA and proteins). 

 The PA biosynthesis route initiates with the 
generation of Put that can be derived directly 
from ornithine (Orn) decarboxylation through 
ornithine decarboxylase (ODC) activity or by an 
alternative pathway that involves arginine (Arg) 
decarboxylation by arginine decarboxylase 
(ADC) followed by two additional consecutive 
reactions catalysed by agmatine iminohydrolase 
(AIH) and  N -carbamoylputrescine amidohydro-
lase (CPA). Mammals and fungi exclusively use 
the ODC pathway for Put production, while 
plants and bacteria are provided with the alterna-
tive ADC pathway. Put is the primary substrate 
for subsequent Spd and Spm biosynthesis by Spd 
synthase (SPDS) and Spm synthase (SPMS) 
activities, respectively, by sequential extension of 
the Put carbon skeleton by union of aminopropyl 
units. Both enzymes use the same aminopropyl 
donor (decarboxylated S-adenosylmethionine 
(dcSAM)), generated from decarboxylation of 
SAM by SAM decarboxylase (SAMDC) activity. 
Spd and dcSAM can also be combined to form a 
structural isomer of spermine, thermospermine 
(tSpm) in a reaction catalysed by tSpm synthase 
(tSPMS) (Fig.  5.1 ). 

 Diamine oxidase (DAO) and PA oxidase 
(PAO) activities mediate PA catabolism by catal-
ysis of oxidative deamination reactions. DAOs 
are enzymes with strong diamine affi nity and 
catalyse conversion of Put into Δ 1 -pyrroline, 
H 2 O 2  and ammonia (Fig.  5.1 ). Δ 1 -pyrroline is 
converted to γ-aminobutyric acid (GABA) (Fig. 
 5.1 ) that serves as a source of succinic acid, an 
intermediary of the citric acid cycle. Spd and 
Spm are oxidized by PAOs, leading to the genera-
tion of 4-aminobutanal or (3-aminopropyl)-
4-aminobutanal, 1,3-diaminopropane (DAP) and 
H 2 O 2 . PAOs activity could also back convert Spm 
to Spd, producing 3-aminopropanal and H 2 O 2 . It 
has also been shown that some PAOs isoforms 
are involved in the back conversion of tSpm to 
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Spm and Spm to Put (Fig.  5.1 ). The PA metabolic 
route shares common intermediaries with other 
cell pathways involved in the generation of rele-
vant metabolites and signalling molecules related 
to stress like ethylene, GABA or H 2 O 2  (Fig.  5.1 ) 
(Reviewed in Alcázar et al.  2010a  and Bitrián 
et al.  2012 ).

   In the model plant  Arabidopsis thaliana  (here-
after referred to as Arabidopsis), except for ODC, 
all the other PA biosynthesis genes are present. 
 Arabidopsis  carries two genes that encode for 
ADC ( ADC1; Watson and Malmberg  1996  and 
 ADC2 ; Watson et al.  1997 ) and one for each AIH 
(Janowitz et al.  2003 ) and CPA (Piotrowski et al. 
 2003 ). By the other side,  Arabidopsis  genome 
includes two genes coding for SPDS ( SPDS1  and 
 SPDS2 ) (Hanzawa et al.  2002 ), single copies for 
genes encoding SPMS ( SPMS;  Panicot et al. 
 2002 ) and tSPMS ( ACL5;  Knott et al.  2007 ; 

Kakehi et al.  2008 ) and at least four copies that 
code for SAMDC  (SAMDC1-4)  (Urano et al. 
 2003 ). Regarding PA catabolism, the  Arabidopsis  
genome also contains at least fi ve genes coding 
for putative PAOs (Alcazar et al.  2006b ; 
Takahashi et al.  2010 ) and 10 genes encoding 
putative DAOs (Planas-Portell et al.  2013 ).  

5.2     Polyamines Are Implicated 
in the Plant Response 
to Abiotic Stress 

5.2.1     Modulation of Polyamine 
Metabolism under Abiotic 
Stress Conditions 

 The accumulation of PAs during stress-inducing 
conditions has been observed in many cases since 

  Fig. 5.1    Polyamine (PA) metabolism in plants. 
Biosynthesis routes are coloured in  green  and catabolism 
pathways in  red. ACCs  ACC synthase,  ACCox  ACC oxi-
dase,  ACL5  ACAULIS5,  ADC  arginine decarboxylase, 
 AIH  agmatine iminohydrolase,  CPA , 
N-carbamoylputrescine amidohydrolase,  DAO  diamine 
oxidase,  1,3-DAP  1,3-diaminopropane,  dcSAM  decarbox-

ylated S-adenosylmethionine,  ODC  ornithine decarboxyl-
ase,  PAO  polyamine oxidase,  SAM  S-adenosylmethionine, 
 SAMs  S-adenosylmethionine synthase,  SAMDC  
S-adenosylmethionine decarboxylase,  SPDS  spermidine 
synthase,  SPMS  spermine synthase,  tSPMS  thermosper-
mine synthase       
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the fi rst report by Richards and Coleman ( 1952 ) 
in oat plants that increased their endogenous Put 
levels under potassium defi ciency conditions. 
Rise of PA levels has also been a common obser-
vation in later studies, where different plant spe-
cies have been exposed to single or combined 
types of stresses (Alcazar et al.  2006b ; 
Bouchereau et al.  1999 ; Groppa and Benavides 
 2008 ). Regarding to abiotic stress, PA accumula-
tion correlates with enhanced tolerance to a large 
set of environmental challenges like salinity 
(Chattopadhyay et al.  1997 ; Liu et al.  2006 ; Roy 
and Wu  2002 ; Songstad et al.  1990 ), chilling 
(Shen et al.  2000 ; Songstad et al.  1990 ), osmotic 
and acidic stresses (Capell et al.  2004 ), radiation- 
induced oxidative stress (Deutsch et al.  2005 ) and 
others (Groppa and Benavides  2008 ). 

 A variety of genes that code for enzymes of 
PA biosynthesis and catabolism have been iso-
lated in several plant species, and their expres-
sion patterns under stress conditions have also 
been studied (Alcazar et al.  2006b ; Hussain 
et al.  2011 ; Liu et al.  2007 ). A common hall-
mark from these experiments is the stress-
induced expression of some PA biosynthesis 
genes, with some variations in their expression 
kinetics. While some PA biosynthesis genes 
exhibit a rapid induction shortly after stress 
treatments followed by a steady increment or a 
slight variation, other genes require a more 
extended interval of stress to be induced. These 
studies suggest diverse ways of control of the 
expression of PA pathway genes during stress, 
consistent with the fact that different pathways 
are implicated in the regulation of PA biosyn-
thesis (Alcázar et al.  2010a ). A complementary 
approach has shown that 11 of the 21 genes that 
code for enzymes of the PA pathway are located 
in QTL regions associated with drought toler-
ance in rice (Do et al.  2013 ). 

 Kinetic studies of the PA transcriptome dur-
ing stress have been performed in order to study 
the regulation of PA metabolism from a broader 
perspective (Alcazar et al.  2011 ,  2006a ; Alet 
et al.  2012 ; Cuevas et al.  2008 ,  2009 ; Do et al. 
 2013 ; Rodríguez-Kessler et al.  2006 ; Urano 
et al.  2009 ).  

5.2.2     Polyamine Treatment Could 
Modulate Plant Stress 
Tolerance 

 The changes observed in PA levels derived from 
stress suggest their probable involvement in the 
plant stress response but are not evidence enough 
to demonstrate that production of PAs has an intrin-
sic protective role against stress. Some approaches 
have been used to modify the endogenous levels of 
PAs. Early studies increased the cellular levels of 
PAs by exogenous application either before or dur-
ing stress. Most of these works have been helpful to 
pinpoint correlations between PA stress accumula-
tion and plant tolerance, showing that PAs could, in 
varying degrees, mitigate stress-derived cell injury 
and reverse growth or mitigate growth inhibition 
caused by stress (Alcazar et al.  2006b ; Bouchereau 
et al.  1999 ; Groppa and Benavides  2008 ). 
Nevertheless, it has to be noted that this approach 
may have several constraints, like the damaging 
effects to membranes when PA are applied at high 
doses or the different uptake rates that could appear 
between replicates. Furthermore, the protective 
effects of individual PAs are somewhat different 
depending on the study considered. Some of those 
discrepancies may refl ect differential mechanisms 
of PA absorption, transport and utilization among 
plant species.  

5.2.3     Depletion of Plant Polyamine 
Levels Increases Their 
Sensitivity to Stress 

 Studies have reported changes in endogenous PA 
levels through the use of inhibitors of PA biosyn-
thesis enzymes, such as difl uoromethylarginine 
(DFMA), difl uoromethylornithine (DFMO), 
D-arginine or methylglyoxal-bis (guanylhydra-
zone) (MGBG). Inhibitors lead to a reduction of 
endogenous PAs and enhancement of stress sen-
sitivity, which is turned back by external treat-
ment of PAs (He et al.  2002 ). However, in most 
cases, the outcome of the treatment with those 
molecules is variable, frequently infl uenced by 
inhibitor stability, different localizations of the 
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inhibitor and the target enzyme or the existence 
of dynamic mechanisms of compensation (Kaur- 
Sawhney et al.  2003 ). 

 Researchers have overcome those limitations 
with plants that carry loss-of-function mutations 
in PA biosynthesis genes (Kaur-Sawhney et al. 
 2003 ; Urano et al.  2004 ; Watson et al.  1998 ). 
EMS mutants of  Arabidopsis thaliana spe1- 1  
and  spe2-1  (which map to  ADC2 ), isolated by 
Watson et al. ( 1998 ), display decreased ADC 
activity and are not able to accumulate PAs after 
acclimation to a high-salt environment and are 
less tolerant to salt stress compared to wild-type 
plants (Kasinathan and Wingler  2004 ). In addi-
tion, the knockout mutant  adc2-1 , which shows 
that Put levels are reduced up to 75 % of wild- 
type plants, shows a phenotype of increased sen-
sitivity to salt stress, which can be partially turned 
back by Put treatment (Urano et al.  2004 ). 
External Put addition is also effective in the par-
tial suppression of the freezing sensitivity pheno-
type described in other  ADC1  ( adc1-2 ,  adc1-3 ) 
and  ADC2  ( adc2-3 ,  adc2-4 ) mutant alleles 
(Cuevas et al.  2008 ). By the other side, the 
 Arabidopsis acl5/spms  double mutant, impaired 
in the production of Spm and tSpm, exhibits 
hypersensitivity to salt and drought stresses that 
can be diminished by administration of exoge-
nous Spm (Yamaguchi et al.  2006 ,  2007 ). Single 
mutants  acl5-1 and spms-1  also show an accumu-
lation of Na +  and a lower survival’s performance 
in long-term saline stress conditions (Alet et al. 
 2012 ). Also, hypersensitivity to heat has been 
described for another Arabidopsis  spms  mutant, 
which shows a more pronounced chlorophyll loss 
when subjected to heat shock (Sagor et al.  2013 ). 
Moreover, RNAi silencing of  SAMDC  genes in 
tobacco reduced the levels of Spd and Spm which 
produced a reduction in biomass under saline 
conditions, as well as an increase in programmed 
cell death (PCD) when cell suspension cultures 
generated from these genotypes are exposed to 
high-salt growth conditions (Moschou et al. 
 2008 ). Taken together, studies provide evidence 
to the active implication of PAs in the plant stress 
response. A more detailed characterization of 
loss-of-function mutants might be needed to 
unravel the precise PA mode(s) of action during 

stress. In this sense, the combined study of PA 
profi les and transcriptome studies of the entire 
biosynthesis pathway in  Arabidopsis  mutants 
defective in ADC ( adc1-3 ,  adc2-3 ), SPDS 
( spds1-2 ,  spds2-3 ) or SPMS ( spms-2 ) have 
exposed a strong metabolic canalization of Put to 
Spm induced by drought that can also be observed 
in the desiccation-tolerant plant  Craterostigma 
plantagineum  (Alcazar et al.  2011 ).   

5.3     Transgenic Engineering 
of Polyamine Biosynthetic 
Pathway Improves Plant 
Abiotic Stress Tolerance 

 Another alternative strategy to produce plants 
with altered levels of PAs and overcome the prob-
lems raised from exogenous PAs treatment has 
been the generation of transgenic plants overex-
pressing PA biosynthesis genes, previously 
cloned from yeast, plant or animal genomes. 
Table  5.1  compiles several examples that have 
been obtained during the last years through the 
overexpression of  ODC ,  ADC ,  SAMDC, SPDS 
and SPMS  in rice, tobacco, eggplant, pear, sweet 
potato and  Arabidopsis . Although the degree of 
alteration of the endogenous level of one or more 
specifi c PAs obtained is not the same in all plants, 
all transgenic lines share a common enhancement 
of the tolerance against one or more abiotic 
stresses (Table  5.1 ). Indeed, the improvement in 
tolerance observed always correlates with 
increased levels of Put and/or Spd and Spm.

   In most cases, overexpression has been 
achieved by the use of constitutive promoters. 
Under drought stress conditions, rice plants 
transformed with the  Datura stramonium ADC  
gene under the control of maize strong promoter 
ubiquitin  1  (Ubi-1) accumulate more Spd and 
Spm and show lower rates of leaf curling and 
chlorophyll loss under drought stress than the 
wild type (Capell et al.  2004 ). Heterologous 
overexpression of oat ADC has been reported by 
Prabhavathi and Rajam ( 2007 ). In this work, egg-
plants were transformed with  CAMV35S  pro-
moter fused to the oat  ADC  gene, thus obtaining 
transgenic lines with elevated Put, Spd and Spm 
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levels showing a phenotype of tolerance to a wide 
array of abiotic stress conditions and resistance 
to pathogen infection. More recently,  Arabidopsis 
ADC  has also been overexpressed constitutively, 
leading to transgenic plants with elevated Put lev-
els that show resistance to drought stress (Alcázar 
et al.  2010b ) and freezing conditions (Tiburcio 
et al.  2009 ). Elevated levels of Put are also 
observed in tobacco plants overexpressing mouse 
 ODC . Those transgenic plants show better germi-
nation rates under saline conditions than wild- 
type plants, as well as a diminished degree of 
wilting (Kumria and Rajam  2002 ). 

 Heterologous constitutive overexpression of 
 SAMDC  has been achieved in many cases, using 
cDNAs from different species (Table  5.1 ). Waie 
and Rajam ( 2003 ) obtained tobacco plants where 
 CaMV35S  promoter was used to drive expression 
of a human  SAMDC  gene. These plants showed 
an increased Spd and Put content than wild type, 
along with an enhanced tolerance to drought and 
salt stresses. Also, tomato plants overexpressing 
human  SAMDC  displayed high levels of PAs 
compared to untransformed control plants and 
exhibited a better tolerance to salinity, drought, 
cold, high temperature conditions and resistance 
against two critical pathogens of tomato 
(Hazarika and Rajam  2011 ). Previously, tomato 
plants overexpressing yeast  SAMDC  were 
reported, with high levels of Spm and Spd and 
tolerance to heat stress (Cheng et al.  2009 ). By 
the other side, it has been described that trans-
genic tobacco plants overexpressing carnation 
 SAMDC  are tolerant to a broad array of abiotic 
stresses (Wi et al.  2006 ). Moreover, elevated Spm 
levels and enhanced salt stress tolerance are also 
observed when  Arabidopsis SAMDC1  gene is 
overexpressed constitutively (Marco et al.  2011 ). 

 There are few reports for the overexpression 
of SPDS in plants, but all of them have in com-
mon the observation of increased Spd levels and 
tolerance to a wide array of stress conditions 
(Table  5.1 ).  Cucurbita fi cifolia SPDS  has been 
overexpressed in  Arabidopsis , obtaining plants 
with increased tolerance to salinity, drought, 
osmotic stress, freezing, chilling and oxidative 
stress by paraquat treatment (Kasukabe et al. 
 2004 ). The same gene has also been overex-

pressed in sweet potato ( Ipomoea batatas ), gen-
erating transgenic plants with an increased 
tolerance to salinity and drought (Kasukabe et al. 
 2006 ). Higher Spd titers have also been observed 
when apple  MDSPDS1  gene is overexpressed in 
pear. In this case, transgenic plants obtained dis-
play a better tolerance to saline, osmotic and 
heavy metal stresses compared to wild-type 
plants (Wen et al.  2009 ). Regarding to  SPMS  
gene, their homologous overexpression in 
 Arabidopsis  leads to transgenic plants with 
higher level of thermotolerance than wild type 
(Sagor et al.  2012 ). 

 Inducible overexpression has been also used 
as a transgenic tool to elevate PA levels. Cold and 
drought tolerance has also been observed in 
transgenic  Arabidopsis  plants with stress- 
inducible promoter pRD29A (with cis-elements 
responsive to drought and ABA) driving the 
expression of oat ADC gene (Alet et al.  2011 ). 
Previously, another ABA-inducible promoter was 
used to control the expression of oat ADC in 
transgenic rice plants, which showed higher ADC 
activity and Put levels, as well as an increased 
biomass under saline conditions (Roy and Wu 
 2001 ). Later, the same authors fused this ABA- 
inducible promoter to  Tritordeum SAMDC  gene, 
and the transformed rice plants were able to accu-
mulate three- to fourfold more Spd and Spm than 
wild-type plants under NaCl stress, showing also 
a higher biomass and stem growth than wild type 
under these saline stress conditions (Roy and Wu 
 2002 ). 

 On the other side, plants with high PA levels 
with better tolerance to stress have also been 
obtained using other transgenic approaches. Hiatt 
and Malmberg ( 1988 ) described a tobacco line 
resistant to DFMO with high PA levels and an 
increased tolerance to acidic exposure. Also, ele-
vated PA levels in tobacco have been obtained by 
using the alternative strategy of diverting the fl ux 
of SAM from ethylene to PAs by antisense silenc-
ing of ethylene biosynthesis pathway (Fig.  5.1 ). 
This transgenic modifi cation raised Put and Spd 
plant levels, increasing their tolerance to saline, 
acid and oxidative stresses (Wi and Park  2002 ). 
More recently, the response to oxidative stress 
conditions of a rice T-DNA insertion mutant line 
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in the lysine decarboxylase-like 1 gene ( OsLDC- 
like 1 ) has been characterized. When exposed to 
oxidative stress conditions,  OsLDC-like 1  mutant 
plants are able to produce higher levels of Put, 
Spd and Spm, as well as an increased tolerance 
compared to the wild-type rice strain (Jang et al. 
 2012 ).  

5.4     Potential Mechanisms 
of Polyamine Action in Plant 
Abiotic Stress Response 

 In summary, research described above indicates 
that the elevation of PA levels is one of the 
responses that are induced by various stressful 
conditions in the plant, and this accumulation has 
a protective role. Despite that, the question 
regarding the precise way (s) of action by which 
PAs are able to exert this protection against exter-
nal harmful conditions remains still unresolved, 
although some possibilities had been discussed 
during the last years (Alcázar et al.  2010a ; Gill 
and Tuteja  2010 ). 

5.4.1     Polyamines as a Protective 
Molecules 

 The idea of PAs as molecules with a protective 
role has come classically from their chemical 
structure: at physiological pH, PAs have a poly-
cationic nature that makes them able to partici-
pate in the modulation of the cell ion balance and 
also interact with anionic molecules present in 
the cell, such as membrane lipids, proteins, DNA 
or RNA (Feuerstein and Marton  1989 ; Schuber 
 1989 ). PA binding to nucleic acids or proteins 
could protect these macromolecules from degra-
dation as well as to create a safe environment 
where they could achieve a strong conformation, 
thus preventing their denaturation by extreme 
conditions. Stabilization of plant cell membranes 
and their protection from damage under stress 
conditions by external treatment of PAs (di- and 
tri- and tetra-amines) has been described in a 
large number of studies (He et al.  2008 ; Liu et al. 
 2007 ). In this sense, it has been proposed that 

endogenous PAs could play a role in sustaining 
membrane integrity (Borrell et al.  1997 ). 

 By the other side, the dual anion- and cation- 
binding property of PAs confers them radical- 
scavenging properties (Bors et al.  1989 ) and 
opens the possibility of an antioxidative role of 
PAs in the cell. It has been demonstrated that PAs 
inhibit lipid peroxidation in rat liver microsomes 
(Kitada et al.  1979 ) as well as metal-catalysed 
oxidative reactions (Tadolini  1988 ). In plants, 
Put, Spd and Spm reduce the level of superoxide 
radicals generated by senescing plant cells 
(Drolet et al.  1986 ). Additionally, one of the 
products of PA catabolism is H 2 O 2  (Fig.  5.1 ), a 
signalling molecule that could trigger the activa-
tion of the antioxidative defence response of the 
plant. However, since ROS could also be gener-
ated by peroxide production, the PA-antioxidant 
role seems to be a matter of thresholds and sub-
cellular localizations (Groppa and Benavides 
 2008 ).  

5.4.2     Polyamines as Signalling 
Molecules 

 More recently, it has been pointed out that altera-
tion of endogenous PA pool in the plant has a 
striking effect of its transcriptome, with the mod-
ifi cation of the expression of a representative 
number of genes, being most of them stress 
related. Therefore, other mechanisms by which 
PAs can perform their protective action against 
stress could be through the activation at tran-
scriptional level of plant defence mechanisms, 
which in turn would render stress tolerance. 
Tobacco  SAMDC  overexpressing plants have 
higher expression levels of several members of 
the enzymatic antioxidative stress machinery, 
such as glutathione S-transferase, superoxide dis-
mutase and ascorbate peroxidase (Wi et al.  2006 ). 
Additionally,  Arabidopsis  plants overexpressing 
 SPDS  exhibit a transcriptome profi le with ele-
vated expression of some transcription factors 
involved in stress response pathways, such as 
MYB, WRKY, DREB, NAM proteins and Bbox 
zinc fi nger proteins, as well as stress-induced 
genes, such as rd29A or low-temperature-induced 
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protein 78 (LTI78) (Kasukabe et al.  2004 ). More 
recently, microarray expression profi les of 
 Arabidopsis  plants that overexpress homologous 
 ADC2 ,  SAMDC1  or  SPMS  have been analysed 
and compared, showing as common factor the 
induction of genes related to stress (Alcazar et al. 
 2005 ; Marco et al.  2011 ). Moreover, the tran-
scriptomes of Put and Spm overproducers have in 
common a set of 71 up-regulated genes. This set 
is enriched in stress-related genes, like several 
putative transcription factors and Ca 2+  signalling- 
related proteins, and most of them are induced in 
response to several abiotic stresses (Marco et al. 
 2011 ). 

 A possible source for some of the transcrip-
tome variations observed in response to PA 
accumulation in plants could be the existence of 
a PA modulon expression system, similar to the 
system proposed in  E. coli  and yeast, where a 
set of several key transcription factors are stim-
ulated at the translational level by PAs (Igarashi 
and Kashiwagi  2006 ; Uemura et al.  2009 ). In 
this sense, Hanfrey et al. ( 2003 ) have described 
in  Arabidopsis  the existence of a regulation of 
SAMDC at translation level by PAs. Also, Spd 
is required for the NAD-dependent formation of 
deoxyhypusine in the eukaryotic translation ini-
tiation factor 5A (eIF-5A) that seems necessary 
for its activity (Hopkins et al.  2008 ; Saini et al. 
 2009 ). Although not fully understood, several 
evidences point to the involvement of eIF5A 
in plant stress responses, as its overexpression 
in different plants produces stress-tolerant 
plants (Wang et al.  2012 ; Xu et al.  2011 ). 
Overexpression of  Tamarix androssowii eIF5A  
( TaeIF5A ) in poplar plants has revealed that 
TaeIF5A may mediate stress tolerance towards 
the increase of protein synthesis and enhance-
ment of ROS scavenging by the induction of 
antioxidant enzymes, preventing chlorophyll 
loss and membrane damage (Wang et al.  2012 ). 
Additionally, activation of rice OSBZ8, a bZIP 
class of ABRE-binding transcription factor, by 
their specifi c kinase OSPDK is promoted 
in vitro by Spd (Gupta et al.  2012 ). Additional 
studies focused to the isolation of more tran-
scription factors whose activity could be modu-
lated by PAs, as well as their target genes, 

should be made in order to unravel the possible 
existence of a PA plant modulon. 

 Evidences indicate that some of the transcrip-
tome profi le changes observed could be the out-
come of crosstalking between PAs with other 
signalling pathways (Alcázar et al.  2010a ). 
Crosstalk between PAs and ABA has been 
described in  Arabidopsis  under drought stress, 
where is observed an up-regulation of PA biosyn-
thesis genes  ADC2 ,  SPDS1  and  SPMS  as well as 
accumulation of Put, being both processes mainly 
ABA-dependent responses (Alcazar et al.  2006a ). 
By the other side, Put-accumulating  ADC2  over-
expressor plants show also a diminished gibber-
ellic acid (GA) biosynthesis, pointing to the 
existence of complex crosstalks between Put, 
ABA and GAs (Alcazar et al.  2005 ; Cuevas et al. 
 2008 ). Additionally, evidence of Spm-ABA 
crosstalk is shown in  Arabidopsis  plants overex-
pressing  SAMDC1 , where induction of NCED3, 
a key enzyme of ABA biosynthesis pathway, 
leads to elevated levels of this hormone (Marco 
et al.  2011 ). Several jasmonic acid (JA) biosyn-
thesis genes as well as JA-responsive genes are 
also up-regulated in both Put and Spm  Arabidopsis  
overproducers (Marco et al.  2011 ). 

 Furthermore, it has also been proposed a pos-
sible connection between PAs and stress 
responses through Ca 2+  homeostasis (Alcázar 
et al.  2010a ). In this sense, it has been suggested 
that the protective role of Spm against drought 
and salinity conditions could be mediated through 
the control of Ca 2+  distribution by regulation of 
Ca 2+  permeable channels, including vacuolar 
CAXs (Yamaguchi et al.  2006 ,  2007 ). Also, Spm 
modulation of the fl uxes of cytoplasmic Ca 2+  in 
the guard cells involved in stomatal movement 
could be one of the ways in which Spm contrib-
utes to drought tolerance. Connection between 
PAs and Ca 2+  signalling is also shown in the tran-
scriptome analysis of Put and Spm-overproducer 
plants, where Ca 2+  signalling genes appear as one 
of the functional categories mainly up-regulated 
in both transgenic lines (Marco et al.  2011 ). 
Furthermore, PA accumulation is also enhanced 
in the  Arabidopsis  response to pathogens, and an 
“Spm signalling pathway” has been proposed to 
explain its role (Mitsuya et al.  2009 ; Takahashi 
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et al.  2003 ). In this pathway, the combination of 
increased Ca 2+  infl ux and H 2 O 2  produced by PA 
oxidase activities that degrade Spm converges in 
a blended signal that triggers mitochondrial dys-
function and activates cell death (Takahashi et al. 
 2003 ). 

 It has been shown that stomatal closure is 
induced by PAs (An et al.  2008 ; Liu et al.  2000 ). 
Yamasaki and Cohen ( 2006 ) propose a model to 
explain the involvement of PAs on the regulation 
of stomatal responses where PAs participate 
through their interactions with nitric oxide (NO) 
signalling, as well as by the H 2 O 2  produced by its 
oxidation. In this sense, ABA responses in guard 
cells could be promoted by the synergic action of 
PAs, NO and ROS (Alcázar et al.  2010a ). The 
charged properties of PAs give them the capacity 
of blocking fast vacuolar cation channels, as well 
as affect protein kinase and/or phosphatase activ-
ities that regulate ion channel functions. Thus, 
stomatal closure responses could be affected by 
either way (Alcázar et al.  2010a ).   

5.5     Conclusions 

    In summary, PA activity in the response of the 
plant to stress could be the combination of the 
safeguard role related to their chemical properties 
and structure as well as by their capability to operate 

as members of the transduction pathways in stress 
responses (Fig.  5.2 ). Probably, the combination of 
both factors is the cause of the multiple stress 
tolerance (high salt, drought, extreme tempera-
tures and paraquat toxicity) that has been described 
in plants where overproduction of one or more PAs 
has been obtained by transgenic modifi cation 
(Table  5.1 ). This broad spectrum stress tolerance 
makes PA-content manipulation as a promising 
strategy to improve crop performance, since 
plants have often to deal with external conditions 
that suppose a simultaneous exposure to different 
sources of environmental stress. Also, harsh envi-
ronments are predicted with climate change.     
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      Enhancing Nutrient Starvation 
Tolerance in Rice                     
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    Abstract  

  Nutrient starvation occurs in plants either by the insuffi ciency of nutrients in 
the soil or by their unavailability in plant absorbable form. Nutrient malnu-
trition is an age-old problem, aggravated by the human demand for more 
food which had led to the development of nutrient-hungry crop  varieties. 
Ironically, what once lauded as a boon to mankind, the intensive agriculture, 
is turning to be a multifaceted bane in the form of depletion of natural 
reserves of inorganic fertilisers, price rise of farm inputs, environmental 
degradation due to nutrient residues and socio-economic and  political divide 
among farming communities and nations. With the low availability of nutri-
ents, plants are subjected to tremendous stress that jeopardises their normal 
physiology and survival itself. Rice, the major staple crop on earth is set to 
suffer any or all of the above problems in the near future. Immediate reduc-
tion of fertiliser input is the only viable solution to this problem, but it is 
going to trigger low production from farmlands. Therefore, nutrient input 
reduction should be done in conjunction with the development of low nutri-
ent happy rice varieties. There is enough variability for nutrient response 
within the rice gene pool including low nutrient tolerance, which is to be 
tapped for the development of new varieties. In addition, low nutrient toler-
ant varieties can help in producing the best out of marginal lands that are 
rendered unsuitable for high-yielding varieties due to low nutrient status. 
This chapter overviews the developments in breeding towards nutrient defi -
ciency tolerant rice varieties as a sustainable solution for future agriculture.  
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6.1         Introduction 

 Feeding more than half of the world population, 
rice cultivation requires signifi cant quantum 
input of mineral nutrients than any other agricul-
tural crop. Rice occupies nearly one third of the 
total cereal cultivated area of the world (Guerra 
et al.  1998 ), largely confi ned to tropics where soil 
nutrient status dwindles and plant nutrient avail-
ability is dependent on vagaries of climate and 
water availability (Takijima and Gunawardena 
 1969 ). Although there are different systems of 
rice cultivation, globally, irrigated lowland (wet-
land) system accounts for 55 % of the rice area 
producing 75 % of the rice production. Together 
with upland rice, wetland rice accounts for 80 % 
of the global area harvesting 90 % of the global 
production (Dobermann et al.  2004 ). When com-
pared to other major grain crops, cropping inten-
sity under irrigated rice is very high owing to 
relatively shorter duration of modern varieties, 
producing 10–15 t ha −1  year −1  of grains 
(Dobermann and Fairhurst  2000 ). High-intensity 
cultivation depletes soil nutrient reserves far 
quicker, requiring continuous repletion in large 
quantities through addition of fertilisers. 
However, continuous fertilisation poses a loom-
ing threat of extinction of natural fertiliser 
reserves, which may imperil future agriculture. 
Ensuing threat of climate change adds to this 
uncertainty, especially in the demographically 
dense tropical crop production zones, where rice 
cultivation is a century-old tradition. Further, the 
swelling world population asserts tremendous 
pressure of higher grain demand, requiring rice 
production to go up. Consequent increase in fer-
tiliser demand is making them expensive by every 
day exacerbating the unaffordability to poor and 
marginal rice farmers who practise subsistence 
farming. 

 Over a century now, tremendous advances in 
the science of genetics, has driven crop improve-
ment worldwide through giant leaps, taking the 
food production to new levels of self-suffi ciency. 
In rice, the introduction of semidwarf varieties in 
the 1960s has expanded crop production to stag-

gering new levels, as these varieties realised 
excellent yield under best crop management 
practices including suffi cient fertilisation. 
Concerted breeding efforts to push yield levels to 
newer heights have resulted in selection of rice 
varieties that responded to high levels of fertilisa-
tion. However, the cultivation of high-yielding 
varieties has removed signifi cant quantum of soil 
nutrients through harvested grains and biomass 
enforcing continuous fertilisation to sustain the 
rice farming. This has generated overdependence 
on fertilisers resulting in their indiscriminate use. 
Serious soil limitations for major and few sec-
ondary nutrients have been reported in rice culti-
vation that drives the crop into serious stress of 
nutrient starvation. Nutrient starvation is becom-
ing a contemporary problem that requires imme-
diate attention of breeders and agronomists for 
sustaining the rice production in the future. This 
chapter deals with those nutrients for which con-
siderable genetic research is ongoing to address 
nutrient starvation stress in rice.  

6.2     Sustenance of Rice Mineral 
Nutrition 

 Rice requires sixteen elemental nutrients catego-
rised into primary nutrients, secondary nutrients 
and micronutrients. Except for the three major 
non-mineral nutrients, carbon (C), hydrogen (H) 
and oxygen (O) that are naturally supplied by 
water and air, all other mineral nutrients are sup-
plied through soil. Among the mineral nutrients, 
nitrogen (N), phosphorus (P) and potassium (K) 
are required in large quantities (major nutrients) 
and are soil added as fertilisers. Of the remaining, 
calcium (Ca), magnesium (Mg) and sulphur (S) 
that are required in smaller quantities (secondary 
nutrients) are supplied as supplementary fertilis-
ers. The micronutrients, boron (B), copper (Cu), 
chlorine (Cl), iron (Fe), manganese (Mn), molyb-
denum (Mo) and zinc(Zn) that are required in 
very little quantities are generally available in 
soil in suffi cient quantities. The micronutrients 
require only contextual application in case of any 
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defi ciency (De Datta  1981 ). Although quantity 
requirement varies, all the nutrients are essen-
tially required for the rice plant to carry out 
 various metabolic functions to complete its life 
cycle (Fageria  2013 ; Dobermann and Fairhurst 
 2000 ; Yoshida  1981 ; De Datta  1981 ). The limita-
tion of any or more of these nutrients causes defi -
ciency symptoms, which are the manifestation of 
various metabolic impairments. Furthermore, 
mineral defi ciency can predispose plants vulner-
able to attack by various biotic and abiotic agents, 
leading to mortality, morbidity and total yield 
loss (Dordas  2008 ). 

 Nutrient cycling in food grain crops including 
rice is a partial non-cyclic affair, because every 
crop harvest removes a signifi cant quantum of 
nutrients without returning them back to the soil. 
A major portion of the loss is through grains 
entering into food chain and channelised else-
where, especially into the sewers through human 
and animal waste and irrecoverably lost (Cordell 
et al.  2009 ). Together with the benefi ts of 
increased food production and poverty allevia-
tion, the green revolution had counteracting 
effects of increased nutrient input demand, soil 
nutrient drainage and loss of nutrients through 
large volume of grains harvested. In India, rice 
tops the list of crops with 31.8 % share of fertil-
iser consumption of which 22.2 % is consumed 
by irrigated lowland rice. Estimates show that 
irrigated rice is applied with 2.48 Mt of N, 0.79 
Mt of P 2 O 5  and 0.45 Mt of K 2 O annually, while 
the corresponding share of upland rice is 1.17, 
0.30 and 0.13 Mt, respectively (FAO  2005 ). 

 Rice crop removes signifi cant quantities of N 
and K from soil followed by P, Ca, Mg and S 
(Table  6.1 ). Net nutrient removal through har-
vested grains is 60 % for N, 67 % for P and 15 % 
for K, and the balance is retained in the straw 
(Dobermann and Fairhurst  2000 ). Compared to 
earlier period, when a signifi cant quantity of rice 
straw was recycled back into the soil through 
cattle feeding and soil incorporation of either 
straw or cattle waste or both, nutrient recycling in 
modern systems is dropping due to alternate 
straw disposal methods such as open fi eld burning 

(Jain et al.  2014 ; Kumar and Joshi  2013 ); usage 
in biofuel generation such as aerobic digestion, 
pyrolysis and gasifi cation (Silalertruksa and 
Gheewala  2013 ); and usage in paper board indus-
tries (El-Kassasa and Mourad  2013 ).

   To bring nutritional sustenance to rice crop 
production, there are several methods particu-
larly related to agro-management and genetic 
interventions. The most common practice of 
nutrient repletion through fertilisation, however, 
is not going to be an enduring solution as the fer-
tiliser resources are fast waning from the face of 
earth at the current consumption levels (Magdoff 
 2013 ). In order to prolong the soil nutrient avail-
ability, nutrient drainage needs to be curtailed 
while making the bio-unavailable nutrients into 
plant available form through solubilisation. One 
of the methods to contain nutrient loss through 
harvested rice straw is to develop strategies that 
aid in hay recycling such as composting (Saha 
et al.  2012 ). To minimise the grain-related loss 
through food chains, recently, efforts are on to 
recycle solids from sewers to produce struvite, 
which can be substituted as N and P fertiliser, 
thereby bringing the lost nutrients back to the 
crop nutrient cycle (Morales et al.  2013 ; Liu et al. 
 2011 ). However there is a respite in the most 
intensively cultivated parts of Asia where almost 
all of the organic wastes including animal wastes 
produced in confi nement and all crop residues 
not used for fuel or in manufacturing were recy-
cled (Smil  2000 ). Notwithstanding, management 
strategies do not reduce nutrient input demand. 

 Genetic improvement of rice is a particularly 
tenable strategy to address the reduction of nutri-
ent input demand because it is possible to bring 
in genotype improvement in nutrient use traits 
such as growth under reduced fertilisation. This 
is possible by improving nutrient foraging behav-
iour, faster uptake, nutrient-solubilising ability, 
microbial symbiosis, terminal mobilisation of 
nutrients and yield conversion effi ciency. Further, 
developing varieties that export less nutrients to 
grains into anti-nutritional forms such as phytate 
can aid in preventing nutrient loss through unso-
licited means (Lott et al.  2000 ; Rose et al.  2013b ).  
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6.3     Nutrient Defi ciency 
in Rice Soils  

 Soil nutrient defi ciency is becoming a compel-
ling problem in rice-growing areas that requires 
serious intervention in the days to come. In India, 
recent soil nutrient defi ciency status indicates 
that 62 % of the soils are low in N, followed by 
42 % low in P and 13 % low in K. Among the 
secondary nutrients, S defi ciency occurs in 40 % 
of the soils, and among micronutrients, Zn defi -
ciency is common in 49 % of soils, followed by 
12 % low Fe soils, 5 % low Mn soils and 3 % low 
Cu soils (FAO  2005 ). 

 Predominant soil N forms such as nitrate and 
ammonium are either applied or native and are 
highly water soluble rendering N highly mobile in 
rice ecosystem (Haynes and Goh  1978 ) expediting 
quick lose through leaching. Additionally, the deni-
trifi cation processes in soil can release N in volatile 
form, either as oxides of N or as atmospheric 
N. Further, escape of N as gaseous ammonia (NH 3 ) 
can also favour N loss from soil (Galloway et al. 
 2003 ). Without regular N repletion through fertili-
sation, N defi ciency is a constant problem in rice 
soils worldwide. Soils that are prone to N defi -
ciency are those with very low soil organic matter 
content (<0.5 %) such as coarse-textured acid soils, 

as well as low organic carbon containing alkaline 
and calcareous soils. Soils that are constrained with 
natural N supply such as acid sulphate soils, saline 
soils, P-defi cient soils and poorly drained wetland 
soils where the amount of N mineralisation or bio-
logical N 2   fi xation is meagre also suffer from N 
defi ciency. Alkaline soils have potential risk of 
high NH 3  volatilisation. 

 P is available to plants in the form of ortho-
phosphate (Pi) such as H 2 PO 4  −  and HPO 4  2−  
(Raghothama  1999 ), which is assimilated into 
plant system as Pi monoesters and compounds 
containing phosphoanhydride bonds such as 
 adenosine di- and triphosphates. However, Pi 
does not remain in soil, as it gets quickly fi xed 
into insoluble form in the presence of polyvalent 
cations such as Al 3+ , Fe 3+  and Ca 2+ . P defi ciency is 
a widespread problem in all major rice ecosys-
tems (Fageria  2013 ), especially in lowland soils 
that possess high native P-fi xing capacity such as 
acid soils. In soils with low P supplying capacity, 
P defi ciency occurs as long as Pi supplementation 
is insuffi cient. Notwithstanding, high erosion 
loss can also incite P defi ciency in soils such as 
upland soils. P defi ciency occurs in coarse- 
textured soils containing small amounts of 
organic matter and minimal P reserves such as 
sandy soils; highly weathered, clayey, acid 
upland soils with high P-fi xation capacity such as 

   Table 6.1    Nutrient requirement and removal in rice   

 Nutrient 
 Major plant 
available form 

 Nutrient removal 
(Kg.ha −1 ) 

 Critical defi ciency levels 
(mg.kg −1 ) 

 Method of extraction a   Plant  Soil 

 Nitrogen (N)  NH 4  + , NO 3  −   123.00  <25,000.0  <186.0  Alkaline KMnO 4  

 Phosphorus (P)  H 2 PO 4  − , HPO 4  −   21.40  <1000.0  <6.7  Olsen P 

 Potassium (K)  K +   120.00  <10,000.0  <72.0  NH 4 OAc 

 Calcium (Ca)  Ca 2+   32.00  <1500.0  <200.0  NH 4 OAc 

 Magnesium (Mg)  Mg 2+   27.00  <1000.0  <120.0  NH 4 OAc 

 Sulphur (S)  SO 4  2−   12.80  <1000.0  <10.0  Hot water 

 Iron (Fe)  Fe 3+ , Fe 2+   1.70  2.5  DTPA+CaCl 2  

 Manganese (Mn)  Mn 2+   4.40  <20.0  1.0  DTPA+CaCl 2  

 Zinc (Zn)  Zn 2+   0.29  <15.0  0.5  DTPA+CaCl 2  

 Copper (Cu)  Cu 2+   0.06  <6.0  0.2  DTPA+CaCl 2  

 Boron (B)  BO 3  3−   0.09  <20.0  0.1  Hot water 

   a  DTPA  diethylene triamine pentaacetic acid,  NH   4   OAc  ammonium acetate,  CaCl   2   calcium chloride,  KMnO   4   potassium 
permanganate  
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ultisols and oxisols; degraded lowland soils; 
 calcareous, saline, sodic soils; volcanic soils with 
high P-sorption capacity; peat soils (histosols); 
and acid sulphate soils in which large amounts of 
active Al and Fe result in the formation of 
 insoluble P compounds at low pH. P defi ciency is 
also found associated with Fe toxicity at low pH, 
Zn defi ciency, Fe defi ciency and salinity in 
 alkaline soils (Dobermann and Fairhurst  2000 ). 
Furthermore, P immobilisation occurs due to 
excessive liming and excessive N fertilisation 
with insuffi cient P application. 

 K is a rare limiting factor in major rice- 
growing soils (Dobermann et al.  1996 ; Reichardt 
et al.  1998 ); however, K defi ciency occurs either 
due to native limitation of K availability or due to 
inhibition of K due to fi xation. Recent reports, 
however indicate that K defi ciency is on the 
increase throughout rice-growing regions of the 
world (Jia et al.  2008 ; Hasan  2002 ; Naidu et al. 
 2011 ; Datta  2011 ). K defi ciency typically occurs 
in coarse-textured soils such as sandy soils, 
highly weathered soils such as acid upland soils 
and degraded lowland clay soils and well-drained 
organic soils due to poor K reserves. These soils 
remain K defi cient if not supplemented through 
fertilisation. In contrast, in clayey soils with large 
K content, presence of signifi cant amount of 2:1 
layer clay minerals causes K fi xation, making 
them practically K inhibited. Similarly soils with 
very wide (Ca+Mg)/K ratio release little K to soil 
solution due to stronger K adsorption to cation 
exchange sites. K defi ciency also occurs in highly 
leached acid sulphate soils and poorly drained 
and strongly reducing soils in the presence of 
Fe 2+  ions, organic acids and hydrogen sulphide. 

 Defi ciency of secondary and micronutrients is 
not a widespread problem in rice soils around the 
world. However, there are regions which suffer 
from acute defi ciency of one more of these min-
eral nutrients that needs serious attention. S defi -
ciency is reported as a problem in South Asian 
countries, especially in Indonesia (Ismunadji 
et al.  1991 ) which in general is addressed through 
addition of S-containing fertilisers. A shift to 
non-S fertilisers may aggravate the defi ciency 

problem in such areas. S defi ciency is not particu-
larly a common problem in irrigated lowland 
soils; however it can occur in coarse soils that are 
well drained such as sandy soils, soils that are 
rich in aluminium silicate clay, soils with low 
organic matter and in highly weathered soils rich 
in Fe oxides (Dobermann and Fairhurst  2000 ). 

 Recent reports suggest that Zn defi ciency, the 
major micronutrient defi ciency in rice, is ranked 
after N and P defi ciency in lowland rice 
soils (Wissuwa et al.  2006 ) that calls for immedi-
ate attention in terms of defi ciency alleviation by 
addition of Zn fertilisers (Abilay and De Datta 
 1978 ) and/or by improving genotypic effi ciency 
to acquire more Zn when soil availability is lim-
ited (Rose et al.  2013a ). Further, micronutrient 
malnutrition due to Zn defi ciency together with 
vitamin A defi ciency is receiving serious atten-
tion internationally, due to serious health risks it 
incites such as mental retardation, poor immunity 
and overall poor health (Cakmak  2009 ). Zn defi -
ciency occurs in high-intensity cropped areas and 
in poorly drained soils. In Indian soils, 49 % of 
250,000 soil samples collected from 20 states 
were tested Zn defi cient having DTPA-extractable 
Zn content of less than 0.6 mg kg −1  (Singh  2009 ) 
indicating the enormity of Zn defi ciency prob-
lem. Among the crops and soils, lowland rice is 
said to suffer more from Zn defi ciency (Rattan 
et al.  2009 ). Zn defi ciency occurs along with S 
defi ciency, especially in neutral and calcareous 
soils rich in bicarbonate, which can affect rice 
crop in all phenological stages. Other type of 
soils that can have Zn defi ciency are saline and 
sodic soils, peat soils, sandy soils and highly 
weathered and leached acid soils. Zn defi ciency 
occurs either due to Zn precipitation as sparingly 
soluble zinc hydroxide or zinc sulphide or due to 
the formation of various complexes in soil either 
in combination with inorganic and organic ions. 

 Defi ciencies of other micronutrients such as 
Ca, Mg, Mn and Cu can occur in highly drained 
coarse sandy soils and highly leached weathered 
acid soils either on lowlands or uplands. 
Defi ciencies of these elements occur due to lim-
ited soil availability caused by excessive drainage 
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either by physical means such as leaching or 
through crop removal due to intense cultivation. 
Ca uptake from soil is affected under excessive 
fertilisation, due to proportional imbalance of Ca 
with other nutrient elements causing Ca defi -
ciency. Mg defi ciency occurs due to 
the  suppressed Mg absorption caused by 
decreased Mg uptake due to a wide exchangeable 
K-Mg ratio. Mn defi ciency occurs either due to 
interference of mineral ions such as Fe, Ca, Mg, 
Zn and ammonium in soil solution or by the for-
mation of complexes by organic matter or 
adsorbed and occluded by Fe and Al hydroxides 
and oxides. Cu defi ciency can occur in soil by 
adsorption or by competition with Zn, while 
excessive NPK fertilisation can exhaust Cu from 
soil through removal by rapid vegetation growth.  

6.4     Need for Nutrient Defi ciency 
Tolerance 

 In modern-day agriculture, due to continuous 
crop removal, soil nutrient defi ciency has 
become coexistent with crop production sys-
tems and amelioration of soil nutrient status 
though amendment of fertilisers has become a 
standard practice. Compelling demand for more 
food for the growing world population is exerting 
tremendous pressure on fertiliser use and cultiva-
tion of modern-day fertiliser-responsive high- 
yielding cultivars. Since the fertiliser production 
is dependent on the fi nite resources on earth, pro-
duction and availability of fertilisers are starting 
to decline gradually. Its after-effects are now 
appearing, fertiliser scarcity is on the rise along 
with escalation in fertiliser costs, which is par-
ticularly making fertilisers unaffordable to poor 
and marginal rice farmers, thereby bringing more 
areas under nutrient defi ciency map rapidly. 
Under high-intensity production systems, how-
ever, indiscriminate fertiliser use is causing envi-
ronmental hazards (Vinod and Heuer  2012 ). 
Arising out of the aforementioned issues, there 
are three major reasons that compel reduction of 
fertiliser input into agricultural systems. These 
are (a) low nutrient use effi ciency, (b) environ-

mental degradation due to residual nutrients and 
(c) depletion of natural fertiliser reserves. 

6.4.1     Low Genotypic Nutrient Use 
Effi ciency 

 Nutrient use effi ciency is a generic term that 
 integrates different mechanisms of nutrient 
homeostasis in plants. Although defi nitions differ 
contextually, nutrient use effi ciency, defi ned as 
the ratio between realised yields to applied fertil-
iser, represents only genotype response under 
added nutrition. In broader sense, use effi ciency 
can be divided into uptake and utilisation effi -
ciencies, although the mechanisms may differ 
between nutrients. Earlier breeding efforts for 
nutrient use effi ciency were focussed on the gen-
otypes that yielded well under high fertilisation, 
thus accumulating genes that helped to realise 
high biomass and grain yield. Since these geno-
types were not subjected to nutrient-defi cient 
 situations, the selection was working against the 
mechanisms that enabled them to toler-
ate nutrient- defi cient conditions. It should be 
noted here that since the selection was done 
under surplus fertilisation, uptake effi ciencies of 
the genotypes hardly mattered in the selected 
genotypes, because irrespective of their uptake 
effi ciency, there were always enough nutrients to 
meet the internal demands to support growth and 
yield. Remarkable breeding success has already 
been achieved in selection of varieties with high 
internal effi ciency under high-input systems 
(Vinod and Heuer  2012 ). Therefore, modern vari-
eties are low nutrient use effi cient and need 
 surplus nutrients to yield better. The net result of 
low nutrient use effi ciency of genotypes under 
excessive fertilisation is accumulation of nutrient 
elements in soil resulting in imbalances with 
other elements that are not artifi cially supplied. 
This causes induced defi ciency of other elements 
requiring further amendment of chemicals to soil. 
To increase nutrient use effi ciency from the cur-
rent level, we need to reduce the fertiliser input 
without compromising the quantum of nutrients 
taken up by the plants. This can be achieved by 
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improving of uptake effi ciency without compro-
mising the internal effi ciency to produce the 
potential yield. 

 To sustain the agricultural production in the 
future, the effi ciency of rice varieties to harvest 
more nutrients from soil needs to be improved 
from the current level (Singh et al.  2000 ). This 
should however be achieved with lesser external 
nutrient input. In fact, soil is rich in almost all of 
the nutrients majority of which are not plant 
available or are at depths well beyond the crop 
root zones. However, there are innate mecha-
nisms in rice crop to utilise unavailable nutrient 
fractions by solubilising them into available 
forms, such as production of nutrient-solubilising 
root exudates and encouraging the colonisation 
of nutrient-solubilising microfl ora through a 
symbiotic relationship (Hayat et al.  2010 ; Khan 
 2006 ). These traits are genetically controlled and 
hence can be targeted in crop improvement pro-
grammes. The development of nutrient-effi cient 
rice varieties under marginal suffi ciency will help 
in realising the yield gain even at the regulated 
low-level fertiliser input. Therefore, under 
reduced fertiliser input, the nutrient requirement 
for rice is to be considered vis-à-vis soil net nutri-
ent supply, nutrient use effi ciency and nutrient 
defi ciency tolerance.  

6.4.2     Environmental Contamination 
Due to Surplus Nutrients 

 Intensive agriculture in the contemporary world 
demands high input of fertilisers as most of the 
modern high-yielding varieties are input respon-
sive (Ramesh et al.  2005 ). Before their introduc-
tion, even the poor and marginal soils could 
supply suffi cient nutrients to support rice cultiva-
tion as the net nutrient removal of the traditional 
varieties was low (Dobermann et al.  1998 ). In 
practice, several farmers apply excess quantity of 
fertilisers to modern varieties expecting to realise 
higher yield since they are known  respond to 
high dose of fertilisers. In reality, not all of the 
applied nutrients are utilised, either due to poor 
nutrient use effi ciency or due to excessive nutri-
ents over and above the threshold uptake capacity 

of varieties, leading to serious environmental 
hazards such as accumulation into water bodies 
polluting them causing eutrophication (Smith 
and Crews  2014 ). 

 Environmental contamination due to surplus 
nutrients is a serious contemporary problem. 
Most of the residual nutrients, especially excess 
N and P, get leached into groundwater or accu-
mulate in surface water causing eutrophication 
(Raven and Taylor  2003 ). This causes harmful 
algal blooms (HABs), in marine, estuarine and 
fresh waters threatening the health of the 
 environment, plants, animals and people. 
Cyanobacterial and red tide ( Karenia brevis ) 
blooms can block sunlight penetration in water, 
deplete oxygen and produce toxins that seriously 
threaten aquatic life (Heisler et al.  2008 ). 
However, excess K is not known to create any 
environmental problem. 

 Atmospheric pollution due to excess nutrients 
occurs particularly in case of N, due to volatilisa-
tion. Major volatile forms of N are NH 3 , nitrous 
oxide (N 2 O) and nitric oxide (NO). N 2 O is a 
greenhouse gas that contributes to about 6 % of 
the anthropogenic greenhouse effect and causes 
the depletion of stratospheric ozone. NO is read-
ily converted into nitrogen dioxide (NO 2 ) in 
atmosphere, and at high concentration levels, 
NO 2  is potentially injurious to plants that reduce 
growth and yield. Even at lower concentrations, 
NO 2  can be potentially injurious in combination 
with either ozone (O 3 ) or sulphur dioxide (SO 2 ). 
Nitrogen oxides (NO X ) play a critical role in soil 
acidifi cation, infl icted through acid rains and dry 
deposition. NH 3  is a major air pollutant which 
neutralises acidic vapours of SO 2  and NO x . 
Neutralised acids form a major constituent of 
atmospheric aerosols and deposition of which 
brings back NH 3  to surface which causes eutro-
phication and acidifi cation (FAO  2001 ).  

6.4.3     Waning Natural Fertiliser 
Resources 

 Most of the fertilisers are inorganic chemicals 
that release one or more major nutrients to soil, 
and almost all of them are obtained or chemically 
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synthesised from natural sources. These natural 
sources are fast depleting due to continuous min-
ing. As most of the natural fertiliser reserves are 
confi ned to particular geographical regions, 
 geopolitical issues and monopolisation for 
 fertiliser dependence are growing concerns for 
the future. Additionally, chemical synthesis of 
fertiliser is a high energy-consuming process that 
requires the usage of non-renewable energy 
sources such as petroleum and natural gas 
(Giampietro and Pimental  1993 ). 

 The production of nitrogenous fertilisers such 
as urea and ammonium salts from commercial 
NH 3  generated through Haber-Bosch process 
uses natural gas as the major feedstock (Erisman 
et al.  2008 ). In the Haber process, H is obtained 
from natural gas by reacting it with steam at high 
temperatures. This H is combined with N sup-
plied from air in the presence of Fe as catalyst to 
form NH 3 . Urea is produced by reacting NH 3  
with CO 2  in the presence of an intermediate prod-
uct ammonium carbamate. The world’s estimated 
reserve of natural gas stood at 185.7 trillion cubic 
metres by the end of 2013, which is estimated to 
last only for the next 55.1 years (BP  2014 ). 

 Phosphate rock or phosphorite that largely 
contains phosphates of calcium is the only natural 
source for phosphatic fertilisers. 82 % of the 
mined rock phosphate is used for fertiliser pro-
duction (Cordell and White  2013 ), as well as used 
directly as P fertiliser in the form of rock phos-
phate. Rock phosphate is insoluble in water and 
hence is a slow-release fertiliser. Reacting rock 
phosphate with sulphuric acid produces phos-
phoric acid which is used for the production of 
soluble phosphatic fertilisers such as single super 
phosphate, triple super phosphate and ammonium 
phosphate (Bolland and Gilkes  1998 ). Phosphate 
rocks are non-renewable, and the recent estimates 
suggest that phosphate rock reserves of the world 
stand at 290 billion metric tonnes which may last 
only for next 300–400 years at the current rate of 
production. Further, 68 % of the global geological 
phosphate rock reserves are confi ned to countries 
such as Morocco, USA and China (Van 
Kauwenbergh  2010 ). 

 The major source of natural K fertilisers is 
from the deep salt pans in earth’s crust that may 

either contain salt deposits or rock-forming 
 silicate minerals (Manning  2010 ). Almost all of 
the commercial potash deposits come from 
marine sources, either ancient seas that are now 
buried or from salt water brines (Fixen  2009 ). 
Unlike that of N and P, natural sources of K are in 
many mineral forms predominantly made of 
chlorides (sylvinite, sylvite, carnallite, kainite), 
sulphates (polyhalite, langbeinite, schoenite) and 
nitrates (nitre) of K. Fertilisers are produced from 
the salt deposits by different separation and puri-
fi cation processes. The world has an estimated 
250 billion metric tonnes of K 2 O resources that 
may last longer than 600 years as per the current 
estimates (USGS  2011 ). Natural sources of K are 
also non- renewable, and hence, a future threat of 
mineral depletion cannot be ruled out. 
Furthermore, K mines are also confi ned to certain 
geographical regions of the world, wherein 
Canada and Russia share almost 80 % of the 
global reserves (Fixen  2009 ; Mohnot et al.  2005 ; 
Roberts and Stewart  2002 ). 

 Earth’s crust contains S as one of its common 
constituents, which is available either as elemen-
tal S or as several compounded forms. However, 
most of the S used today is predominantly 
extracted from natural gas and crude oil, and 
some S is recovered from coal, by metallurgical 
processing and from pyrites mining (Fixen  2009 ). 
Of this, 80–85 % is used to manufacture sulph-
uric acid. Although S-containing fertilisers are 
not primarily produced, 50 % of the world’s sul-
phuric acid production is used mainly to convert 
phosphates to water-soluble forms of phosphatic 
fertilisers. About one ton of S is required to pro-
duce about 2 tons of diammonium phosphate 
(DAP). The USA, Canada, China and Russia are 
the leading countries in S production accounting 
for about 50 % of the global S production (Fixen 
 2009 ). 

 Around the world, the overall average soil 
concentration of Zn is estimated to be 50 mg.
kg −1 , but the levels vary widely from 4 mg.kg −1  to 
3500 mg.kg −1  depending on geographical occur-
rence and concentrations of ore minerals such as 
sphalerite (ZnS), smithsonite (ZnCO 3 ), zincite 
(ZnO), zinkosite (ZnSO 4 ), franklinite (ZnFe 2 O 4 ) 
and hopeite (Zn 3 (PO 4 ) 2 .4H 2 O) (Alloway  2008 ). 
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Unlike other fertilisers, Zn fertilisers are not 
directly produced from natural sources, but are 
obtained from products or by-products of 
 processes using Zn metal as primary component. 
Although there are several sources of Zn used as 
fertilisers, the most common source is ZnSO 4  
used either in granular or crystalline forms. In 
soils, Zn fertilisation has a very high residual 
effect, sometimes prolonging for many years, and 
hence, continuous Zn fertilisation may not be 
required if Zn level raises to adequate levels 
(Mortvedt and Gilkes  1993 ).   

6.5     Mechanisms for Nutrient 
Starvation Tolerance 

 Reducing the application of nutrients exacerbates 
problem of nutrient starvation in agriculture, and 
hence, one of the most sustainable solution is to 
breed for nutrient-effi cient genotypes that require 
low nutrient input. Although it is known that 
nutrient starvation tolerance in rice is a function 
of nutrient effi ciency, despite several studies on 
nutrient uptake and utilisation, information 
 accumulated are insuffi cient to assess the poten-
tial for breeding rice cultivars with improved use 
effi ciencies. Notwithstanding, breeding efforts 
for low nutrient tolerance are mainly targeted on 
major nutrients N, P and K and other essential 
nutrients such as S and Zn. 

6.5.1     Nitrogen 

 Presently N use effi ciency of rice varieties 
remains at 30–50 %, indicating that 50–70 % of 
the applied N is lost from the soil (Peoples et al. 
 1995 ) either through volatilisation, leaching or 
by other means. Increasing the effi ciency can 
therefore counterbalance the loss and can help in 
reducing N input. Genotypic responses to low-
ered N in rice, as reported from several studies, 
predominantly include root variations such as 
enhancement of surface area, density, volume, 
distribution and root-shoot ratio (Marschner et al. 
 1986 ; Fan et al.  2010 ; Ogawa et al.  2014 ), accel-
erated uptake of N at early growth stages (Peng 

et al.  1994 ) and effi cient internal recycling at 
 terminal stages (Mae  1997 ; Mae and Ohira  1981 ; 
Tabuchi et al.  2007 ). Further, low N response in 
rice genotypes varies at different growth stages 
(Sheehy et al.  1998 ) as well as to varying N 
 supply levels during growth phases. When N 
accumulation becomes suffi cient enough for 
internal N homeostasis, internal mechanisms 
take over the role of N assimilation from uptake 
machinery, leading to optimal growth and yield. 
Nevertheless, the uptake remains the key factor 
determining yield particularly under low N con-
ditions (Singh et al.  1998 ; Witcombe et al.  2008 ). 
For ultimate realisation of yield, N uptake prior 
to panicle initiation is critical in building up the 
internal N reservoir (Vinod and Heuer  2012 ), 
which is accomplished through a complex net-
work of internal and external signalling under 
low N conditions. 

 The primary N acquisition from soil takes 
place in biphasic fashion (Britto and Kronzucker 
 2005 ) involving low- and high-affi nity trans-
porter systems in the plasmalemma, irrespective 
of the form of N being taken up. Acquired N sub-
sequently undergoes primary and secondary 
assimilation process before being incorporated 
into amino acids. N metabolism in rice is a com-
plex process that involves several gene families, 
including nitrate and ammonium transporters and 
primary and secondary N assimilation genes, 
urea transporters, amino acid transporters, tran-
scription factors and other regulatory elements 
(Lea and Mifl in  2011 ; Nischal et al.  2012 ). 
However, several of these gene systems are con-
stitutively expressed and self-regulated. It is 
therefore pertinent to identify those genes that 
give a ‘push’ on the entire machinery to work 
under N-defi cient conditions, triggering mecha-
nisms particularly targeting extensive and inten-
sive foraging under limitations of N supply 
(Pathak et al.  2008 ). This may involve those 
genes that provide an early signal to the N defi -
ciency in the seedling stage itself, accelerating 
mechanisms for the development of extended and 
deeper root system while provisioning enough 
energy to support the signalling and early devel-
opment mechanisms. Therefore, early seedling 
vigour under low N may be a crucial factor in 
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early identifi cation of low N-effi cient genotypes. 
Other traits that may be of interest in realising 
yield under N defi ciency are prolonged 
 photosynthetic effi ciency and translocation of 
photosynthates (Hawkesford and Howarth  2011 ) 
that is vital for maintaining canopy longevity to 
support continuous remobilisation of N and 
starch accumulation. In this context, functional 
stay green (Fu and Lee  2008 ) is a trait to look for 
as it can support prolonging of canopy greenness 
by delaying leaf senescence that can also sustain 
photosynthesis in maturing plants (Vinod and 
Heuer  2012 ). To identify such genotypes, it is 
better to screen the germplasm under reduced N 
input rather than no input, because no input can-
not be a sustained practice in agriculture and sig-
nals to low N may fail below a critical threshold, 
because acute N defi ciency may jeopardise the 
survival of the plant itself. 

 The development of molecular breeding and 
identifi cation of several genes involved in N 
uptake, transport and assimilation (Li et al. 
 2009a ; Kant et al.  2011 ) and quantitative trait loci 
(QTLs) for N use effi ciency under reduced N 
conditions (Vinod and Heuer  2012 ) provide new 
hope in repeating the success of introgression of 
QTLs such as  Sub1  for submergence toler-
ance (Singh et al.  2010 ; Septiningsih et al.  2009 ) 
and  Saltol  for salt tolerance (Thomson et al. 
 2010 ) in rice.  

6.5.2     Phosphorus 

 Modern rice genotypes typically have soil P recov-
ery effi ciency less than 20 % (Fageria  2013 ) much 
less than other major nutrients, N and K. This is in 
contrast to the internal P use effi ciency, which is 
much higher than that of N and K. P content in rice 
grain is much higher than in straw; therefore, the P 
harvest index in rice is as high as 72 %. This data 
indicates that to improve overall P use effi ciency 
of rice, it is necessary to improve P uptake rather 
than internal P utilisation. 

 The paradox of high Pi mobility within the 
rice plant system while growing in a pool of 
immobile soil P warrants the need for the 
 solubilisation of soil P before being mobilised 

into plants. Under Pi deprivation, rice plants elicit 
a variety of mechanisms at genotype levels that 
are combinations of morphological, physiologi-
cal and biochemical/metabolic adaptations col-
lectively known as P starvation response (PSR) 
(Plaxton and Tran  2011 ). PSR aids in foraging 
for more P under defi ciency, such as dramatic 
changes in root system and production of several 
kinds of root exudates besides encouraging 
microbial symbiosis. Rice genotypes show vary-
ing levels of expression for these adaptive traits 
under P starvation gaining access to more P when 
the bioavailable P in the soil is low (Heuer et al. 
 2013 ). When confronted with P limitation, plants 
grow more roots, increase root uptake, retranslo-
cate P from older leaves and deplete the vacuolar 
P reserves (Schachtman et al.  1998 ). In rice, root 
morphological adaptations are reported by 
 several workers in response to limited P avail-
ability that includes increase of root hair growth, 
increase in root volume and root morphological 
and architectural modifi cations (Heuer et al. 
 2013 ). Recent reports on the functionality of the 
QTL for P defi ciency tolerance,  phosphorus 
uptake 1  ( Pup1 ), suggest that the major gene 
responsible for the P starvation tolerance, 
 PSTOL1 , enhances root growth under P-defi cient 
conditions (Heuer et al.  2009 ; Chin et al.  2011 ; 
Gamuyao et al.  2012 ). 

 Root effl ux of variety of compounds such as 
organic acids, membrane proteins, acid phospha-
tases and ribonucleases (RNAses) is reported 
under P defi ciency in rice. Root exudation of low 
molecular weight organic acids (LMOAs) such 
as citrates, malates and oxalates is reported to be 
a prominent root-based mechanism that aids in 
enhanced solubilisation of P from the soil (Kirk 
et al.  1999 ; Hocking et al.  2000 ; Hocking  2001 ; 
Rose et al.  2011 ). LMOAs also have signifi cant 
chelation capacity, lowering the activities 
P-fi xing cations, Fe 3+ , Al 3+  and Ca 2+ , thus pre-
venting Pi loss (Singh et al.  1991 ). Zhang et al. 
( 2011a ) reported P defi ciency enhanced activities 
of both H + -ATPase and proton pump, which con-
tributed to rhizosphere acidifi cation in rice roots. 
Rhizosphere acidifi cation occurs by the proton 
release from roots, as a primary process of H + -
ATPase activity in the plasmalemma of root cells 
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(Schubert  1995 ). The mechanism of H +  release 
balances excess intake of cations over anions by 
acting as a primary proton pump, thereby creat-
ing pH and electric potential differences across 
the plasmalemma. Since the Pi uptake may 
involve proton cotransport, the H + -ATPase activ-
ity may improve plant P nutrition by enhancing 
the electrochemical proton gradient that drives 
ion transport across the cell membrane. Further, 
H + -ATPase activity may couple with LMOA 
effl ux to improve the P mobilisation as an adapta-
tion to P defi ciency. 

 Root secretion of acid phosphatases (APases) 
is entailed as a response to P defi ciency in rice 
(Lim et al.  2003 ; Li et al.  2009b ). APases play a 
role in P nutrition by release and mobilisation of 
Pi from organic complexes in soil through hydro-
lysis. Under P-starved conditions, plants increase 
the level of secreted APases, along with intercel-
lular phosphatases for effi cient uptake and mobil-
isation of Pi from the soil (Tian et al.  2012 ). In 
response to P starvation, along with the increased 
production of APases, signifi cant production of 
RNAses are also induced in rice (Plaxton and 
Tran  2011 ) that are involved in the acquisition of 
exogenous P (Nürnberger et al.  1990 ). The 
secreted RNAses degrade large quantum of 
nucleic acids from decaying soil organic matter 
to release Pi mobilised for root uptake (Fang 
et al.  2009 ). 

 Yet another mechanism for P acquisition is 
through arbuscular mycorrhizal (AM) symbiosis, 
which helps plants to source more P channelised 
through symbiotic associations (Vallino et al. 
 2009 ). Mycorrhizal fungi are aerobic symbionts, 
and therefore, AM associations in rice were a 
matter of debate due to increased anaerobic con-
ditions of lowland soils. However, evidences 
indicate that such associations do exist in rice 
under submerged conditions signifi cantly con-
tributing to nutrient uptake including P (Solaiman 
and Hirata  1997 ; Hajiboland et al.  2009 ; 
Watanarojanaporn et al.  2013 ). It is likely that the 
AM association to rice roots in wetlands is 
 maintained by oxygen supply via aerenchyma 
(Ipsilantis and Sylvia  2007 ). 

 Pi uptake from soils is regulated by a large 
gene family of P transporters, falling under low- 

affi nity and high-affi nity transport systems. Some 
of these P transporters are also involved in AM 
symbiosis indicating their complex role in P 
uptake under P-deprived conditions (Vinod and 
Heuer  2012 ; Heuer et al.  2013 ). In addition, sev-
eral other genes such as MYB-type transcription 
factors, stress response genes such as peroxidases 
and metallothioneins, glycolytic enzymes, trans-
membrane proteins, DNA and protein degrada-
tion enzymes are also unregulated under P 
deprivation in rice roots (Li et al.  2009b ).  

6.5.3     Potassium 

 As the most abundant cation in plant system, K 
constitutes about 10 % of the plant dry weight 
(Véry and Sentenac  2003 ). Use effi ciency of K in 
rice is high, unlike that of N and P, because K is 
not subjected to loss either due to volatilisation or 
soil fi xation. K is highly recycled between crop 
rotations and is relatively immobile in most of 
the soils. K recovery from soil can range from 20 
to 60 % (Roberts  2008 ). Since K is harmless to 
the environment, reduction of K fertiliser arises 
only in the context of bringing down the cost of K 
fertiliser input and thereby cost of cultivation, 
because major rice-growing countries import K 
fertilisers. Besides, K depletion is occurring in 
high intensity in rice systems in Asia (Dobermann 
and Cassman  2002 ) which is threatening sus-
tained rice production. Breeding K-effi cient vari-
eties will help in the endurable reduction of K 
input in the future. Although signifi cant genotype 
variations for K use effi ciency in rice have been 
reported (Liu et al.  1987 ; Yang et al.  2003 ,  2004 ), 
data still remains insuffi cient to assess the poten-
tial for breeding for low K-tolerant rice varieties. 

 Rice uptakes K in its monovalent cationic 
form K + , driven by biphasic transport systems at 
the plasmalemma. Charged metallic nutrient 
 cations like K +  and other micronutrients do not 
freely diffuse across lipid bilayer membranes, 
which require transporter proteins to ferry them 
in and out of cells and intracellular compartments 
(Eide  2005 ). Under K deprivation, high-affi nity 
transport plays a signifi cant role in K +  loading in 
plants (Szczerbab et al.  2009 ), mediated either 
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by proton-pumping ATPases (Briskin and 
Gawienowski  1996 ) or K + /Na +   uniporters/sym-
porters of the HKT (high-affi nity K +  trans-
porter) gene family that regulate differential 
uptake of K + /Na +  ions depending upon the exter-
nal ionic conditions (Hauser and Horie  2010 ). 
The presence of Ca 2+  ions increases K +  uptake, as 
it mediates K +  transport by activating tandem 
pore K (TPK) channels (Lebaudy et al.  2007 ). 
Induced K defi ciency under saline conditions is 
particularly important in rice, because rice is a 
predominant crop grown under salinised environ-
ments of the tropics (Vinod et al.  2013 ). Under 
saline conditions, Na +  ions compete and interfere 
with K +  uptake, resulting in Na toxicity and K 
defi ciency in the plants. High-affi nity K +  trans-
porters are sensitive to salinity (Fuchs et al.  2005 ) 
as well as to NH 4  + , the predominant form of N 
nutrition in rice. However in the presence of 
NH 4  + , the K uptake in rice is not found to be 
affected by salinity because high-affi nity K +  
transporters are not sensitive to NH 4  +  (Szczerba 
et al.  2008 ). Although the presence of Ca 2+  ions 
in the soil helps in K +  uptake, because Ca 2+  regu-
lates K +  channel, under high saline conditions, K +  
channel fails in the presence of excess Na +  ions. 
Nonetheless, in rice, uptake under K-deprived 
conditions is regulated by several other factors 
such as shaker channel proteins (Obata et al. 
 2007 ), aquaporins (Maurel et al.  2008 ), ion- 
sensing receptor proteins (Szczerbab et al.  2009 ), 
guanine nucleotide-binding proteins (G proteins, 
Urano et al.  2013 ), vacuolar ion channels 
(Isayenkov et al.  2011 ) and tonoplast proteins 
(Bañuelos et al.  2002 ).  

6.5.4     Sulphur 

 Sulphur is an essential secondary nutrient that is 
involved in several metabolic processes and 
 constituent of many biomolecules especially of 
S-containing amino acids, cysteine and methio-
nine (Saito  2000 ). Rice plants uptake S in the 
form of SO 4  2−  ions and convert them into organic 
sulphides in the biomolecules (Smith et al.  1995 ). 
S defi ciency is an ensuing problem in many parts 
of the intensely cultivated regions where avail-

ability of S-tolerant genotypes can be an added 
advantage (Blair et al.  1978 ). S uptake in rice is 
mediated by proton-SO 4  2−  symporters (Takahashi 
et al.  2000 ) that load SO 4  2−  ions across plasma 
membrane, from which it is transported symplas-
tically through roots (Godwin et al.  2003 ). SO 4  2−  
ions are then loaded into xylem vessels and 
delivered into chloroplasts wherein the ions gets 
adenylated and reduced to sulphite and then to 
sulphide by sulphite reductase enzyme, before 
being incorporated into various biomolecules in 
the plant system (Davidian and Kopriva  2010 ). S 
assimilation is a highly regulated process, 
expressed by internal signals for S demand and 
repressed by the accumulation of reduced S. As 
in the case of any other nutrients, root S uptake is 
under biphasic control, in which high-affi nity 
transporters play a major role under S starvation 
(El Kassis et al.  2007 ). Under low S conditions, 
these transporters are upregulated by SO 4  −  
 limitation stimuli (Yoshimoto et al.  2007 ). 
Notwithstanding, synergetic effects of high- and 
low-affi nity systems are believed to contribute 
improved retrieval of SO 4  −  in response to S star-
vation (Kataoka et al.  2004a ,  b ). Apart from the S 
transporters, S uptake and translocation is regu-
lated by several other genes, transcriptional regu-
lators such as  S-responsive element  ( SURE ) and  S 
limitation 1 ( SLIM1 ), post-transcriptional regula-
tors and micro-RNAs (Davidian and Kopriva 
 2010 ). This complicated regulatory systems of S 
metabolism works in a coordinated fashion to 
achieve overall S use effi ciency in plants that 
also drives the responses towards S defi ciency 
tolerance (Davidian and Kopriva  2010 ).  

6.5.5     Zinc 

 Cationic uptake of Zn by rice plants as Zn 2+  ions 
can be seriously impaired in wetland soils due to 
precipitation particularly by the fusion of Zn with 
free sulphides (Hafeez et al.  2013 ). Under the 
submerged conditions, Zn precipitation is predis-
posed in the presence of Mn and Fe oxides, com-
monly forming an amorphous sesquioxide 
precipitate or franklinite (ZnFe 2 O 4 ) (Sajwan and 
Lindsay  1988 ). 
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 Mechanism of Zn uptake in rice, particularly 
under wetland conditions are subject of recent 
investigations (Weiss et al.  2005 ; Arnold et al. 
 2010 ; Impa et al.  2013 ) and reviews (Bashir et al. 
 2012 ; Yu et al.  2012 ; Rose et al.  2013a ) focussing 
on the improvement of Zn uptake and accumula-
tion in grains. Intricate mechanisms of Zn metab-
olism in rice (Yu et al.  2012 ) include 
those involved in the uptake processes such as 
Zn suffi ciency sensing by roots that control 
expression of metal-binding transporters and root 
excretions of ligand molecules such as phytosid-
erophores (PS), shoot translocation and fi nal 
retranslocation to grains. Zn use in rice, like any 
other nutrient, is under strict regulatory control of 
several genes that control uptake, translocation, 
accumulation, mobilisation and remobilisation. 
Several of them belong to large gene families 
such as Zn-regulated transporters (ZRT) and 
Fe-regulated transporter (IRT) like proteins (ZIP) 
(Eide  2005 ), nicotianamine synthases (NAS) and 
yellow stripe-like (YSL) protein transporters. 
Further, the involvement of genes for PS synthe-
sis (Arnold et al.  2010 ), PS transporters and metal 
ion-PS complex transporters (Nozoye et al.  2011 ; 
Murata et al.  2006 ) are also indicated in the uptake 
process. The root uptake of Zn from soil is sug-
gested to be under control of two ZIP genes, 
 OsZIP1  and  OsZIP3  (Ramesh et al.  2003 ), while 
 OsZIP4 ,  OsZIP5  and  OsZIP8  are involved in 
shoot translocation (Lee et al.  2010a ,  b ). 

 PS are low molecular weight, non-protein 
amino acids released by graminaceous plants that 
form soluble metal ion-PS complexes with cat-
ions such as Fe 3+  and several micronutrient ions 
such as Zn, Mn and Cu that aid in cationic mobil-
isation into the plants (Römheld  1991 ; Marschner 
 1995 ). In plants, together with nicotianamine 
(NA), mugineic acid (MA) family of phytosider-
ophores are well recognised in transport of Fe 3+  
(Bashir et al.  2010 ,  2012 ). NA is a metal cation 
chelator for Fe 2+  and Zn 2+ , and it is biosynthe-
sised from S-adenosyl methionine via NA 
 synthase (Higuchi et al.  1999 ). NA is produced 
by all plants, but MA secretion is characteristic 
of graminaceous plants (Marschner  1995 ). 
Deoxymugineic acid (DMA) is one of the early 
species of MA identifi ed in graminaceous plants, 

which is synthesised from NA by NA amino-
transferase (NAAT) and DMA synthase (DMAS) 
in a conserved pathway (Bashir et al.  2012 ). 
There are several modelling studies that impli-
cate a signifi cant role of DMA in Zn uptake and 
mobilisation in rice (Arnold et al.  2010 ; Ptashnyk 
et al.  2011 ), although preference for Zn 2+  over 
Zn-DMA is reported in uptake process while 
Zn-DMA is involved in translocation process 
(Suzuki et al.  2008 ). Latest evidences such as 
predominance of Zn-NA in the phloem sap 
(Nishiyama et al.  2012 ) indicate that, in rice, Zn 
transport may be occurring as Zn-NA complex, 
rather than Zn-DMA complex. However, an 
effective transporter for Zn-NA or Zn-DMA is 
yet to be identifi ed in rice (Bashir et al.  2012 ).   

6.6     Breeding for Nutrient 
Starvation Tolerance 

 Nutrient starvation tolerance is a complex trait, 
manifested through a maze of morpho- 
physiological responses depending on the envi-
ronment under which nutrient deprivation is 
manifested. Therefore, nutrient starvation itself 
does not have a common defi nition across nutri-
ents and environments (Rose and Wissuwa  2012 ). 
This implies that breeding targets and compo-
nent traits may differ under various circum-
stances and across nutrients and therefore 
conventional breeding may likely to bring little 
progress. Rice genotypes display varying levels 
of adaptive responses and variation in nutrient 
use under different nutrient levels leveraging the 
potential for breeding for nutrient starvation tol-
erance. However, as in the case of N use effi -
ciency, drawing a distinction between uptake- and 
utilisation-effi cient genotypes remains diffi cult. 
This may also have a negative bearing on using 
conventional breeding methods, because the 
exact traits to be selected for uptake and utilisa-
tion effi ciencies are diffi cult to distinguish and 
therefore would be diffi cult to screen. However, 
molecular breeding has shown tremendous 
 success under complex situations in rice, such as 
submergence tolerance (Septiningsih et al.  2009 ), 
salinity (Thomson et al.  2010 ), yield under 
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drought (Kumar et al.  2013 ) and P starvation 
(Heuer et al.  2013 ). Sourcing a sustainable level 
of tolerance itself is critical because most of the 
modern high-yielding varieties are highly respon-
sive under nutrient suffi ciency and may fail 
totally under defi cient conditions. They may con-
tribute little towards uptake effi ciency as they 
were selected for ultimate yield under suffi ciently 
fertile environemnts that may or may not include 
uptake effi ciency. These varieties possess high 
yield potential together with internal utilisation 
effi ciency that can translate into higher yield 
under ideal conditions. On the other hand, many 
of the low-yielding traditional and niche-adapted 
landraces that survive under harsher nutrient- 
starved environments would be ideal sources for 
the tolerance to nutrient starvation, since they 
have better adaptive mechanisms under nutrient 
deprivation as well as better uptake mechanisms. 
Hence, it is logical to look for uptake effi ciency 
in landraces and under-explored germplasm from 
areas of natural nutrient limitations to combine 
the target traits into utilisation-effi cient modern 
varieties. Exploring naturally adapted multi- 
stress- tolerant genetic group such as  aus  varieties 
(Lafi tte et al.  2004 ) is one such option. Under 
P-defi cient situations, Wissuwa et al. ( 2009 ) 
found that most of the identifi ed tolerant geno-
types belonged to landraces or traditional plant 
types. Therefore, ideally, breeding for nutrient 
starvation tolerance should target combining 
uptake effi ciency from the older varieties with 
high internal effi ciency of the modern varieties. 
Although conclusive data is still lacking, it may 
be advantageous to have poor or nutrient- defi cient 
soils as the target environment for selection for 
nutrient defi ciency tolerance. 

 Breeding for tolerance to nutrient starvation, 
irrespective of the underlying factors, requires 
thorough understanding of the target traits that 
drives nutrient uptake and assimilation under 
stress. Under N-limiting conditions, genetic vari-
ation in nitrogen use effi ciency (NUE) is particu-
larly important in improving uptake effi ciency 
(Gallais and Coque  2005 ), with several compo-
nent adaptive mechanisms such as root develop-
ment and architecture, delayed leaf senescence, 
early uptake of N especially at vegetative stages, 

increased symbiotic relations with arbuscular 
mycorrhiza and other N-fi xing symbionts and 
increased activity of enzymes involved in N 
mobilisation and translocation (Vinod and Heuer 
 2012 ; Fess et al.  2011 ). Although several rice 
QTLs for N defi ciency tolerance has been mapped 
from many biparental populations (Wei et al. 
 2012 ; Tong et al.  2011 ; Lian et al.  2005 ; Feng 
et al.  2010 ; Senthilvel et al.  2008 ; Wang et al. 
 2009b ; Shan et al.  2005 ; Cho et al.  2007 ), most of 
them are found to have either little phenotypic 
contribution or large QTL-by-environment inter-
actions or both, rendering them practically unus-
able in breeding (Senthilvel et al.  2008 ). 

 Heuer et al. ( 2013 ) outlined several factors to 
be considered while breeding for P defi ciency 
tolerant rice cultivars, such as better solubilisa-
tion potential of fi xed P, root modifi cations, high 
internal P use effi ciency and reduced grain P con-
centration. However, efforts so far to improve P 
starvation tolerance in rice have gone primarily 
into improving P acquisition effi ciency – the 
most remarkable achievement in this direction is 
the identifi cation, characterisation and use of 
 Pup1 , a major QTL conferring P defi ciency toler-
ance (Wissuwa et al.  1998 ; Heuer et al.  2009 ; 
Chin et al.  2011 ). 

 Under K-starved conditions, improving root 
traits that expedite uptake process is recognised 
as a major breeding target in rice. Major traits on 
focus are root architecture, high surface uptake 
capacity and the mobilisation capacity of the 
non-exchangeable K by root exudates (Rengel 
and Damon  2008 ). Substantiating this view, Jia 
et al. ( 2008 ) reported that K defi ciency tolerant 
genotypes had maintained a better root architec-
ture than intolerant ones. However, no specifi c 
target trait other than quantifi cation of biomass or 
yield per unit K taken up has been defi ned for K 
utilisation effi ciency in rice (Yang et al.  2003 , 
 2004 ). Unlike that of other nutrients, there are not 
many QTLs reported for K starvation tolerance in 
rice. For K effi ciency, the report on QTLs under-
lying K defi ciency in rice by Wu et al. ( 1998 ) 
 perhaps remains as the only report in crop plants 
(Rengel and Damon  2008 ). However, there are 
few other QTLs for shoot and root K concentra-
tions in rice (Lin et al.  2004 ; Ren et al.  2005 ), 
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reported particularly in association with salt 
tolerance. 

 Although S limitation is reported to cause 
reduction in dry matter production (Tsujimto 
et al.  2013 ), information on the nature of S defi -
ciency tolerance in rice remains scanty. Further, 
as far as our knowledge goes, no QTL has been 
reported to confer S defi ciency tolerance in rice. 
While improving tolerance to Zn defi ciency, 
shoot Zn concentration at early vegetative stage 
below 15–20 mg.kg −1  is considered critical in 
lowland rice (Dobermann and Fairhurst  2000 ). 
Further, Zn uptake and root-to-shoot Zn translo-
cation are two important parameters that deter-
mine tolerance under moderate and severe Zn 
defi ciency and continued uptake of Zn at terminal 
stages is found critical to grain loading (Impa 
et al.  2013 ).  

6.7     Engineering Nutrient 
Starvation Tolerance 

 There are several reports on candidate genes 
imparting varying levels of infl uence on nutrient 
use parameters in rice and other crop plants 
(Abrol et al.  1999 ; Hirel et al.  2007 ; Ramaekers 
et al.  2010 ; Rose et al.  2011 ; McAllister et al. 
 2012 ; Vinod and Heuer  2012 ; Veneklaas et al. 
 2012 ; Rose et al.  2013a ,  b ; Zhang et al.  2014 ). 
However, genetic manipulations for nutrient use 
in rice have so far been limited to experimental 
validation of few candidate genes. 

 In an attempt to develop N use effi cient plants, 
antisense technology was used to develop trans-
genic rice plants with reduced Rubisco content 
by transformation with the Rubisco small subunit 
 OsRbcS  antisense gene under the control of the 
 OsRbcS  promoter, resulting in plants with better 
N use effi ciency under conditions of saturating 
CO 2  and high irradiance (Makino et al.  1997 ). 
However, overexpression (OX) of  OsrbcS1  in 
transgenic lines showed no signifi cant change in 
photosynthesis and in fact showed reduction in 
tiller number (Morita et al.  2014 ). Screening of 
transgenic rice lines carrying cytosolic glutamine 
synthetase genes from rice ( OsGS1;1  and 
 OsGS1:2 ) and  Escherichia coli  ( glnA ) showed 

overall increase of total leaf GS activity, elevated 
soluble protein concentration, higher total amino 
acid content, and increased total N content in the 
whole plant. However, transgenic lines failed to 
give higher grain yield but had lower grain amino 
acid concentrations (Cai et al.  2009 ). Furthermore, 
transgenic  OsGS1;2 OX rice lines constitution-
ally driven by maize ubiquitin promoter were 
reported to show better utilisation effi ciency 
leading to better harvest index, spikelet fertility 
and grain number than the wild types. Contrary 
to the expectations, there was no signifi cant 
advantage shown by the transgenics under 
N-limiting conditions than N-suffi cient condi-
tions (Brauer et al.  2011 ). Recently, rice ammo-
nium transporter gene,  OsAMT1;1  was 
overexpressed in transgenic rice lines, to demon-
strate high NH 4  +  permeability and high NH 4  +  
accumulation, resulting in greater N assimilates; 
increased chlorophyll, starch, and sugars; and 
increased grain yield when grown under subopti-
mal and optimal N conditions (Ranathunge et al. 
 2014 ). Shrawat et al. ( 2008 ) introduced a barley 
 AlaAT  (alanine aminotransferase) cDNA driven 
by a rice tissue-specifi c promoter ( OsAnt1 ) to pro-
duce transgenic rice lines with increased biomass 
and grain yield under suffi cient N supply. These 
transgenic plants had signifi cant increase in key 
metabolites and total N content, indicating 
increased N uptake effi ciency. Further testing of 
these transgenic lines under different N levels 
revealed improved NUE at medium and high N 
supply (Beatty et al.  2013 ). Positive effects on 
NUE were reported in transgenic plants express-
ing an early nodulin gene  OsENOD93-1 , which 
increased shoot dry biomass and seed yield, 
which also accumulated higher concentration of 
amino acids in xylem sap, especially under N 
stress (Bi et al.  2009 ). Further,  OsENOD93-1 OX 
transgenic rice plants driven by a constitutive 
ubiquitin promoter achieved 23 % and 16 % more 
yield and biomass, respectively, compared to 
wild-type plants when grown under N-limited 
conditions. These lines further expressed 
enhanced accumulation of total amino acids in 
the roots and xylem sap (Guevara et al.  2014 ). 
Arginine is considered as an important amino 
acid for N transport and storage, playing a crucial 
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role during seedling development. Transgenic 
introduction of arginine hydrolysis enzyme 
( OsARG ), a key enzyme in the arginine catabo-
lism, was reported to improve grain number per 
plant under N-limited conditions in  OsARG OX 
rice lines, with strong  OsARG  expression in 
developing panicles (Ma et al.  2013 ). A high- 
affi nity urea transporter  OsDUR3  that was found 
upregulated in rice roots under N defi ciency and 
urea resupply after N starvation, when introduced 
into  Arabidopsis  transgenic lines, exhibited 
marked improvement in growth on low urea and 
increased root urea uptake (Wang et al.  2012 ). 
Transgenic introduction of a calcium-dependent 
protein kinase,  OsCDPK12 , was reported to 
improve N content and dry weight of the plants 
under N-limited conditions, indicating its role in 
signal transduction under N-deprived conditions 
(Asano et al.  2010 ). Under N-limited conditions, 
transgenic rice lines expressing the maize tran-
scription factor ( ZmDof1 ) were demonstrated to 
have improved growth, enhanced accumulation 
of carbon and N accompanied by predominant 
distribution of N to roots, signifi cant root biomass 
increase and modifi cation of the shoot-to- root 
ratio (Kurai et al.  2011 ). Similarly, rice transcrip-
tion factor  OsDof25 , when introduced into 
 Arabidopsis , was found to increase expression 
levels of high- and low-affi nity ammonium trans-
porters ( AtAMT1.1  and  AtAMT2.1 , respectively) 
and repressed the high-affi nity nitrate transporter 
( AtNRT2.1 ). Together with an increase in amino 
acid content and elevated levels of enzymes 
involved in carbon metabolism the transgenic 
lines suggested that  OsDof25  was involved in 
NH 4  +  uptake and organic acid metabolism in 
plants (Santos et al.  2012 ). 

 For P starvation tolerance, functional analysis 
of  Pup1  QTL was carried out by cloning, and 
transgenic expression of the serine-threonine 
protein kinase gene,  OsPSTOL1 , constitutively 
driven by 35S promoter, showed that  OsPSTOL1  
enhanced crown root growth at an early devel-
opmental stage in rice plants, concomitantly 
increasing root surface area and thereby enabling 
the plants to forage a larger soil area and to take 
up more P and other nutrients (Gamuyao et al. 
 2012 ). Several transcription factors are impli-

cated in imparting P starvation tolerance in rice. 
Transgenic OX of a rice transcription factor 
( OsPTF1 ) involved in the phosphate starvation 
response in phloem cells of the primary root, 
leaves and lateral roots in rice lines manifested 
enhanced tolerance to P starvation. Microarray 
data on this  OsPTF OX transgenic rice plants 
showed an enhanced expression of rice proton- 
translocating pyrophosphatases (H + -PPases) (Yi 
et al.  2005 ). H + -PPases are highly conserved 
sequences in plant genomes that are known to 
respond to various abiotic stresses such as salin-
ity, drought (Gaxiola et al.  2001 ) and P starvation 
(Yi et al.  2005 ). Rice lines overexpressing the 
 Arabidopsis  vacuolar H + -pyrophosphatase gene 
( AtAVP1 ), a type 1 H + -PPase, exhibited sustained 
shoot growth under Pi-defi cient conditions as 
against the controls which showed poor growth 
(Yang et al.  2007 ). Moreover, these lines devel-
oped enhanced rhizosphere acidifi cation capac-
ity, enhanced size and density of root hairs and 
more robust root systems than controls in both 
Pi-suffi cient and Pi-defi cient conditions (Gaxiola 
et al.  2011 ).  Arabidopsis  phosphate starvation 
response regulator 1 ( AtPHR1 ) is an MYB tran-
scription factor known as  PHR1 -binding 
sequences ( P1BS ) that play a key role in P starva-
tion signalling by binding to a cis-element motif 
GnATATnC (Rubio et al.  2001 ).  OsPHR1  and 
 OsPHR2  are rice orthologs of  AtPHR1 . 
Transgenic rice lines overexpressing  OsPHR2  
were characterised by excess Pi accumulation 
and Pi toxicity under P-replete conditions (Zhou 
et al.  2008 ; Wang et al.  2009a ). In rice roots, the 
low-affi nity Pi transporter gene,  OsPT2  is posi-
tively regulated by  OsPHR2  through physical 
interaction and upstream regulation of rice 
 phosphate over accumulator 2,  OsPHO2 . 
 OsPHO2  is an E2 enzyme having an ubiquitin-
conjugating (UBC) domain, which regulates Pi 
uptake, allocation and remobilization (Dong 
et al.,  1998 ).  OsPT2  is responsible for most of 
the  OsPHR2 -mediated accumulation of excess 
shoot Pi (Liu et al.  2010 ). Under exposure to Pi 
starvation, transgenic  OsPHR2 OX rice lines 
mimicked Pi starvation response together with 
the induction of P starvation-induced (PSI) genes 
(Wu et al.  2013 ) along with the upregulation of 
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purple acid phosphatase (PAP) genes as evi-
denced by an increase in both acid phosphatase 
and surface secretory acid phosphatase activities 
in rice roots (Zhang et al.  2011b ). A negative 
regulator of  OsPHR2  in rice,  OsSPX1 , an SPX 
(SYG/PHO81/XPR1) domain gene (Wang et al. 
 2009a ) supresses the accumulation of excess 
shoot Pi, in transgenic plants by interfering with 
the  OsPT2  expression by  OsPHR2  (Liu et al. 
 2010 ). An R2R3 MYB transcription factor, 
 OsMYB2P-1 , was found to improve tolerance to 
P starvation as well as root system architecture, 
in  OsMYBP-1 OX lines exposed to Pi defi ciency 
(Dai et al.  2012 ). Another group of transcription 
factors in rice, auxin response factors 16 and 19 
( OsARF16  and  OsARF19 ), regulates auxin- 
responsive genes and thereby increases the lateral 
root growth as a response to P starvation (Shen 
et al.  2012 ; Wang et al.  2014 ). Another gene, leaf 
tip necrosis ( OsLTN1 ), was demonstrated to act 
as a negative regulator of P uptake and plays a 
major role in P signalling in rice (Hu et al.  2011 ). 
There are also reports of micro-RNAs associated 
with P starvation response in rice (Kuo and Chiou 
 2011 ). Transgenic analysis of miR827, which is 
highly upregulated under Pi defi ciency, showed 
complex regulation with respect to its target 
genes,  OsSPX‐MFS1  and  OsSPX‐MFS2 , which 
encode SPX-major facilitator superfamily (SPX- 
MFS) proteins predicted to be implicated in 
phosphate (Pi) sensing or transport (Lin et al. 
 2010 ). 

 In contrast, most common genes in the P 
assimilation pathway such as P transporters were 
seldom found to make signifi cant P starvation 
response. Jia et al. ( 2011 ) analysed the effect of 
the rice P transporter  OsPht1;8  by OX and repres-
sion through RNAi and found that P uptake in the 
transgenics was altered as expected, resulting in a 
signifi cant reduction in the number and size of 
panicles, as well as >80 % spikelet sterility. In 
another study, transgenic rice plants overexpress-
ing  OsPht1;1 , showed high Pi accumulation in 
leaves under P-replete conditions (Sun et al. 
 2012 ). In another investigation, only few of the 
transgenic rice plants overexpressing the tobacco 
transporter  NtPT1  were found to outperform the 
controls, only to yield less than the controls on an 

average (Park et al.  2010 ). Expression of a P 
transporter  OsPT11  that is specifi cally induced 
during arbuscular mycorrhizal (AM) symbiosis, 
in yeast knocked down mutants for high-affi nity 
Pi transporter  PhO1  was found to complement 
the defect in phosphate uptake in the mutants 
(Paszkowski et al.  2002 ). 

 To prevent loss of P as anti-nutritional factor 
through grains, reduction of grain phytate content 
in rice was attempted through RNAi-mediated 
silencing of myo-inositol-3-phosphate synthase 
gene ( OsMIPS ) that catalyses the fi rst step of 
phytic acid biosynthesis in the developing rice 
seed (Feng and Yoshida  2004 ). Transgenic plants 
carrying silenced  OsMIPS  gene driven by seed- 
specifi c  Oleosin18  ( Ole18 ) promoter had reduced 
phytate content expressed in the aleurone layer 
and embryo, but had undesired effects on seed 
myo-inositol metabolisms (Qu and Takaiwa 
 2004 ). In a recent attempt, Ali et al. ( 2013 ) 
employed a modifi ed approach in which inositol 
1,3,4,5,6-pentakisphosphate 2-kinase gene 
( OsIPK1 ) that catalyses the last step of phytic 
acid biosynthesis was silenced using RNAi 
techniques without affecting the initial steps. 
Transgenic rice lines expressing silenced  OsIPK1  
showed reduced phytate content in grains, with a 
concomitant increase in the amount of Pi and iron 
and no adverse effect on seed germination or in 
any of the agronomic traits.  

6.8     Conclusions 
and Perspectives 

 In rice-growing regions around the world, nutri-
ent starvation occurs in agricultural soils either 
naturally in poor and marginal lands or by nutri-
ent depletion due to continuous farming. Nutrient 
limitation together with the need for increased 
food production enforces demand for artifi cial 
nutrient supplementation to soil. However, natu-
ral reserves of the fertiliser sources are rapidly 
depleting around the world, triggering price rise 
and sociopolitical divides. Additionally, in areas 
where intensive rice cultivation is practised, 
excessive fertilisation is causing environmental 
degradation. All these issues of contemporary 
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agriculture converge on a single sustainable solu-
tion of reduction of fertiliser input in agriculture, 
feasibility of which necessitates the development 
of low nutrient-friendly rice varieties. 

 Rice gene pool harbours enough variability to 
nutrient use that has already been successfully 
exploited in developing high-yielding varieties 
using conventional approaches. The selection of 
these varieties occurred under conditions of nutri-
ent suffi ciency and therefore could have favoured 
genes that are responsible to internal nutrient use 
and against those genes that triggered responses 
for nutrient defi ciency. Nutrient starvation 
responses are mainly driven by factors associated 
with increased uptake under nutrient- deprived 
conditions in order to maintain the internal nutri-
ent homeostasis. Experiences show that favour-
able genes for defi ciency response are to be mined 
from older varieties rather than the modern ones. 
Combining the uptake effi ciencies of older variet-
ies with internal utilisation effi ciency and high-
yielding ability of the modern varieties should 
therefore be the ideal approach towards breeding 
varieties for nutrient starvation tolerance. 

 Responses to nutrient starvation are very com-
plex, and the breeding objective itself is a rever-
sal to what has been done towards the development 
of modern HYVs. Molecular approaches may be 
better suited to tailor nutrient defi ciency responses 
into elite genetic backgrounds that combine 
quantity and quality of yield. Successful intro-
gression of QTLs related to various biotic and 
abiotic stress tolerances has already been demon-
strated in rice. The success of the development of 
P defi ciency tolerant rice varieties in the elite 
backgrounds such as IR64 and IR74 by marker- 
assisted introgression of  Pup1  QTL (Chin et al. 
 2011 ) is a major impetus towards replicating 
similar success in case of other nutrients. De 
facto pyramiding of several loci conferring biotic 
stress tolerance especially to various diseases has 
been achieved in rice using marker-assisted 
selection strategy (Singh et al.  2011 ,  2013 ). 
Efforts are ongoing to pyramid various abiotic 
stress tolerance QTLs in rice, which also include 
 Pup1  (Wissuwa  2011 ). However, not many 
QTLs/genes for nutrient defi ciency tolerance 
have been identifi ed as of today. 

 Concerted efforts are to be bolstered to identify 
phenotypic components of nutrient assimilation 
in rice as well as to identify related novel genomic 
regions that can confer tolerance to nutrient-lim-
ited situations, by looking beyond the horizons of 
nutrient uptake (Heuer et al.  2013 ). Currently 
several state-of-the-art phenotyping platforms 
are getting ready in major laboratories around the 
world that can monitor plants very closely 
throughout its lifespan for phonological behav-
iour (Tung et al.  2010 ). Furthermore, present-day 
rice improvement programmes are augmented 
with molecular-based technologies to identify 
and introgress novel genomic regions targeting 
specifi c traits of long-term interest. Marching 
ahead from structured population- based QTL 
mapping strategies, genomic-assisted tools such 
as the development of association mapping (AM) 
panels are becoming common platforms for the 
identifi cation of novel genomic regions today. 
Genome-wide and nested association mapping 
panels are to be explored through single-nucleo-
tide polymorphism (SNP) and sequence-based 
polymorphisms to identify novel variations. A 
close variant of nested AM population called 
multi-parent advanced generation inter-cross 
(MAGIC) population is being tested in rice (Zhao 
et al.  2011 ). Further, genomic selection is also in 
the pipeline that can accelerate the development 
of targeted trait-based crop improvement (Xu 
 2013 ). With effi cient technologies in hand, formi-
dable challenge for breeders is to identify  relevant 
traits and ideal phenotyping tools for improving 
nutrient starvation tolerance in rice.     
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    Abstract  

  Agricultural soils around the world are slightly to moderately polluted 
with heavy metals such as As, Cd, Hg, Cr, Cu, Pb, Ni, and Zn as a result of 
industrialization, widespread application of pesticides, fertilizers, and 
anthropogenic activities. Plants experience toxic effects of heavy metals in 
the form of oxidative stress, reduction in overall growth, and productivity. 
To minimize these toxic effects, plants have evolved an arsenal of mecha-
nisms such as preventing uptake via roots or blocking transport to aboveg-
round parts. If everything fails, the toxic metal inside the cell is dealt with 
using a range of detoxifi cation and storage strategies including chelation 
with thiols and amino acids and subsequent sequestration into subcellular 
compartments. In this chapter, we have reviewed general strategies for 
heavy metal tolerance and detoxifi cation by plants. Also plants engineered 
for heavy metal transport, oxidative stress tolerance pathways, and other 
mechanisms such as stress-associated protein have substantially advanced 
our understanding of heavy metal tolerance by plants. In future, as a result 
of ongoing climate change, frequent fl oods, storms, and more use of 
underground and recycled water from industrial and municipal wastes for 
crop irrigation can further increase the heavy metals in the agricultural 
soils. Therefore, to minimize the impact of heavy metals on global agricul-
tural production, it will be of utmost importance to further our knowledge 
of heavy metal tolerance and detoxifi cation by plants.  
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7.1         Introduction 

 Heavy metals and metalloids are of signifi cant 
environmental concerns. Exposure to heavy met-
als and metalloids not only adversely affects 
human and environmental health but also inhibits 
growth and productivity of crop plants and thus 
poses serious threats to global agricultural pro-
duction and food security (Bray et al.  2000 ). 
Toxicity to plants and their growth inhibition can 
occur due to elevated concentrations of both 
essential and nonessential heavy metals present 
in the soil. Heavy metals cause cellular damage 
by either inducing oxidative stress such as lipid 
peroxidation through production of reactive oxy-
gen species (ROS) or free radicals or by binding 
to the sulphydryl groups of various enzymes and 
proteins such as the transcription factors (Assche 
and Clijsters  1990 ; Dietz et al.  1999 ). Because of 
the global climate change, the burden of environ-
mental stresses including heavy metals on crop 
plants is likely to increase in future. With decrease 
in groundwater use for irrigation, metals that nat-
urally occur in soil and water are increasing in 
concentration and thus enter the food chain 
affecting human and environmental health. Water 
defi ciency is also induced by other abiotic 
stresses such as salinity, heat, and cold; thus, all 
these stresses go hand in hand, making it abso-
lutely essential to understand the responses of 
plant to water defi ciency (Bohnert et al.  1995 ). 
Apart from drought and salinity, heavy metals 
and metalloids such as mercury (Hg), cadmium 
(Cd), lead (Pb), chromium (Cr), nickel (Ni), cop-
per (Cu), arsenic (As), and selenium (Se) consti-
tute of inorganic pollutants and are present as 
positive or negatively charged ions in the soil 
(Paulose et al.  2008 ). 

7.1.1     Heavy Metal Toxicity in Plants 
and Effects on Crop 
Productivity 

7.1.1.1     Arsenic 
 Arsenic (As) contamination is widespread in the 
environment. Natural processes such as volcanic 
eruptions and hot water springs along with human 
intervention with activities such as mining, smelt-
ing, use of pesticides, herbicides etc. contribute to 
arsenic pollution in the environment. It is a car-
cinogen and has been shown to cause major health 
problems around the world including but not limit-
ing to cancer of the liver, kidney, and lungs (Kaiser 
 2001 ). Arsenic-contaminated soils, sediments, and 
water supplies are major sources of food chain 
contamination. High levels of As have been 
reported in the underground drinking water and 
food crops such as rice ( Oryza sativa ) grown in 
many parts of Southeast Asia especially India and 
Bangladesh where this staple food is widely irri-
gated using arsenic-contaminated groundwater 
subjecting millions of people to arsenic poisoning 
risk (Clark et al.  2000 ). There have been several 
reports of unacceptable levels of arsenic being 
present in edible crops, which were grown on con-
taminated lands (Larsen et al.  1992 ; Das et al. 
 2004 ; Williams et al.  2005 ). Arsenic is present in 
soil and water in organic forms – monomethyl-
arsenate (MMA) and dimethylarsenate (DMA) as 
well as inorganic forms – arsenate (AsO 4  −3 , 
referred to as AsV) and arsenite (AsO 3  −3,  referred 
to as AsIII), but it is the latter that is a more toxic 
form and needs remediation (Bentley and Chasteen 
 2002 ; Chen et al.  2005 ). The metalloid arsenic 
(As) and other heavy metals are phytotoxic and the 
elevated concentrations of As in soil causes a sig-
nifi cant loss of crop yield (Xiong et al.  1987 ; 
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Marin et al.  1993 ; Zhu et al.  2008 ). In addition, 
arsenate (AsV), being a phosphate analogue, com-
petes with phosphate uptake, causes the inhibition 
of phosphate and other nutrient uptake, and thus 
further decreases crop production (Meharg and 
Macnair  1992 ; Abedin et al.  2002 ; Dhankher et al. 
 2006 ; LeBlanc et al.  2013 ). It has been reported 
that in 2003, 1/5th of the total cultivable land of 
China had already been accounted toward heavy 
metal-contaminated land. These widespread heavy 
metal contamination has led to a loss of about 
1000 million tons of grain production directly 
impacting the economy (Gu et al.  2003 ). Arsenic 
gets accumulated in the soil due to the use of sew-
age sludge and recycled water on the agricultural 
land due to shortage of surface water. Therefore, it 
is essential to develop strategies to resist crops 
from uptaking arsenic or if absorbed then need to 
be converted to a nontoxic form.  

7.1.1.2     Mercury 
 Mercury is among the most hazardous of the 
heavy metals (Keating et al.  1997 ), primarily 
because its charged species have great affi nity for 
the thiol group on cysteine residues of proteins 
and other important biological molecules (Liu 
et al.  1992 ). Early studies demonstrated that mer-
cury species inactivate metabolic enzymes and 
structural proteins (Boyer  1954 ; Falchuk et al. 
 1977 ). The strong interaction of mercury species 
with cellular ligands may also account for its ten-
dency to accumulate in organisms. 
Organomercurial species are more toxic in some 
eukaryotes and are more likely to biomagnify 
across trophic levels than ionic mercury [Hg (II)] 
(Bizily et al.  1999 ). Fish contaminated with 
monomethylmercury (CH 3 -Hg + ) at Minamata 
bay in Japan was a widespread ecological disas-
ter (Minamata Disease Research Group  1968 ). 
Consumption of the fi sh contaminated with 
CH 3 -Hg +  leads to severe neurodegeneration in 
birds, cats, and humans. Methylmercury has also 
been found in lakes and estuaries into which only 
inorganic forms of mercury have been released 
(Balogh et al.  2006 ; Hammerschmidt et al.  2006 ). 
For plants, Hg is highly toxic, affecting major 
cellular metabolic pathways, and thus causes 
severe reduction in plant growth and crop yields 

(Boening  2000 ; Patra and Sharma  2000 ; Patra 
et al.  2004 ).  

7.1.1.3     Cadmium 
 The regulatory limit of Cd in agricultural soil is 
100 mg/kg (Salt et al.  1995 ). Cadmium pollution 
has increased in the environment due to mining, 
industrial usage, and anthropogenic activities. Cd 
is abundantly used in surface coatings, pigment 
formulation, manufacture of batteries, stabiliza-
tion of polyvinylchloride (plastics), manufacture 
of automobiles, and aerospace and military appli-
cations. Cd has application where high stability 
and resistance to heat, cold, and light are required. 
Cd released to the environment tends to concen-
trate in soils and sediments, where it is poten-
tially available to rooted plants (Prasad  1995 ). In 
bean plants ( Phaseolus vulgaris ), leaf cell expan-
sion growth and relative water content of primary 
leaves decreased by about 10 % compared to con-
trol after 48-h exposure to 3 μM Cd (Barceló and 
Poschenreider  1990 ). Cd is an effective inhibitor 
of photosynthesis (Krupa  1988 ; Greger and 
Ogren  1991 ; Krupa et al.  1993 ). The linear rela-
tionship between net photosynthesis and inhibi-
tion of transpiration observed in clover, lucerne, 
and soybean suggests the closure of stomata by 
Cd (Huang et al.  1987 ). In experiments with bean 
plants ( P. vulgaris ), Cd inhibited net photosyn-
thesis by increasing stomatal and mesophyll 
resistance to CO 2  uptake (Krupa et al.  1993 ). 
Therefore, exposure to Cd causes reduction in 
photosynthesis, water, and nutrient uptake.  

7.1.1.4     Zinc 
 Zinc is an essential nutrient for plants as well as 
human beings. It plays important roles as compo-
nent of enzymes for protein synthesis and energy 
production and maintains structural integrity of 
biomolecules (Hänsch and Mendel  2009 ). Zn 2+  is 
an integral part of a large number of zinc fi nger 
containing proteins, transcription factors, oxido-
reductases, and hydrolytic enzymes such as 
metalloproteases (Krämer and Clemens  2006 ). 
Concentrations of Zn in contaminated soils fre-
quently exceed 150–300 mg/kg of soil (de Vries 
et al.  2007 ). Similar to Cd, exposure to excess 
levels of Zn results in chlorosis, reduced growth 
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of both roots and shoots, and early senescence in 
plants (Choi et al.  1996 ; Ebbs and Kochian  1997 ; 
Fontes and Cox  1998 ). Excess Zn can also cause 
Mn, Cu, and phosphate defi ciencies in plants 
(Lee et al.  1996 ).  

7.1.1.5     Copper 
 Copper (Cu) is also an essential micronutrient for 
plant growth and plays important roles in pro-
cesses such as CO 2  assimilation, ATP synthesis, 
mitochondrial respiration, oxidative stress pro-
tection, and cell wall synthesis. Under physiolog-
ical conditions, copper exists in the two-oxidation 
states Cu 1+  and Cu 2+  and can interchange between 
these forms (monovalent copper is unstable). 
This allows copper to function as a reducing or 
oxidizing agent in biochemical reactions. But at 
the same time, this property also makes copper 
potentially toxic as copper ions can catalyze the 
production of free radicals, in particular through 
Fenton chemistry, thus leading to the damage of 
proteins, DNA, and other biomolecules (Hänsch 
and Mendel  2009 ). Exposure of plants to excess 
Cu generates oxidative stress and ROS (Stadtman 
and Oliver  1991 ). Oxidative stress causes distur-
bance of metabolic pathways and damage to 
macromolecules and affects crop yields (Hegedüs 
et al.  2001 ).  

7.1.1.6     Lead 
 Lead naturally occurs in the earth’s crust in small 
amounts as a bluish-gray metalloid (Gupta et al. 
 2010 ). Contamination of Pb occurs from its use in 
pesticides and fertilizers, combustion of Pb con-
taining fossil fuels, and Pb additive containing 
municipal sewage dumping, from its use in indus-
trial processes such as mining and smelting 
(Gupta et al.  2010 ). Many commercially available 
products such as batteries, medical equipment 
(i.e., x-ray shields, fetal monitors), paints, ceramic 
glazes, television glass, ammunition, etc. also 
contain small concentrations of Pb (Gupta et al. 
 2010 ). Pb has the tendency to accumulate in the 
body organs (i.e., brain), which may lead to poi-
soning or even death and has also shown to affect 
the gastrointestinal tract, kidneys, and central ner-
vous system. Pb exposure has detrimental effect 
on small children and they can have impaired 

development, lower IQ, shortened attention span, 
hyperactivity, and mental deterioration. 

 Basic forms of Pb released into the soil and 
water including ground and surface are ionic lead 
(Pb 2+ ), Pb oxides and hydroxides, and Pb-metal 
oxyanion complexes with ionic Pb and Pb 
hydroxyl complexes being the most stable forms 
(Evanko and Dzombak  1997 ). Pb is very diffi cult 
to remove once it is introduced in the soil matrix 
as it is a very sticky metal because of its ability to 
form a precipitate within the soil matrix along 
with anions such as phosphate ions which 
decreases its solubility and, in many cases, is not 
readily bioavailable (Gupta et al.  2010 ). The top 
few inches of soil are where Pb is mainly found, 
bound to the organic matter through adsorption, 
ion exchange, precipitation, and/or complexation 
(Hart et al.  1999 ; Gill and Tuteja  2011 ). Many 
plants transport a very small concentration of 
Pb 2+  in the aboveground plant tissues and retain 
maximum concentration in their roots via sorp-
tion and precipitation. Pb exposure causes stunted 
root growth and accelerated cell death in rice 
(Huang and Huang  2008 ). As with any other 
heavy metals, one of the major consequences of 
Pb toxicity is the enhanced production of reactive 
oxygen species (ROS) including superoxide radi-
cals, hydroxyl radicals, and hydrogen peroxide, 
H 2 O 2  (Shu et al.  2012 ).  

7.1.1.7     Chromium 
 Chromium (Cr) is a heavy metal that causes seri-
ous environmental contamination in soil, 
 sediments, and groundwater (Shanker et al. 
 2005 ). The tanning industry is one of the major 
consumers of water and most of it is discharged 
as wastewater, which contains high amount of Cr 
(1.07–7.80 mg/l). Inorganic Cr exists in two 
forms, trivalent Cr (III) and hexavalent Cr (VI), 
the latter being more toxic, powerful epithelial 
irritant and a proven human carcinogen estab-
lished by the International Agency for Research 
on Cancer (IARC), the Environmental Protection 
Agency (EPA), and the World Health Organization 
(WHO). Toxicity of Cr has been studied in many 
plants. Excess of Cr causes inhibition of plant 
growth, chlorosis in young leaves, nutrient imbal-
ance, wilting of tops, and root injury (Chatterjee 

P.R. Tomar et al.



147

 2000 ; Dixit et al.  2002 ; Sharma et al.  2003 ; 
Scoccianti et al.  2006 ).  

7.1.1.8    Selenium 
 Selenium (Se) is a metalloid that naturally occurs 
in the shale rocks and is also produced by some 
anthropogenic sources such as oil refi neries, 
power plants, etc. and thus is present in excess, 
potentially in toxic levels in the environment 
(Wilber  1983 ; Fordyce  2005 ). At low levels, Se 
serves as an essential nutrient with normal dietary 
intake in the range of 50–400 μg Se/day and has 
several health benefi ts like prevention of heart dis-
eases, muscle disorders, and cancer and is also 
involved in viral suppression and functioning of 
the immune system. Higher levels are highly toxic 
and cause stomach cancer, defects in the develop-
ment, and failure in the reproductive system 
(Terry et al.  2000 ; Ellis and Salt  2003 ). Excessive 
levels of Se can also accumulate in food chain, 
which can cause serious health defects in human 
and wildlife population. In soil and water, Se is 
present in several forms such as selenide (Se 2− ), 
elemental selenium (Se 0 ), selenite (Se 4+ ), and sel-
enate (Se 6+ ) and many organic forms like dimethyl 
selenide (DMSe) and dimethylselenenylsulfi de 
(DMSeS), which have different bioavailabilities. 
Selenate (Se 6+ ) form of Se is formed in alkaline, 
well-aerated soils, making it highly soluble, and 
does not form stable adsorption complexes with 
other components present in the soil. As a conse-
quence, they are more bioavailable for plant 
uptake, whereas acidic soils favor the formation 
of elemental selenium (Se 0 ) and selenides (Se 2− ) 
that are quite insoluble and therefore are less bio-
available for plant uptake (Zayed et al.  1998 ; 
Terry et al.  2000 ).    

7.2     Strategies for Heavy Metal 
Detoxifi cation and Enhanced 
Tolerance in Plants 

 Some plants have the natural ability to detoxify, 
accumulate, and tolerate high levels of heavy 
metal stresses using processes at the cellular lev-
els, and other plants could be engineered to carry 
out such processes. The major challenge to engi-

neer food crops for heavy metal tolerance is that 
the genes encoding metal-binding peptides such 
as metallothioneins (MTs), glutathione (GSH), 
and phytochelatins (PCs) caused increased metal 
uptake along with metal tolerance. The phyto-
toxic effects suffered by crops grown on soil with 
heavy metal and metalloid residues could be 
overcome by developing crops resistant to these 
metals. However, progress toward developing 
such genetics-based strategies has been hindered 
by the lack of understanding of the basic molecu-
lar and biochemical mechanisms of heavy metal 
uptake and detoxifi cation in plants. Despite these 
limitations, a signifi cant progress has been made 
to engineer plants with genes, either individually 
or in combination, for increasing tolerance and 
detoxifi cation of heavy metals such as As, Hg, 
Cd, Pb, Se, Ni, etc. Further plants have been 
engineered for remediation of several metals and 
metalloids (Pilon-Smits et al.  1999 ; Rugh  2001 ; 
Dhankher et al.  2002 ,  2006 ; van Huysen et al. 
 2003 ; Li et al.  2005 ; Dixit and Dhankher  2011 ; 
Paulose et al.  2013 ). 

 Plants utilize several strategies/mechanisms to 
achieve tolerance toward heavy metals and met-
alloids. These include thiol-mediated chelation 
followed by sequestration (Schmoger  2000 ; Song 
et al.  2010 ), uptake or exclusion through trans-
porters, and complexation with phytochelatins 
followed by vacuolar storage (Dhankher et al. 
 2002 ) and chelation by metallothioneins and 
anthocyanins or by binding with carboxylic acids 
such as citrate, malate, or amino acids such as 
histidine and nicotianamine. A list of genes used 
for engineering plants for enhanced tolerance to 
heavy metals and metalloids is presented in 
Table  7.1 .

7.2.1       Chelation with Metal-Binding 
Peptides 

 In non-hypertolerant plants, binding of metals by 
strong ligands is the main detoxifi cation strategy. 
The best-known types of ligands for this purpose 
are thiols, including GSH and its precursor 
gamma-glutamylcysteine (γEC dipeptide), phy-
tochelatins (PCs), and metallothioneins (MTs) 
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(Leitenmaier and Kupper  2013 ). Most of the 
divalent cations (Cd, Hg, Pb, Cu, Zn) and oxyani-
ons (AsV and AsIII) are highly reactive and has a 
strong affi nity toward thiol groups such as those 
in γEC, GSH, PCs, and MTs (Schmoger  2000 ; 
Dhankher et al.  2002 ; Zimeri et al.  2005 ). 

7.2.1.1    Chelation with Glutathione 
 Glutathione (GSH) is the key redox molecule in 
plant cells. It plays important roles in protecting 
cells from oxidative stress caused by exposure to 
environmental stresses including toxic metals, 
ozone exposure, and biotic stresses such as insect 
and pathogen infestation. Plants detoxify toxic 
metals and metalloids through a GSH-dependent 
pathway. GSH homeostasis in plants is main-
tained by the γ-glutamyl cycle, which involves 
GSH synthesis and degradation and the recycling 
of component amino acids (Paulose et al.  2013 ). 
GSH synthesis is catalyzed by two enzymes – 
γ-glutamylcysteine synthetase (γ-ECS) and glu-
tathione synthetase (GS). Overexpression of 
these enzymes enhanced the tolerance to toxic 
metals and metalloids such as Hg, Cd, Pb, Cr, and 
As (Dhankher et al.  2002 ; Li et al.  2005 ). Once 
toxic metal is bound to thiol peptides, it is rela-
tively less toxic to plants, and the metal-thiol 
complexes are then sequestered into vacuoles by 
glutathione-conjugating pumps, GCPs (Wang 
et al.  2002 ; Dhankher et al.  2002 ; Indriolo et al. 
 2010 ; Song et al.  2010 ). Therefore, enhancing the 
levels of GSH and its derivatives favors the trap-
ping of toxic metals in thiol complexes resulting 
in enhanced tolerance and accumulation. This 
strategy is employed in most of the metal hyper-
accumulators (Freeman et al.  2004 ,  2005 ). 

 The role of GSH and PCs in Cd tolerance has 
been studied in great details. These peptides che-
late Cd cations with varying affi nities, leading to 
vacuolar sequestration for metal-peptide com-
plexes (Kneer and Zenk  1992 ; Ortiz et al.  1992 ; 
Howden  1995 ; Li et al.  1996 ). Their involvement 
in detoxifying heavy metals was discovered 
almost 30 years ago (Grill et al.  1985 ,  1989 ). 
Cadmium stress affects sulfur uptake and assimi-
lation pathway in plants (Zhu et al.  1999 ), which 
directly affects the synthesis of amino acids such 
as cysteine that requires sulfur for its synthesis. 

Cysteine is a precursor in synthesis of GSH. Zhu 
et al. ( 1999 ) demonstrated the role of γ-ECS in 
increasing cadmium tolerance and accumulation 
by overexpressing γ-ECS encoding  E. coli  gene 
 gsh1  in  Brassica juncea . Along with transgenics 
growing better in presence of toxic concentra-
tions of Cd, increased concentrations of PCs, 
γ-GluCys, and GSH were also seen in the trans-
genic seedlings, leading to believe that increased 
production of these compounds lead to increased 
Cd tolerance and accumulation (Zhu et al.  1999 ). 
Metalloid toxicity in non-hypertolerant plants 
has been observed in  cad1  mutant plants that are 
either biochemically (Schat  2002 ) or genetically 
mutant for PC synthase leading to Cd hypersensi-
tivity (Howden  1995 ). Arabidopsis engineered to 
express bacterial GSH1 showed strong tolerance 
to As and weak tolerance to Hg, whereas it failed 
to provide any tolerance to Cd stress (Li et al. 
 2005 ). Transgenic tobacco ( N. tabacum ) plants 
expressing serine acetyltransferase (SAT, 
involved in the production of a cysteine precursor 
O-acetylserine), GSH1, and PCS, either sepa-
rately or in combination, have shown increased 
Cd concentration in roots (Wawrzynski et al. 
 2006 ). 

 Arsenic is present in soil and water in organic 
forms such as MMA and DMA as well as inor-
ganic forms such as AsV and AsIII, but it is the 
latter that is a more toxic form and needs reme-
diation (Bentley and Chasteen  2002 ; Chen et al. 
 2005 ). In 2002, Dhankher and coworkers engi-
neered  Arabidopsis  to detoxify As and created a 
genetics-based strategy for accumulation of As in 
the aboveground tissue for phytoremediation by 
co-expressing arsenate reductase, ArsC, and 
γ-glutamylcysteine synthetase, γ-ECS. The bac-
terial ArsC reduces AsV to AsIII (Rosen  1999 ), 
and γ-ECS is the fi rst step for the synthesis of 
GSH and PCs and enhances the thiol peptide lev-
els in plants. Transgenic lines expressing light- 
regulated ArsC were hypersensitive to AsV, 
whereas the γ-ECS transgenic lines were moder-
ately resistant as compared to wild-type plants. 
Double transgenic plants made by genetic cross-
ing of As-hypersensitive ArsC plants and moder-
ately resistant γ-ECS overexpressing plants were 
super-resistant to AsV as compared to the plants 
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expressing γ-ECS alone. The double transgenic 
ArsC + γ-ECS plants accumulated threefold more 
As in the aboveground tissues (Dhankher et al. 
 2002 ). 

  Thlaspi  species hyperaccumulate Ni up to 3 % 
of their shoot dry weight (Yadav  2010 ). The con-
centrations of GSH, Cys, and O-acetylserine 
(OAS) in shoot tissue are strongly correlated with 
the ability to hyperaccumulate Ni in various 
 Thlaspi  hyperaccumulators collected from ser-
pentine soils. Examples of such hyperaccumula-
tors reported are  T. goesingense ,  T. oxyceras , and 
 T. rosulare , and non-accumulator relatives are  T. 
perfoliatum ,  T. arvense , and  A. thaliana  (Kramer 
et al.  1997 ; Wenzel and Jockwer  1999 ; Guerinot 
and Salt  2001 ; Peer et al.  2003 ; Freeman et al. 
 2004 ). High concentrations of OAS, Cys, and 
GSH in Austrian Ni hyperaccumulator  T. goesin-
gense  coincide with constitutively high activity 
of both SAT and glutathione reductase (GR) 
enzymes.  Arabidopsis  overproducing SAT from 
 T. goesingense  has been found to cause accumu-
lation of OAS, Cys, and GSH, mimicking the 
biochemical changes observed in the Ni hyperac-
cumulators. In these transgenic  Arabidopsis , 
GSH concentration was strongly correlated with 
increased resistance to Ni-induced growth inhibi-
tion and oxidative stress. This observation con-
cluded that high levels of GSH conferred 
tolerance to Ni-induced oxidative stress in 
 Thlaspi  Ni hyperaccumulators (Freeman et al. 
 2004 ).  Sedum alfredii , a perennial herb which is 
also a known Zn/Cd hyperaccumulator, was used 
as an indicator species by Gupta and coworkers 
to demonstrate that enzymatic and nonenzymatic 
antioxidants such as cysteine, nonprotein thiols 
(NPSH), glutathione (GSH), and PCs have 
important roles in detoxifi cation of toxicity 
induced by Pb (Gupta et al.  2010 ). The above-
mentioned antioxidants were found in higher 
concentration in the Pb accumulating  S. alfredii  
species when compared with its non- accumulating 
counterpart suggesting that the capacity of the 
ecotypes to accumulate different levels of Pb 
depends upon their ability to detoxify Pb through 
production of these antioxidants. 

 In case of mercury, hyperaccumulation can be 
achieved by overexpression of each of the three 
enzymes – γ- ECS , GS, and PS – involved in the 
GSH and PC biosynthesis pathway that will 
increase thiol sinks for Hg (II). Plants trans-
formed with  merB  and  γ − ECS  will trap Hg (II) 
in the form of thiol-Hg complexes and result in 
enhanced organic and ionic Hg resistance. 
Constitutive expression of PCS expression has 
previously been achieved, which further increases 
PC sink for Hg (II). However, the second 
approach of phytoextraction has not been fully 
achieved yet and more research needs to be done 
in understanding Hg phytoextraction as such Hg 
accumulation in plant tissues can be toxic to 
wildlife. Also, plant tolerance to Hg is generally 
low, and therefore phytoremediation can be lim-
ited by plant tolerance.  

7.2.1.2    Chelation with Phytochelatins 
 Phytochelatins form a family of structures with 
increasing repetitions of the γ-GluCys dipeptide 
followed by a terminal Gly, (γ-GluCys) n -Gly, 
where n is generally in the range of 2–8. PCs are 
structurally related to glutathione (GSH, 
γ-GluCysGly), and numerous physiological, bio-
chemical, and genetics studies have confi rmed 
that GSH is the substrate for PC biosynthesis 
(Cobbett  2000 ; Cobbett and Goldsbrough  2002 ). 
PCs are synthesized from GSH by the enzyme 
phytochelatin synthase, PCS (Grill et al.  1989 ). 
 Arabidopsis cad1  mutant was the fi rst PC syn-
thase mutated or inactivated gene. The  cad1  
mutants were PC defi cient but had wild-type lev-
els of GSH, suggesting a defect in the PCS gene 
(Howden  1995 ). The  Arabidopsis cad1/AtPCS1  
gene (Howden  1995 ; Ha  1999 ; Vatamaniuk et al. 
 1999 ) and a similar gene in wheat,  TaPCS1 , have 
been shown to confer resistance to Cd and Pb 
when expressed in the yeasts  S. cerevisiae  and  N. 
glauca , respectively (Clemens et al.  1999 ; 
Cobbett and Meagher  2002 ; Gisbert et al.  2003 ). 
 Arabidopsis cad1-3  mutant was found to be more 
sensitive to As(V) and Cd and slightly sensitive 
to Cu, Ag, and Hg, while there was no difference 
observed when exposed to Zn, selenite, and Ni 
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ions (Ha  1999 ). Using  B. juncea , it has been 
shown that Cd accumulation is accompanied by a 
rapid induction of PC biosynthesis, and the levels 
of PC present were theoretically suffi cient to che-
late all the Cd that is taken up by plants (Haag- 
Kerwer et al.  1999 ). A possible role for PCs in Cu 
tolerance had also been suggested from studies 
on copper-tolerant  Mimulus guttatus  (Salt et al. 
 1989 ). The constitutive overexpression of 
TaPCS1 in shrub tobacco ( N. glaucum ) substan-
tially increased its tolerance to Pb 2+  and Cd 2+  and 
greatly improved accumulation of Cu 2+ , Zn 2+ , 
Pb 2+ , and Cd 2+  in shoots (Martínez et al.  2006 ). 

 In the published literature, it has also been 
observed that excessive levels of PC in transgenic 
plants lead to increase in heavy metal accumula-
tion without enhancing tolerance and causing 
hypersensitivity to heavy metals (Pomponi et al. 
 2006 ). A similar effect was observed when 
AtPCS was overexpressed in  Arabidopsis  leading 
to Cd hypersensitivity (Lee et al.  2003 ). As far as 
the role of PCs in copper tolerance/sensitivity, 
cadmium-tolerant transgenic plants that overex-
pressed AtPCS1 were not tolerant of copper 
stress, thereby supporting the hypothesis that PC 
is not primarily involved in Cu tolerance mecha-
nism. Investigation into Cu tolerance in  cad2-1 , a 
Cd-sensitive and glutathione (GSH)-defi cient 
 Arabidopsis  mutant, leads to  cad2-1  mutant 
being more resistant to Cu stress than wild-type 
plants. This was likely due to the high level of 
cysteine present in  cad2-1  mutants. However, 
when the growth medium was supplemented with 
cysteine, the wild-type plants also exhibited Cu 
tolerance. Moreover,  S. cerevisiae  that expressed 
 AtPCS1  showed tolerance to Cd but hypersensi-
tivity to Cu. All these results indicate that PCs are 
not a major factor in determining Cu tolerance in 
plants (Lee and Kang  2005 ). Historically, there 
has been some disagreement about the role of 
PCs in metal tolerance and not all studies have 
supported this role (Steffens  1990 ; Hall  2002 ). 
Although evidence for the role for PCs in Cd 
detoxifi cation is strong, these peptides may play 
other important roles in the cell, including metal 
homeostasis and sulfur metabolism or as antioxi-
dants (Rauser  1995 ; Dietz et al.  1999 ; Cobbett 
 2000 ; Hall  2002 ). The participation of PCs in 

heavy metal detoxifi cation may be a consequence 
of these other functions (Steffens  1990 ).  

7.2.1.3     Chelation 
with Metallothioneins 

 Metallothioneins (MTs) are low-molecular- 
weight and highly cysteine-rich metal-binding 
peptides, which play important roles in toxic 
metal detoxifi cation and metal ion homeostasis. 
MTs in plants differ considerably from those 
found in mammals and fungi as they contain mer-
captide groups they are able to bind metal ions. 
Based on arrangement of cysteine residues, 
metallothioneins from plants can be classifi ed 
into four subfamilies or classes – MT1 to MT4. 
Class 1 MTs are characterized by the presence of 
Cys–X–Cys motifs, whereas in Class 2 MTs both 
Cys–Cys and Cys–XX–Cys pairs are located 
toward the N-terminal domain (Robinson et al. 
 1993 ). They are able to detoxify metals, achieve 
homeostasis, and allow metal transport due to 
their ability to reversibly bind both toxic and 
essential metal ions. 

 Human MT2 and mouse MT2 were among the 
fi rst MT genes expressed in transgenic plants 
(Lefebvre and Laliberte  1987 ; Misra and Gedamu 
 1989 ). In case of wheat and rice, MTs are not 
only induced by metal ions, such as Cu and Cd, 
but also by abiotic stresses such as extreme tem-
perature and nutrient defi ciency (Cobbett and 
Goldsbrough  2002 ). Plant MTs sequester excess 
of metals by coordinating metal ions with the 
multiple cysteine thiol groups (Robinson et al. 
 1993 ) and have particular affi nity for Zn 2+ , Cu + , 
and Cu 2+  as shown by the expression of the pea 
gene PsMTa in  E. coli  (Tommey et al.  1991 ). 
Overexpression of yeast metallothionein gene 
( CUP1 ) created Cd-tolerant transgenic cauli-
fl ower, which grew well in the presence of 
400 μM Cd and accumulated more Cd, especially 
in the upper leaves (Hasegawa et al.  1997 ). Also 
CUP1 overexpression in  N. tabacum  resulted in 
increased copper accumulation (Thomas et al. 
 2003 ). Gene silencing demonstrated that the MT1 
class isovariants are required to protect 
 Arabidopsis  plants from toxic effects of the heavy 
metal Cd(II) and possibly As. The study (Zimeri 
et al.  2005 ) used RNA interference to knock 
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down expression of the  Arabidopsis  class I MT 
genes: MT1a, MT1b, and MT1c. The MT1 
knockdown lines showed greatest sensitivity to 
Cd(II) and accumulated less Cd, Zn, and As than 
wild-type plants (Zimeri et al.  2005 ). When 
expressed in  N. tabacum , AtMT2b enhanced 
root-to-shoot transport of arsenic resulting into 
decreased As tolerance but increased accumula-
tion in shoots (Grispen et al.  2009 ). The role of 
 AtMT2a  and  AtMT3  in Cd detoxifi cation and 
resistance was studied recently in which the two 
genes fused to GFP and RFP protected the guard 
cell chloroplasts of  Vicia faba  from degradation 
when exposed to high concentrations of cadmium 
(Lee et al.  2004 ). It was also identifi ed that the 
two genes might not be playing a role in cadmium 
detoxifi cation through vacuole sequestration but 
are most likely involved in reducing the levels of 
ROS generated upon cadmium exposure (Lee 
et al.  2004 ). Overexpression of CcMT2 from 
legume  Cajanus cajan  in  Arabidopsis  induced 
both Cd and Cu tolerance and allowed both met-
als to accumulate without affecting the expres-
sion of endogenous transporters (Sekhar et al. 
 2011 ). A heat shock transcription factor A4a 
( HsfA4a ) from  Triticum aestivum  when overex-
pressed in rice enhanced Cd tolerance in rice 
plants and decreased Cd accumulation in rice 
plants with knocked-down expression of 
OsHsfA4a. Under cadmium stress, upregulation 
of  HsfA4a  along with increased expression of MT 
genes in wheat and rice such as Os MT-I-1a  was 
seen in roots of these plants suggesting that MT 
has a role to play in cadmium tolerance through 
 HsfA4a  (Shim et al.  2009 ). One of the MT genes 
from sugarcane,  ScMT2-1-3 , not only showed 
increased tolerance and detoxifi cation to Cd 2+  and 
Cu 2+  when expressed in transgenic  E. coli  but was 
also upregulated under Cu 2+  stress and downregu-
lated under Cd 2+  stress (Guo et al.  2013 ). A 
decrease in the levels of peroxidase (POD) activ-
ity and malondialdehyde (MDA) accumulation 
was observed in tobacco plants overexpressing 
 TaMT3  gene under 35S promoter, leading to 
believe that  TaMT3  has a role to play in providing 
increased tolerance to cadmium stress (Zhou 
et al.  2014 ). Upon Pb exposure, increased expres-
sion of two genes  HiHMA4  and  HiMT2a  coding 

for a P1B-type ATPase and an MT was observed 
in roots and leaves of Pb hyperaccumulator plant 
species  Hirschfeldia incana , a member of 
 Brassicaceae  (Auguy et al.  2013 ). When charac-
terized further, these were seen to play a role in 
greater lead tolerance and were involved in 
greater lead accumulation.  OsMT1a  expression 
was induced specifi cally by Zn 2+  treatment. Both 
transgenic plants and yeasts harboring  OsMT1a  
accumulated more Zn 2+  than wild-type controls, 
suggesting  OsMT1a  is most likely to be involved 
in zinc homeostasis. Transgenic rice plants over-
expressing  OsMT1a  demonstrated enhanced tol-
erance to drought. The examination of antioxidant 
enzyme activities demonstrated that catalase 
(CAT), peroxidase (POD), and ascorbate peroxi-
dase (APX) were signifi cantly elevated in trans-
genic plants. Furthermore, the transcripts of 
several Zn 2+ -induced CCCH zinc fi nger transcrip-
tion factors accumulated in  OsMT1a  transgenic 
plants, suggesting that OsMT1a not only partici-
pates directly in ROS scavenging pathway but 
also regulates expression of the zinc fi nger tran-
scription factors via the alteration of Zn 2+  homeo-
stasis, which leads to improved plant stress 
tolerance (Yang et al.  2009 ). Therefore, accord-
ing to Grennan AK ( 2011 ), “although many 
recent studies have started to reveal the roles of 
MTs in plants, there is still much more informa-
tion needed. The large diversity in the metal-
binding regions of plant MTs suggests that they 
have the ability to bind a greater range of metals 
than their animal counterparts and, consequently, 
a greater range of function.”  

7.2.1.4    Other Metal-Binding Peptides 
 Carboxylic acids such as citrate, malate, oxalate, 
and amino acids such as histidine and nicoti-
anamine are potential non-thiol ligands for heavy 
metal detoxifi cation in plants (Rauser  1999 ). 
Histidine was fi rst shown to bind a major propor-
tion of Ni in the Ni hyperaccumulator,  Alyssum 
lesbiacum  (Kramer et al.  1996 ), and later it was 
shown to bind Zn in hyperaccumulators as well 
(Salt et al.  1999 ; Küpper et al.  2004 ). Free histi-
dine is an important metal-binding ligand, and in 
its monodentate form it may not bind to metals 
very strongly, but multi-histidine residue can 
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make a strong interaction with metals. 
Nicotianamine (NA), as a polydentate ligand with 
three carboxyl groups and three nitrogen, makes a 
strong ligand for Fe 2+ , Zn 2+ , Ni 2+ , and Cu 2+  (Beneš 
et al.  1983 ). They are structurally very similar to 
the iron-phytosiderophore mugineic acid. NA 
provides six alternating carboxylate and amine 
functions; their relative positions favor the forma-
tion of six-coordinate metal complexes (Callahan 
et al.  2006 ; Leitenmaier and Kupper  2013 ). They 
bind to both iron (II) and iron (III) (Pich et al. 
 1994 ; Von Wiren  1999 ). NA has been shown to be 
important for Cu metabolism (Liao et al.  2000 ); at 
the same time they were also found to bind a sub-
stantial proportion of total Cu at toxic concentra-
tions in  N. caerulescens  (Mijovilovich et al. 
 2009 ). NA has also been shown to bind Zn 
(Trampczynska et al.  2010 ), in Cd/Zn hyperaccu-
mulators  Arabidopsis halleri  and  N. caerulescens  
(Becher et al.  2004 ; Weber et al.  2004 ). An RNAi-
mediated knockdown of nicotianamine synthase 
in  A. halleri  revealed a severe diminishing of Zn 
and Cd accumulation, which proves importance 
of NA for hyperaccumulation of these metals 
(Deinlein et al.  2012 ). In summary, when present 
in low concentrations, NA likely is important as a 
ligand mostly in compartments with low abun-
dance of stronger ligands (e.g., the vacuole, 
xylem, and phloem). At the very high NA lev-
els in hyperaccumulators, however, it might 
also take part in binding of these metals in the 
cytoplasm (Leitenmaier and Kupper  2013 ). 

 Anthocyanins have also emerged as impor-
tant non-thiol ligands in metal binding, which 
have been shown to be associated with molyb-
denum (MO) accumulation (Hale et al.  2001 ). 
Oxalates were shown to bind Cu in Cu-tolerant 
lichens and fungi (Fomina et al.  2005 ), and 
they have been shown to bind Cu in 
Cu-sensitive Cd/Zn-hyperaccumulator  N. cae-
rulescens  (Mijovilovich et al.  2009 ). Organic 
acids have been shown to facilitate enhanced 
uptake of metals into the roots of hyperaccu-
mulators (Li et al.  2012 ). The strategy of bind-
ing to oxalate in hyperaccumulators makes 
sense as Cu and manganese (Mn) oxalates are 
hardly soluble and much more stable which 

diminishes their bioavailability as compared 
to binding to smaller organic acids like malate 
or citrate (Leitenmaier and Kupper  2013 ).    

7.3     Compartmentation 
and Sequestration of Heavy 
Metals 

 Chelation of metal ions is an important aspect of 
metal ion detoxifi cation, but a potential mecha-
nism for increased metal tolerance is the seques-
tration of metal ions and metal-chelate complexes 
into subcellular compartments. There is consid-
erable evidence that sequestration to the vacuole 
plays a signifi cant role in detoxifying metal ions 
in a number of organisms. Manipulation of these 
sequestration mechanisms may be a necessary to 
increase plant’s tolerance to toxic concentrations 
of heavy metals (Cobbett and Meagher  2002 ). 

7.3.1     Transport and Storage 
of GSH- and PC-Bound Metals 
to Vacuoles 

 The HMT1 gene encodes a member of the family 
of ATP-binding cassette (ABC) membrane trans-
port proteins that is located in the vacuolar mem-
brane and is required for the transport of PCs or 
PC-Cd complexes into vacuolar membrane vesi-
cles (Huang et al.  2012 ). In fi ssion yeast 
 (Schizosaccharomyces pombe ) the Cd-sensitive, 
 hmt1  mutant is unable to accumulate vacuolar 
PC-Cd (Ortiz et al.  1992 ). YCF1, a member of 
ABC family of transporters, is a classical example 
of transport of both GSH conjugates and (GSH) 2 Cd 
complexes into vacuolar compartment (Li et al. 
 1996 ). YCF1 has also been shown to sequester 
GSH conjugates of Hg (Gueldry et al.  2003 ) and 
As(III) (Ghosh et al.  1999 ) into vacuoles. In meso-
phyll protoplasts derived from tobacco plants 
exposed to Cd, almost all of both the Cd and PCs 
accumulated were confi ned to the vacuole (Vögeli-
Lange and Wagner  1990 ). AtMRP3 can also trans-
port GS conjugates of Cd (Tommasini et al.  1998 ). 
Recently, Guo et al. ( 2012 ) confi rmed increased 
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tolerance to and accumulation of Cd and As by 
transgenic  Arabidopsis  overexpressing PCS1 in 
combination with either YCF1 (Guo et al.  2012 ) or 
GSH1 (Guo et al.  2008 ). It was recently discov-
ered that when  SpHMT1 , which is a PC-Cd trans-
porter, from fi ssion yeast ( S. pombe ) was expressed 
in Arabidopsis, greater tolerance and accumula-
tion was achieved for Cd, Cu, As, and Zn ions as 
well as enhanced vacuolar sequestration could 
also be achieved. Chardonnens et al. ( 1999 ) have 
shown that Zn-tolerant lines of  Silene vulgaris  
have increased tonoplast transport of Zn compared 
with non-tolerant lines.  Arabidopsis  Zn-induced 
facilitator1 (AtZIF1) is a kind of MFS (major 
facilitator superfamily) transporter, still part of 
ABC transporter group, and mRNA of ZIF1 was 
induced by Zn, and its mutant showed to accumu-
late more Zn in the shoot and also be sensitive to 
Cd. Its localization studies indicated it being pres-
ent in the tonoplast suggesting that it might be 
playing a role in transport of Zn and its complexes 
to the vacuoles (Haydon and Cobbett  2007a ,  b ). 
The CPX or type 1B subclass of P-type ATPase 
transporters is important in heavy metal detoxifi -
cation and homeostasis in many organisms, includ-
ing prokaryotes, fungi, plants, and animals 
(Cobbett and Meagher  2002 ). HMA3, a P 1B -type 
heavy metal ATPase, was found to mediate leaf 
vacuolar storage of Cd, Co, Pb, and Zn in 
 Arabidopsis  (Morel et al.  2009 ). 

 The homologue of yeast effl ux transporter 
 ACR3  was identifi ed in an As hyperaccumulator, 
 Pteris vittata  ( PvACR3 ), and was shown to res-
cue arsenic-sensitive phenotypes of yeast defi -
cient for  ACR3.  Upregulation of  ACR3  was seen 
in plant tissues in contact with As, and its knock-
down leads to sensitive phenotypes in the pres-
ence of As confi rming the role of  PvACR3  in As 
tolerance through vacuolar sequestration of 
As-bound compounds (Indriolo et al.  2010 ). The 
role of ABC transporter family members such as 
that of ABCC1 in transporting and detoxifying 
As has also been shown in various species such 
as yeast, protozoa, and  C. elegans  (Papadopoulou 
et al.  1994 ; Broeks et al.  1996 ; Song et al.  2003 ; 
Schwartz et al.  2010 ; Guo et al.  2012 ). Two vacu-
olar PC transporters AtABCC1 and AtABCC2 in 
 Arabidopsis  were shown to play a role in the tol-

erance and transport of PC-bound metalloids 
such as As(III)-PC into the vacuole (Song et al. 
 2010 ). They also showed that in the absence of 
these transporters,  Arabidopsis  plants were 
extremely sensitive to As. When heterologously 
expressed, in the presence of PC background, 
greater tolerance and accumulation of As could 
be seen. Greater As tolerance in  Arabidopsis  was 
also achieved when AtABCC1 was overex-
pressed along with AtPCS1 (Song et al.  2010 ). 
Overexpression of AtABCC1 in  Arabidopsis  also 
resulted in enhanced Cd(II) tolerance and accu-
mulation (Park et al.  2012 ).   

7.4     Heavy Metal Transporters 

 Metal transporters play a signifi cant role in the 
uptake and transport of essential and nonessential 
metals and metalloids across plasma membrane 
of plant species which are needed for processes 
such as plant growth and development, signal 
transduction, and toxic metal detoxifi cation 
(Krämer et al.  2007 ; Paulose et al.  2008 ). With 
the advances in “omics” in the last few years, a 
lot of metal transporters have been identifi ed in 
various plant families. These metal transporters 
have been broadly categorized into two groups – 
metal uptake transporters and effl ux transporters 
as described below. 

7.4.1     Metal Uptake Transporters 

 Out of several different types and families of 
metal uptake transporters, certain metal ions such 
as Cd, Co, Mn, and Zn get transported through 
some ZIP (zinc-regulated transporter) transport-
ers because of their nonmetal specifi c nature. 
ZAT overexpression in  Arabidopsis  provided 
strong tolerance to and accumulation of zinc 
upon exposure to 400 μM ZnSo 4  (van der Zaal 
et al.  1999 ). Under Zn defi ciency, transcripts of 
ZIP1, ZIP2, and ZIP3 from  A. thaliana  were 
shown to be induced only in the roots and ZIP4 
was found in both roots and shoots (Grotz et al. 
 1998 ). When expressed in yeast, another ZIP 
member from  Arabidopsis -AtIRT1, which nor-
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mally uptakes iron, was seen to uptake Zn 
(Korshunova et al.  1999 ) and transport Cd lead-
ing to Cd-sensitive yeast cells (Rogers et al. 
 2000 ). An important role of two ZIP genes, ZNT1 
and ZNT2, from Ni hyperaccumulator  Thlaspi 
japonicum  was also identifi ed in providing toler-
ance to yeast cells when subjected to greater con-
centrations of Ni (Mizuno et al.  2005 ). ZIP 
proteins from  Medicago trunculata  (MtZIP) 
were shown to rescue  zrt1/zrt2  mutant in yeast in 
the presence of Zn and other metals. Under Zn 
defi ciency, ZIP4 from rice was highly expressed 
in both root and shoots and also complemented a 
Zn-uptake-defi cient mutant strain (Ishimura et al. 
 2005 ). 

 Another class of transporter involved in uptake 
of toxic metals is the family of natural resistance- 
associated macrophage protein (NRAMP). Six 
genes in  Arabidopsis  genome code for NRAMP 
proteins and have been divided into two groups – 
group one consisting of  AtNRAMP1  and  6  and 
group two containing  AtNRAMP2  through  5  
(Maser  2001 ). Cadmium sensitivity and accumu-
lation were increased in yeast cells in which 
 AtNRAMP 1, 3 , and  4  had been expressed 
(Thomine et al.  2003 ). Overexpression and char-
acterization of  AtNRAMP3  and  AtNRAMP4  
T-DNA lines further confi rmed their role in Cd 
transport in plants (Thomine et al.  2003 ). 
 TjNRAMP4  from  T. japonicum , which is a homo-
logue of  AtNRAMP4 , also showed increased Ni 
accumulation and sensitivity when expressed in 
wild-type yeast cells (Mizuno et al.  2005 ). 

 Yellow stripe-like protein family transporters 
(YSL) allow the uptake of metals that are com-
plexed with secondary amino acids such as phyto-
siderophores or nicotianamines and got their name 
from maize mutant, yellow stripe 1, which is unable 
to uptake iron-phytosiderophore complex (Curie 
et al.  2001 ). First YS1 was identifi ed in maize and 
was termed ZmYS1, which complemented 
Zn-uptake mutant  zap1  in yeast (Schaaf et al. 
 2004 ). Eight genes (AtYSL1 through 8) from 
 Arabidopsis  were found homologous to ZmYS 
(Paulose et al.  2008 ). The role of the transporters 
from this family in uptake of metals such as Zn, Cd, 
and other divalent cations is still unclear. OPT3, a 
member of  Arabidopsis  oligopeptide transporter 
(OPT) family, was shown to be involved in move-

ment of iron into developing seeds (Stacey et al. 
 2008 ).  opt3-2  mutants, which have reduced levels 
of OPT3, exhibited constitutive expression of iron 
defi ciency responses in roots regardless of iron 
supplementation, resulting in overaccumulation of 
iron in leaves, but decreased levels of iron in seeds 
(Chu  2010 , dissertation thesis). Recently, OPT3 
has been shown to be a phloem-specifi c transporter 
that mediates Fe loading into the phloem. By load-
ing of Fe into the phloem in leaves, OPT3 has been 
shown to regulate both signaling of Fe demand 
from shoots to roots and Fe transport to developing 
tissues (Zhai et al.  2014 ) and plays a key role regu-
lating Fe, Zn, and Cd distribution within the plant 
(Mendoza-Cózatl et al.  2014 ).  

7.4.2     Metal Effl ux Transporters 

 Another group of transporters is broadly termed 
as metal effl ux transporters under which the CDF 
family members (cation diffusion facilitator) 
have been shown to transport metal cations such 
as Zn and Cd (Nies  2003 ). Plant CDFs have been 
given the name metal tolerance proteins (MTPs) 
(Delhaize  2003 ; Kim et al.  2004 ; Paulose et al. 
 2008 ). Twelve CDF members have been identi-
fi ed in  A. thaliana  and the fi rst CDF character-
ized was termed as AtMTP1. This gene, when 
overexpressed and knocked down in plants, 
showed tolerance to Zn with less tissue accumu-
lation of Zn. MTP1 has also been identifi ed in  A. 
halleri , a metal accumulator species, and was 
shown to complement the mutant phenotype of a 
yeast strain that lacks vacuolar zinc resistance 
gene (ZRC1) and cobalt transporter gene, COT1 
(Dräger et al.  2004 ). All three MTP1s in  A. hal-
leri  have shown Zn tolerance. Several allelic vari-
ants of MTP1 from Ni/Zn-hyperaccumulator 
plant  T. goesingense , also a homologue of 
AtMTP1, have conferred resistance to yeast 
strains mutant for ZRC1 and COT1. 
Overexpression of  TgMTP1  also decreases the 
concentration of Zn in the cells by effl uxing it out 
(Kim et al.  2004 ). 

  Arabidopsis  HMA2, HMA3, and HMA4 are 
the members of IB-2 subgroup of P 1B -type 
ATPase transporter family, and it was shown that 
 AtHMA2  was strongly induced by Zn and Cd 
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exposure and seen to transport Zn outside the 
cytoplasm. Knocked-down  hma2  mutants, com-
pared to wild-type  Arabidopsis  plants, accumu-
lated higher levels of Zn and Cd (Eren and 
Argüello  2004 ). In the presence of higher Cd 
concentrations, HMA4 from  T. caerulescens  
enabled the yeast strain grew better and also 
effl uxed Cd out of the cells through the plasma 
membrane. High and low concentrations of Zn 
were also able to induce the expression of 
 TcHMA4  (Bernard et al.  2004 ; Papoyan and 
Kochian  2004 ). HMA4 gene from  Arabidopsis  is 
located and expressed at the plasma membrane of 
the root vascular tissues but its role in metal load-
ing in the xylem was confi rmed when its overex-
pression leads to an increase in the amount of Zn 
and Cd in the shoots. However, a mutant of this 
gene showed less translocation of the Zn and Cd 
from roots to shoots (Verret et al.  2004 ). The role 
of HMA4 in root-to-shoot Zn translocation has 
also been shown earlier by Mills et al. ( 2005 ). 
They also explained the role of  AtHMA4  in metal 
detoxifi cation by showing that plants’ sensitivity 
to higher concentrations of Cd and Zn increases 
when  AtHMA4  is disrupted. The role of HMA2 
and HMA4 transporters was also studied in  hma2 
hma4  double mutants. Decreased amount of Zn 
in the shoots and nutrient-defi ciency phenotype 
of this mutant, when subjected to zinc-free 
growth medium, pointed toward the role of these 
two genes in Zn homeostasis. Promoter analysis 
of HMA2 and HMA4 revealed that they are 
located in the vascular tissues of roots, leaves, 
and stems, and HMA2 was also found to be pres-
ent at the plasma membrane confi rming their role 
in Zn translocation. These were also thought to 
be involved in Cd detoxifi cation as in a 
phytochelatin- defi cient mutant background, their 
sensitivity to Cd increased (Hussain et al.  2004 ; 
Wong et al.  2009 ).  AtHMA3  transporter, a mem-
ber of the P 1B-2  subgroup of the P-type ATPase 
family located in the vacuolar membrane of 
 Arabidopsis , has been shown to play a role in 
transport of heavy metal in plants. When overex-
pressed in  Arabidopsis , transgenic plants were 
more tolerant to Cd, Co, Pb, and Zn. Greater 
accumulation of Cd was also observed. Sensitive 
phenotypes of T-DNA knockout lines were also 

seen in the presence of Cd and Zn. Confocal 
microscopy reveled participation of  AtHMA3  in 
vacuolar sequestration of Cd (Morel et al.  2009 ). 

 AtATM3, an ATP-binding cassette transporter 
from  Arabidopsis , is a mitochondrial protein 
involved in the biogenesis of iron-sulfur clusters 
and iron homeostasis in plants. AtATM3- 
overexpressing plants were shown to exhibit 
enhanced resistance to Cd, whereas  atatm3  
mutant plants were more sensitive to Cd than 
wild-type controls. The role of AtATM3 in regu-
lating cellular levels of nonprotein thiols (NPSH) 
was also observed. Increased expression of 
AtATM3 was seen when GSH biosynthesis was 
inhibited with increased expression of GSH1 
under Cd stress and in the  atatm3  mutant sug-
gesting that it may be involved in the transport of 
GSH-Cd conjugates across mitochondrial mem-
brane (Kim et al.  2006 ). Recently, it has been 
shown that protein with strong similarity to 
AtATM3 transport Cd conjugates (Hanikenne 
et al.  2005 ) and CeHMT1, a close homologue of 
AtATM3, has been shown to be required for Cd 
tolerance (Vatamaniuk et al.  2005 ). 

 The multidrug and toxin extrusion (MATE) 
family is the most recently categorized one among 
fi ve multidrug effl ux transporter families (Kuroda 
and Tsuchiya  2009 ). Magalhaes et al. ( 2007 ) used 
positional cloning to identify the gene encoding a 
member of the MATE family, an aluminum-acti-
vated citrate transporter, responsible for the major 
sorghum ( Sorghum bicolor ) aluminum (Al) toler-
ance. Similarly another study in 2009 showed that 
expression of an expressed sequence tag, belong-
ing to  MATE  gene family, correlates with the 
citrate effl ux phenotype. This study provided 
genetic and physiological evidence that citrate 
effl ux is a second mechanism for Al resistance in 
wheat (Ryan et al.  2009 ). Iron homeostasis-related 
FRD3 (ferric reductase defective 3) gene, which 
encodes a multidrug and toxin effl ux (MATE) 
transporter, is responsible for reduced Zn toler-
ance in  A. thaliana . FRD3 works as a multimer 
and is involved in loading Zn into xylem. Cross-
homeostasis between Fe and Zn, therefore, appears 
to be important for Zn tolerance in  A. thaliana  
with FRD3 acting as an essential regulator (Pineau 
et al.  2012 ). 
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 MRPs (multidrug resistance-associated pro-
teins) constitute another effl ux transporter family 
belonging to ATP-binding cassette transporter 
superfamily (ABC) and transport metals that have 
formed conjugates with GSH. Plant orthologs of 
yeast cadmium factor 1 ( ScYCF1 ) which provides 
Cd resistance by pumping GSH-Cd conjugates 
into vacuoles were identifi ed in  Arabidopsis . The 
fi rst MRP gene termed as  AtMRP1  showed a simi-
lar function as  ScYCF1  (Szczypka et al.  1994 ; Li 
et al.  1997 ).  AtMRP3, 6, 7,  and  14  were subse-
quently identifi ed and shown to be upregulated by 
Cd (Bovet et al.  2003 ), with  AtMRP3  also seen to 
be involved in transport of Cd.  AtMRP3  promoter 
was also induced upon metals such as Cd, Ni, As, 
Co, and Pb exposure in  A. thaliana  and  N. taba-
cum  (Zientara et al.  2009 ). 

  AtPDR12,  a member of the pleiotropic drug 
resistance protein (PDR) family of ABC trans-
porters was found in Arabidopsis. The mRNA 
level of only AtPDR12 increased in both shoots 
and roots of Pb(II)-treated Arabidopsis, suggest-
ing that it may be involved in the detoxifi cation of 
Pb(II). The GFP: AtPDR12 fusion protein at the 
plasma membrane suggested that AtPDR12 func-
tions as a pump to exclude Pb(II) and/or Pb(II)-
containing toxic compounds from the cytoplasm 
(Lee et al.  2005 ). Cd tolerance in plants has also 
been achieved through ABC transporter PDR8 
(pleiotropic drug resistance 8) located at the 
plasma membrane that extrudes Cd out of the cell 
(Kim et al.  2007 ). 

 Apart from these transporter families 
described above, there are some other transport-
ers that do not fall under these families such as 
the IREG and PCR1 family from  Arabidopsis , 
and have been shown to be involved in Ni toler-
ance and transport and cadmium tolerance, 
respectively (Schaaf et al.  2004 ; Song et al. 
 2004 ). Tobacco  NtCBP4  (a calmodulin-binding 
protein) was isolated from tobacco cDNA library, 
located at the plasma membrane, and was shown 
to provide tolerance against heavy metal toxicity. 
The  NtCBP4  transgenic lines showed improved 
tolerance to Ni by limiting Ni accumulation and 
hypersensitivity to Pb due to increased accumula-

tion of Pb. These results lead to believe that 
 NtCBP4  is involved in the uptake of metals across 
the plasma membrane (Arazi et al.  1999 ). 

 Metalloid such as arsenic is naturally present 
in soil in the form of arsenate (AsO 4  −3 ). Due to 
chemical similarity between AsO 4  −3  and inorganic 
phosphate, Pi(PO 4  −3 ), As(V) is usually taken up 
into the plants via phosphate transporters. Out of 
9 high-affi nity phosphate transporters (PHT1-9) 
in  Arabidopsis , PHT1 and PHT4 have been 
involved in As(V) transport. Overexpression of 
PHT1 resulted into plants being sensitive to As(V) 
(Catarecha et al.  2007 ), while their single and 
double mutants have been shown to be As(V) tol-
erant indicating that As(V) uptake is compro-
mised by mutations in these Pi transporters (Shin 
et al.  2004 ). Recently, LeBlanc et al. created 
transgenic  Arabidopsis  overexpressing PHT1 or 
PHT7 from  Arabidopsis  in combination with or 
without YCF1, leading to increased As accumula-
tion and tolerance in  Arabidopsis  (LeBlanc et al. 
 2013 ).   

7.5     Other Genes for Metal 
Tolerance 

 Apart from strategies discussed above, plants can 
be engineered with genes that have other means 
of dealing with heavy metal toxicity either by 
volatilization of metals and metalloids or via 
interacting with proteins in other metabolic path-
ways as described below. 

7.5.1     Phytovolatization 

 Phytovolatization of a metal or metalloid ion 
involves the accumulation of metal (loid) spe-
cies in plant cells and their subsequent conver-
sion to an evaporable, usually less toxic, form 
such that it can be liberated to atmosphere. The 
main advantage of phytovolatization is the 
removal of metal (loid) from a site without the 
need for plant harvesting and disposal (Kotrba 
et al.  2009 ). 
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 Bacterial resistance to Hg 2+  and organomercu-
rial compounds has been attributed to organo-
mercurial lyase ( MerB ), which converts 
methylmercury and other organomercurials to 
Hg 2+  and mercuric reductase ( MerA)  that reduces 
elemental Hg 2+  to nontoxic volatile Hg 0  (Summers 
 1986 ). These bacterial mercury resistance genes 
were cloned and used to genetically engineer 
plants for methylmercury phytoremediation. 
Overexpression of  merA, merB , or a combination 
of both, in  A. thaliana  (Rugh et al.  1996 ; Bizily 
et al.  1999 ,  2003 ),  N. tabacum  (Ruiz et al.  2003 ), 
and rice ( Oryza sativa , Heaton et al.  2003 ), 
resulted in Hg 2+  and organomercurial tolerant 
phenotypes. More than tenfold higher volatiliza-
tion rate was achieved by the targeting of MerB 
in the endoplasmic reticulum of  merA/merB , 
where MerB exhibited more than 20 times higher 
specifi c activity than in plants with cytoplasmi-
cally distributed MerB (Bizily et al.  2003 ). 

 Selenium (Se) occurs naturally in two forms – 
selenate and selenite. Due to a similar nature of 
selenate and sulfate, they are normally taken up 
and assimilated by the same transporters and 
pathways (Ng and Anderson  1979 ; Zayed and 
Terry  1992 ; Anderson  1993 ). One such trans-
porter involved in sulfate transport into plant cells 
is sulfate permease, and in certain plant species 
such as  Brassica napus  and  Stylosanthes hamata,  
selenate was seen inhibiting the sulfate uptake by 
this transporter (Hawkesford  2003 ; Smith et al. 
 1995 ). ATP sulfurylase is an enzyme involved in 
sulfate reduction in plants (Setya et al.  1996 ). It 
converts selenate to selenite leading to a decrease 
in selenate concentration, and recent studies have 
shown that ATP sulfurylase is also involved in sel-
enate reduction in plants (Pilon-Smits et al.  1999 ). 
Overexpression of APS1 in Indian mustard ( B. 
juncea ) showed that under supplied selenate, 
activity of ATP sulfurylase in these overexpressed 
plants was much higher in shoots but not roots 
compared to wild- type plants. These plants were 
able to reduce selenate better. Greater selenium 
accumulation and tolerance was also seen in APS 
transgenic plants (Pilon-Smits et al.  1999 ). The 
biosynthesis of MetSeCys, catalyzed by seleno-
cysteine methyltransferase (SMT) in hyperaccu-
mulating plant species inactivates SeCys for 
synthesis of SeMet and proteosynthesis. 

MetSeCys could then be converted to volatile 
dimethyldiselenide (DMDSe; Terry et al.  2000 ). 
Most plants that do not produce DMDSe to con-
vert SeMet from SeCys to volatile dimethylsele-
nide (DMSe), which has been reported to be 
500–700 times less toxic than selenate and sele-
nite in soil (Wilber  1980 ). In addition to an 
improved Se accumulation in selenocysteine 
methyltransferase , B. juncea  overexpressing SMT 
and ATP sulfurylase showed a higher DMSe pro-
duction than wild- type control plants and an 
acquired ability to produce DMDSe (LeDuc 
et al.  2004 ). Volatile forms were then effi ciently 
evaporated from the leaves of transgenics grown 
in culture media and polluted soil (LeDuc et al. 
 2004 ; Bañuelos et al.  2007 ).  

7.5.2     Genes Involved in Oxidative 
Stress Response 
and Misfolded Protein Repair 

 As the concentration of heavy metals inside the 
cell reaches to a point of saturation, the plant as a 
system begins to experience oxidative stress 
caused by the production of ROS and the inhibi-
tion of metal-dependent antioxidant enzymes 
(Schützendübel and Polle  2002 ). In general, 
heavy metal-induced ROS production causes oxi-
dative damage to photosynthetic pigments; bio-
molecules such as lipids, proteins, and nucleic 
acids; and leakage of electrolytes via lipid peroxi-
dation causing dramatic reductions in plant 
growth and productivity. Plants respond to oxida-
tive stress by production of antioxidative enzymes 
such as SOD, APX, and GR and nonenzymatic 
free radical scavengers (Aust et al.  1985 ). Heavy 
metal toxicity is reported to increase activity of 
glucose-6-phosphate dehydrogenase and peroxi-
dase in the leaves of plants grown in polluted soils 
(Van Assche and Clijsters  1987 ). In  Nicotiana 
plumbaginifolia , leaves exposed to excess Fe have 
been shown to induce expression of ascorbate 
peroxidase (APX) and catalases (CAT) 
(Kampfenkel et al.  1995 ). Similarly the expres-
sion of CAT3 from  B. juncea  was induced upon 
Cd treatment (Minglin et al.  2005 ). A brief treat-
ment with low concentration of Al to chickpea 
seedlings ( Cicer arietinum ) resulted in higher 

P.R. Tomar et al.



159

SOD, APX, and guaiacol peroxidase (GPX) activ-
ity (Singh et al.  2012 ). Peroxiredoxins (PRXes) 
are peroxide-degrading enzymes with mitochon-
drial and chloroplastic variants. A T-DNA inser-
tion mutant of  A. thaliana  lacking the expression 
of mitochondrial PrxIIF (AtPrxIIF knockout) was 
more sensitive to Cd in terms of root growth than 
the controls, signifying the involvement of PrxIIF 
in cellular detoxifi cation of Cd such that root 
growth is maintained under Cd stress up to a cer-
tain threshold (Finkemeier et al.  2005 ). 

 Superoxide dismutases (SODs) are enzymes 
that play a pivotal role in metabolizing singlet O 2 , 
preventing formation of deleterious reactive oxy-
gen species (ROS) including hydrogen peroxide 
(H 2 O 2 ), hypochlorite (OCl − ), peroxynitrate 
(ONO 2 ), and hydroxyl radical (HO − ) (Miller 
 2012 ). SOD activity is also induced in tomato 
seedlings after prolonged Cd treatment (Dong 
et al.  2006 ). SOD activity increases signifi cantly 
in wheat leaves, following exposure to high levels 
of Cd, probably refl ecting the accumulation of 
superoxide (Lin et al.  2007 ). On the other hand, 
Rodríguez-Serrano and coworkers showed a 
reduced SOD activity in pea plants exposed to Cd. 
Cd in particular has been shown to reduce the 
GSH/GSSG ratio and activate antioxidant 
enzymes such as SOD and GR (Rodríguez- 
Serrano et al.  2009 ). Heavy metals also induce the 
synthesis of stress-related proteins and signaling 
molecules, such as HSPs, SAPs, salicylic and 
abscisic acids, and ethylene (Manara  2012 ). Heat 
shock proteins (HSPs) are expressed not only in 
response to elevated temperatures but also in 
response to other abiotic stresses such as drought 
and heavy metal stress. Under heavy metal stress, 
protein-folding mechanism can go haywire result-
ing in misfolded proteins. Heat shock proteins can 
act as molecular chaperon ensuring correct fold-
ing and repair of misfolded protein (Vierling 
 1991 ). Heavy metals induce the expression of 
low-molecular-weight HSPs in rice (Tseng et al. 
 1993 ).  Zea mays  plants exposed to varying soil 
concentrations of Cu, Ni, Pb, and Zn showed 
increased chloroplast small HSP contents, with 
increased time of exposure. These HSPs in turn 
were shown to protect photosynthesis from heavy 
metal toxicity (Heckathorn et al.  2004 ). 

 Members of stress-associated protein (SAP) 
family (Vij and Tyagi  2006 ) were recently shown 
to provide tolerance to multiple abiotic stress 
including toxic metals (Mukhopadhyay et al. 
 2004 ). OsiSAP8 was shown to be induced in 
response to heavy metals such as Zn, Cu, Hg, and 
Cd (Kanneganti and Gupta  2008 ). Similarly 
overexpression of AtSAP10 in  Arabidopsis  pro-
vided strong tolerance to Ni and Mn. Due to their 
unique ability to provide tolerance to multiple 
abiotic stresses, members of SAP family are also 
the ideal candidates to engineer plants for heavy 
metal tolerance to tackle the challenges of global 
climate changes and the effects associated with it 
(Dixit and Dhankher  2011 ).   

7.6     Heavy Metal Tolerance 
and Climate Change 
Adaptations 

 As global climate change is happening and not in 
distant future, the burden of environmental 
stresses including heavy metals and metalloids 
on crop plants is likely to continue to increase. 
Flood events can transport heavy metals, cya-
nide, and hydrocarbons from a contaminated area 
to a non-contaminated one (Harmon and Wyatt 
 2008 ; Hilscherova et al.  2007 ; Boxall et al.  2009 ). 
Climate change is likely to increase frequency of 
heavy precipitation events worldwide, which 
would result in transport of historical contami-
nants from previously undisturbed sediments. 
This could have implications for residue of toxic 
metal levels in food crops (Casteel et al.  2006 ). 
As irrigation demands may increase because of 
warmer and drier summers, water of poorer qual-
ity, including partially treated wastewater from 
industries and municipalities, will likely be 
applied to crops which may result in additional 
contaminant loadings to crops (Rose et al.  2001 ). 
Changes in temperature and precipitation could 
also increase aerial inputs of volatile and dust- 
associated contaminants. Finally, changes in bio-
availability may occur with less bioavailable 
forms of contaminant being converted to more 
bioavailable forms. For example, Booth and 
Zeller ( 2005 ) suggested that increases in temper-
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ature could enhance the methylation rate of Hg. 
The use of composting for treatment of munici-
pal waste is increasing, with a portion of the 
resulting compost being used in agriculture. This 
is likely to increase loadings of microbes, heavy 
metals, and persistent organic pollutants in agri-
cultural land (Déportes et al.  1995 ; Boxall et al. 
 2009 ). Furthermore, with the expansion of crop 
cultivation on soils that are not optimal for the 
growth of crop plants such as contaminated lands, 
development of abiotic stresses including heavy 
metals stress tolerant plants is becoming increas-
ingly important (Kathuria et al.  2007 ). Improving 
the tolerance of major crop plants to heavy met-
als and other abiotic stresses has been a main 
goal in agricultural research for a long time. 
Transgenic approaches offer attractive alterna-
tives to conventional techniques for the genetic 
improvement of abiotic stress tolerance. The 
development of new cultivars with enhanced 
heavy metal tolerance will undoubtedly have an 
important effect on global food production and 
food safety.  

7.7     Conclusions 

 Crop production is declining around the world 
due to several biotic and abiotic stresses, which 
include heat, cold, drought, heavy metals, etc. 
(Abedin et al.  2002 ; Van Nguyen and Ferrero 
 2006 ). In the past years, a lot of focus has been on 
improving plant species and their tolerance 
toward these stresses but not much has been 
achieved because of the limited knowledge of the 
gene/network of genes that might be involved in 
providing such tolerance to multiple stresses. The 
research in this direction could have a signifi cant 
impact on global food security, human health 
enhancement, and the environment, if more 
knowledge and information is gained on the 
hyperaccumulating species and phytoremedia-
tion strategy through the use of transgenics. Once 
this system is fully understood in the model plant 
species, the knowledge and information gained 
can be applied on other agricultural crops to engi-
neer crops that will be better able to withstand 
such abiotic stresses and still produce sustainable 

yield. This will also help to grow crops for food 
and biomass production on not so cultivable 
lands, thus making them more cultivable over 
time. Developing crops more resilient to heavy 
metals and other abiotic stresses will enable them 
to grow on marginal to moderately contaminated 
soils without losing crop yields.     
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    Abstract  

  “Climate change” is indicative of changes in mean annual temperature, pre-
cipitation patterns, and atmospheric CO 2  and greenhouse gas concentrations. 
These parameters have been observed to alter signifi cantly in the past few 
decades and are expected to affect the plant and animal health in the coming 
years. The ability of plants to take up heavy metals and metalloids depends, 
for example, on their bioavailability in the medium, competition for uptake 
by other elements, and plant habit and growth characteristics. These factors 
are infl uenced by the prevailing climatic conditions of an area. Thus, climate 
change is expected to indirectly alter mineral composition of plants. Metal 
accumulation ability of plants also holds promise for the cleanup of contami-
nated sites, the technology described as phytoremediation. Climate change 
might thus affect proposed remediation abilities of plants. This review focuses 
on the effect of climatic parameters on the metal accumulation and tolerance 
of plants and prospective strategies of genetic manipulation for achieving 
enhanced remediation potential in relation to climate change.  

  Keywords  

  Bioremediation   •   Climate change   •   Genetic manipulation   •   Global 
warming   •   Metal tolerance     

8.1      Climate Change: 
Introduction 

 Continued worldwide industrialization has 
induced dramatic changes in the global biolog-
ical, chemical, and physical environment and 
overall climate. In recent terms, the climate 
change is referred to the ongoing changes in 
modern climate, including increase in green-
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house gas (atmospheric CO 2  and CH 4 ) concen-
trations, increase in mean annual temperature 
(global warming; Fig.  8.1 ), changes in precipi-
tation patterns, melting of ice caps and glaciers 
and reduced snow cover, and increases in ocean 
temperatures and ocean acidity (due to seawa-
ter absorbing heat and carbon dioxide from the 
atmosphere) (Intergovernmental Panel on 
Climate Change (IPCC)  2007 ). The increase of 
climatic variability due to global climate 
change exerts climatic stress on plants that is 
novel in magnitude and frequency (Hegerl 
et al.  2011 ).

   The rise in the level of greenhouse gases 
causes a rise in the Earth’s mean temperature 
because the thermal radiation from the Earth’s 
surface is absorbed by greenhouse gases and 
reradiated in all directions including back to the 
surface. This effect is pronounced as greenhouse 
effect. Over the last century, atmospheric concen-
trations of CO 2  increased from a preindustrial 
value of 278–379 ppm in 2005, and the average 
global temperature rose by 0.74 °C. The atmo-
spheric CO 2  concentration is predicted to increase 
to as high as 500–1000 ppm by the year 2100 
(IPCC  2007 ) while the global average tempera-
ture may increase by 1.8–4.0 °C (Noyes et al. 
 2009 ). Several predictions of effects of climate 
change range in the extent of effect but do sug-
gest serious impacts on ecosystems and plants 
(Noyes et al.  2009 ; Thomson et al.  2010 ). Climate 
change may have an impact on growth and pro-
ductivity of crops (Lobell and Field  2007 ; 
Thomson et al.  2010 ), mineral and biochemical 
composition, and response to environmental 
constraints. 

 Plants are used in remediation of various pol-
lutants like organics and heavy metals and in eco- 
sensitive zones for the prevention of erosion, 
water fl ow and land degradation management. 
Climate-mediated effects on the plant growth 
would also affect the effi ciency of these applica-
tions. Heavy metal contamination is caused by 
anthropogenic activities (mining, metal process-
ing, fossil fuel combustion) and agricultural prac-
tices (application of fertilizers, fungicides, and 
sewage sludge dispersal). In the case of As, natu-
ral geochemical weathering of rocks and biogeo-
chemical and microbial reactions have resulted in 
widespread contamination (Srivastava et al. 
 2012 ). Climate change may also have an impact 
on the level of heavy metal contamination due to 
effects on the bioavailability of metals and alter 
the environmental fate and behavior/toxicity of 
pollutants through altering physicochemical–bio-
logical properties of atmosphere, water, and soils 
(Dowdall et al.  2008 ; Noyes et al.  2009 ). 

 This review focuses on the issue of climate 
change with the perspective of phytoremediation 
potential of plants and highlights the directions 
for future to maintain/increase plants’ potential 
for metal accumulation.  

8.2     Effect of Climate Change 
on Growth Responses 
of Plants 

 The major contributor of climate change is the 
rapid increase in CO 2  concentration, which 
impacts directly the agricultural productivity and 
crop quality as well as indirectly through changes 

  Fig. 8.1    Schematic showing 
the effect on extreme temperatures 
when the mean temperature increases, 
for a normal temperature distribution       
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in global temperature and precipitation patterns. 
Carbon source–sink relationships are believed to 
play a major role in determining the ability of a 
plant to utilize e[CO 2 ] and avoid downward accli-
mation of photosynthesis upon prolonged e[CO 2 ] 
exposure (Tausz et al.  2013 ). CO 2  enrichment to 
550–600 μL L −1  is well established to increase 
grain yield by 10–16 % (Kimball  2006 ; Long 
et al.  2006 ; Högy et al.  2009 ). However, the 
extent of the CO 2  response on grain yield may 
vary among crop cultivars and according to envi-
ronmental conditions and nutrient availability 
(Ainsworth and Long  2005 ). In the presence of 
e[CO 2 ], increased photosynthetic rate and bio-
mass production and enhanced water and nutrient 
use effi ciency due to changes in root morphology 
are observed (Korner et al.  1997 ; Phillips et al. 
 2009 ; Prior et al.  2011 ). Wang et al. ( 2003 ) found 
signifi cant increases in ascorbate, glutathione 
(GSH), anthocyanin, and phenolic contents as 
well as oxygen radical absorbance activity in 
strawberry fruit under e[CO 2 ]. Effect of elevated 
CO 2  on amino acid composition has also been 
reported (Högy et al.  2009 ) with signifi cant effect 
reported for glycine and glutamic acid, the com-
ponent amino acids of glutathione. In this study, 
minerals such as K, Mo, and Pb increased, while 
Mg, Fe, Cd, and Si decreased, suggesting that 
elevated CO 2  may affect chemical composition of 
grains. Högy et al. ( 2013 ) grew wheat in a FACE 
and found an increase in thousand grain weight 
with size distribution shifted toward larger grains 
but no signifi cant impact on biomass and grain 
yield. They also observed a change in protein 
composition and mineral concentrations. Tausz- 
Posch et al. ( 2013 ) suggest that growth under 
eCO 2  is infl uenced by climatic factors (e.g., high 
temperature and water supply) and that there are 
intraspecifi c variation in response toward e[CO 2 ] 
and climatic factors with respect to photosyn-
thetic performance and antioxidant levels. 
Ainsworth et al. ( 2006 ) have identifi ed CO 2 - 
responsive transcripts through microarray analy-
sis of soybean plants grown in SoyFACE facility. 
[CO 2 ]-responsive genes largely suggest that ele-
vated [CO 2 ] stimulates the respiratory breakdown 
of carbohydrates, which provides increased 
energy and biochemical precursors for leaf 
expansion and growth at elevated [CO 2 ]. Tausz 

et al. ( 2013 ) identifi ed important traits for 
improved crop performance under elevated CO 2 , 
which may be utilized for non-crop plants too for 
the purpose of developing heavy metal accumu-
lating varieties. 

 Tropospheric ozone (O 3 ) is an important sec-
ondary pollutant resulting from emission of vola-
tile organic compounds and nitrogen oxides and 
is recognized as a greenhouse gas (Serengil et al. 
 2011 ). Ground-level O 3  concentrations have dou-
bled since the nineteenth century, with concentra-
tions in major crop growing regions of the United 
States, India, and China increasing by up to 
10 % yr −1  (Vingarzan  2004 ; Ashmore et al.  2006 , 
Galant et al.  2012 ). Climate models predict that 
mean surface O 3  concentrations may rise 
20–25 % globally by 2050, with concentrations 
in India and South Asia reaching comparable val-
ues by 2020 (IPCC  2001 ; Dentener et al.  2005 ; 
Van Dingenen et al.  2009 ). Acute exposure to 
ozone can result in chlorosis and necrosis. Long- 
term exposure leads to reduced photosynthetic 
effi ciency and mobilization of energy reserves 
(Ahsan et al.  2010 ) and accelerates senescence of 
plant cell. In FACE trials with soybean, a 13 ppb 
increase in O 3  from 56 to 69 ppb resulted in a 
20 % decrease in crop yield (Morgan et al.  2004 , 
 2006 ). Proteomic studies on rice, wheat, soy-
bean, and poplar under continuous (2–5 d) high 
O 3  (120–200 ppb) stress revealed reductions in 
the photosynthetic and carbon metabolism pro-
teins and induction of defense/stress-related pro-
teins (Cho et al.  2008 ; Feng et al.  2008 ; Renaut 
et al.  2009 ; Ahsan et al.  2010 ; Sarkar et al.  2010 ; 
Galant et al.  2012 ). Glutathione S-transferases, 
ascorbate peroxidase, methionine sulfoxide 
reductase, carotenoids, and amino acid- associated 
proteins were found to be altered either in oxida-
tion state or in abundance in response to O 3  treat-
ment in experiments conducted by Galant et al. 
( 2012 ) on soybean FACE system. In another 
experiment with soybean exposed to O 3  at ambi-
ent and elevated CO 2  (Gillespie et al.  2012 ), anti-
oxidant enzymes superoxide dismutase (SOD) 
and monodehydroascorbate reductase (MDHAR) 
and genes of various enzymes were signifi cantly 
altered. Hoshika et al. ( 2013 ) reported that ambi-
ent ozone increase affects the response of sto-
mata and delays their closure and thus increases 
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water loss under both well-watered and drought 
conditions. 

 High temperatures increase the transpiration 
and stomatal conductance, but decrease the pho-
tosynthesis resulting in signifi cant reduction in 
the plant biomass yield (Djanaguiraman et al. 
 2010 ; Qaderi et al.  2012 ). Shahbaz et al. ( 2013 ) 
found that in Chinese cabbage, UV-A+B had no 
signifi cant impact on biomass production, dry 
matter, and pigment content. However, combined 
stress of Cu and UV caused decline in biomass 
and pigment content. The reason behind the tox-
icity was UV-mediated increase in Cu accumula-
tion in both roots and shoots. Drought and salinity 
stresses are also outcome of climate change due 
to altered precipitation patterns and warming. 
These stresses decrease growth rate by reducing 
photochemical effi ciency and photosynthetic 
rates (Chaves et al.  2009 ). The series of events 
leading to the perturbation of cellular metabolism 
under drought and salt stress are suggested to be 
as follows: less water availability, stomatal clo-
sure, altered gaseous exchange, inhibition of 
photosynthesis, effect on electron fl ow in ETC in 
chloroplast and mitochondria, and increase in the 
production of reactive oxygen species (Munns 
and Tester  2008 ). Hence, the imposition of oxida-
tive stress and altered energy reactions caused by 
ETC over-reduction affect general metabolism 
and growth. Through the above discussion, it 
becomes evident that individual components of 
climate produce a wide array of morphological, 
biochemical, and molecular effects on plants. 
Hence, climate change, as a whole, is bound to 
cause serious impacts on plant growth and, there-
fore, on their applications as crop or phytoreme-
diator in the coming future.  

8.3     Effect of Climate/
Geographical Conditions 
on Metal Composition/
Bioavailability 

 Metal composition means total metal concentra-
tions in soil or water, which do not necessarily 
correspond with metal bioavailability, which is 
the proportion of total metals that are available 

for incorporation into biota (bioaccumulation). 
Metal bioavailability is controlled by many 
 factors including concentration and speciation of 
metals, mineralogy, pH, redox potential, temper-
ature, total organic content, and suspended par-
ticulate content, as well as volume of water, water 
velocity, and duration of water availability. 
Climate (viz., humid, arid, tropical, temperate, 
etc.) strongly infl uences soil types, and both these 
factors control element mobility and availability. 
Schiedek et al. ( 2007 ) have discussed the impacts 
of climate change on heavy metal contamination 
for marine ecosystems. The predictions of 
increased fl ooding and hydrological changes 
pose risk of mobilization of metals due to altered 
chemistry (Visser et al.  2012 ). Arsenic contami-
nation in groundwater of Bangladesh and West 
Bengal, India, has been associated to the depth 
and age of groundwater (Fendorf et al.  2010 ). As 
released from fl ooded contaminated soils has 
been found to be temperature dependent (Weber 
et al.  2010 ). Warming can enhance P release by 
the increase of soil phosphatase activity and may 
thus facilitate As mobilization and higher plant 
capture (Cao and Ma  2004 ). Soil warming can 
alter release of soluble metal ions into soil solu-
tion via decomposition of organic matter (leading 
to loss of cation-exchange capacity; Sardans 
et al.  2008a ; van Gestel  2008 ), change of micro-
bial communities (Rajkumar et al.  2013 ), and the 
destruction of soil aggregates and through change 
in soil enzymatic activity (Cao and Ma  2004 ; 
Sardans and Penuelas  2006 ). 

 Meharg et al. ( 2009 ) compiled an extensive data 
set of total As analysis for 901 polished (white) 
grain samples, originating from 10 countries from 4 
continents. They found that median total As con-
tents of rice varied sevenfold, with Egypt 
(0.04 mg kg −1 ) and India (0.07 mg kg −1 ) having the 
lowest As content while the United States 
(0.25 mg kg −1 ) and France (0.28 mg kg −1 ) having 
the highest content. Although this study highlighted 
the differential ability of varieties for taking up As, 
it may also indicate how climate/geographical con-
ditions prevailing in different countries/locations 
affect the As level in rice grains. 

 Thawing of permafrost and the subsequent 
export of carbon are a widespread phenomenon, 
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and the projection is that it will increase even 
more in the near future. Rydberg et al. ( 2010 ) 
suggest that this may lead to release of substan-
tial amounts of Hg into sensitive arctic freshwa-
ter and marine systems due to thawing of northern 
peatlands. Klaminder et al. ( 2010 ) reconstructed 
the pollution history of three high-latitude lakes 
situated in a region where a recent climatic shift 
has occurred on the basis of 206 Pb/207 Pb ratio 
between atmospheric contaminants 
(206 Pb/207 Pb ratio 1.16) and geogenic Pb in the 
catchment soil (206 Pb/207 Pb ratio 1.22) and 
concluded that soil processes stimulated by the 
ongoing climate change at high latitudes might 
work counteractive to efforts to reduce contami-
nant levels in subarctic lakes. Stern et al. ( 2012 ) 
reviewed the impact of climate change on Hg lev-
els, chemistry, and dynamics in arctic region. 
They concluded that the effects of recent climate 
warming on the Arctic’s physical environment 
have been profound. From Hg perspective, the 
most important impacts have occurred in precipi-
tation rates and type (rain vs. snow), riverine dis-
charge and seasonality, and lake ice and sea-ice 
seasonality, etc. 

 Since climatic conditions and geographical 
characteristics affect metal composition and 
availability in soils and waters, climate change 
would affect plants’ performance for phytoreme-
diation in two contrasting ways, viz., plant 
growth and metal bioavailability. Plant growth is 
dependent on mineral and heavy metal bioavail-
ability and plants themselves affect metal con-
centrations in rhizosphere. Further, individual 
climatic components (CO 2 , temperature, ozone, 
water availability) have different effects on plant 
growth and metal bioavailability. Hence, these 
interactions need careful and in-depth analyses to 
predict future scenarios.  

8.4     Effect of Climate Change 
on Metal Accumulation 

8.4.1     Effect of Temperature 

 Effect of high temperature on metal accumula-
tion is attributable to several infl uences, viz., 

increased water loss and hence transpiration, 
changes in lipid composition of plasma mem-
brane and its fl uidity (Lynch and Steponkus 
 1987 ), effect on optimal biochemical processes 
of plants and associated microbes including the 
metal uptake, and altered metal bioavailability. 
Vaughan et al. ( 2009 ) reported that Fe-reducing 
conditions in three fl ooded soils developed within 
2 days of water saturation when temperature was 
>9 °C, but only after 20 days when temperature 
was <3.9 °C. The equilibrium between the cell 
wall exchange sites and the metal in solution 
changes with temperature. Intracellular ion accu-
mulation may thus increase with the increasing 
cation-exchange capacity (CEC) of cell walls due 
to the ion gradient established around the plasma 
membrane. As higher temperatures lead to 
increased extracellular concentrations of heavy 
metals, the cell wall exchange properties impact 
the ion availability for uptake, ion diffusion rates 
in the apoplast, and membrane transporters. 
Several authors have documented effect of tem-
perature on metal accumulation profi le of plants. 

 Ekvall and Greger ( 2003 ) found that two eco-
types of  Pinus sylvestris  reacted differently to 
temperature in their Cd uptake translocation. 
Fritioff et al. ( 2005 ) found that heavy metal accu-
mulation increased in two submersed plant spe-
cies ( Elodea Canadensis  and  Potamogeton 
natans ) as the temperature increased from 5 to 
20 °C. Milner et al. ( 2007 ) studied the effects of 
plant growth at 10 °C and 25 °C on GST-specifi c 
activity and glutathione (GSH) pool size in 
herbicide- resistant and susceptible  Alopecurus 
myosuroides  biotypes and found that levels of 
GST and GSH do change as per the growth tem-
peratures. Sardans et al. ( 2008b ) found that 
warming treatment increased the accumulation of 
Al in  Erica multifl ora  and  Globularia alypum ; 
As, Cr, and Pb in  E. multifl ora ; and Sb and Zn in 
 G. alypum . Lu et al. ( 2009 ) showed that low- 
temperature treatment (4 °C) signifi cantly inhib-
ited Cd uptake and reduced upward translocation 
of Cd to shoots by up to 90 % in one ecotype of 
 Sedum alfredii , whereas no such effect was 
observed in the other ecotypes investigated. 

 Chen et al. ( 2010 ) carried out pot experiments 
to investigate the effects of increased soil 
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 temperature on shoot uptake of heavy metals by 
 Zea mays  and  Vigna radiata  from heavy metal- 
contaminated soils. They found that timing of 
heating treatment and chelant application signifi -
cantly affected heavy metal accumulation. 
Irrigation with 100 °C water after the chelant 
addition or with 100 °C chelant solutions directly 
resulted in signifi cantly higher phytoextraction of 
metals in the two crops compared with 25 °C 
chelant solutions. In addition, a novel application 
method to increase soil temperature using under-
ground polyvinyl chloride tubes increased the 
chelant-assisted extraction effi ciency of Cu 
approximately 10- to 14-fold in corn and fi vefold 
in mung bean. Hawrylak-Nowak et al. ( 2010 ) 
investigated the effect of Se supply in  Cucumis 
sativus  grown under short-term low-temperature 
stress (a day/night temperature of 10 °C/5 °C for 
the fi rst 24 h and then at 20 °C/15 °C for the next 
24 h followed by 25/20 °C for 7 days). Compared 
with the control, the Se-treated plants showed 
signifi cant increase of proline content in leaves 
immediately after chilling than after rewarming. 
However, the resistance of plants to low tempera-
ture was not clearly enhanced, as concluded on 
the basis of FW and photosynthetic pigment 
accumulation. Li D et al. ( 2011 ) found that higher 
temperature increased Cd accumulation in roots 
of wheat plants in Cd-polluted soils, but reduced 
root elongation. Rofkar and Dwyer ( 2011 ) 
assessed seasonal effects on As uptake in  Carex 
stricta  and  Spartina pectinata  in conditions rep-
resentative of spring (15/5 °C) and summer 
(28/17 °C) temperatures and light regimes. Both 
species had comparable rates of As uptake into 
roots in summer conditions, but  C. stricta  had a 
higher maximum net infl ux rate in spring condi-
tions than  S. pectinata . 

 Li et al. ( 2012 ) also found that the high tem-
perature increased Cu, Zn, and Fe leaf concentra-
tions in  Solanum tuberosum ; however, the 
treatment decreased Cd, Pb, Fe, Zn, and Cu con-
centrations in tubers. Pourghasemian et al. ( 2013 ) 
investigated the effect of temperature (18 and 
23 °C) on Cd uptake, translocation, as well as tol-
erance in wild and cultivated species of saffl ower. 
Net accumulation of Cd via root increased with 
an increase in temperature for some varieties but 

not for all; however, Cd translocation to shoots 
signifi cantly increased in all genotypes.  

8.4.2     Effect of Carbon Dioxide 

 In the past decade, the responses of plants to 
e[CO 2 ] under heavy metals have been investi-
gated by several researchers. The e[CO 2 ] has 
been found to increase the uptake of essential 
micronutrients, such as Cu, Fe, Mn, and Zn 
(Lieffering et al.  2004 ; Jia et al.  2007 ; Yang et al. 
 2007 ; Zheng et al.  2008 ; Högy and Fangmeier 
 2008 ). In a greenhouse pot experiment, a signifi -
cant increase in frond biomass and accumulation 
of Cu was reported in  Pteridium revolutum  and  P. 
aquilinum  (Zheng et al.  2008 ) in e[CO 2 ] condi-
tions. The study pointed out that phytoextraction 
effi ciency of potential candidates can be increased 
by increasing the ambient CO 2  concentrations. In 
 sorghum  and  trifolium , both increased biomass 
and higher accumulation of Cs were observed in 
the presence of e[CO 2 ] (Wu et al.  2009 ), which 
was attributed to CO 2 -mediated decrease in the 
rhizosphere soil pH and subsequent greater root 
exudation of carbonic acid. Cs uptake was also 
found to increase in response to e[CO 2 ] in 
 Phytolacca americana  (C 3  species) and 
 Amaranthus cruentus  (C4 species) (Tang et al. 
 2011 ) Similarly, Kim and Kang ( 2011 ) observed 
an increase in biomass production and Pb uptake 
in pine seedlings in Pb-contaminated soils as a 
result of e[CO 2 ]. In fl y ash-amended soils also, 
e[CO2] signifi cantly increased the total biomass 
production and concentrations of Br, Co, Cu, Fe, 
Mn, Ni, Pb, and Zn in roots, stems, and seeds of 
soybean plants (Rodriguez et al.  2011 ). Song 
et al. ( 2012 ) further evaluated the effects of 
e[CO 2 ] on Cs uptake in  Phytolacca americana  
and  Amaranthus cruentus  and found that shoot 
and root biomass and Cs accumulation were 
higher under e[CO 2 ] than under ambient CO 2 . In 
addition, positive infl uences of e[CO 2 ] were 
noticed on the populations of bacteria, actinomy-
cetes, and fungi and the microbial C and N in the 
rhizosphere soils of both species. 

 In contrast, some results showed that e[CO 2 ] 
had either no effect or reduced metal  accumulation 
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in plants. Jia et al. ( 2007 ) found that e[CO 2 ] 
decreased leaf Cu concentrations of a Japonica 
rice growing in Cu-contaminated soil to close to 
that growing in control soil. While at low CO 2  
concentrations, Cu concentrations in leaves were 
signifi cantly higher in plants growing at 
Cu-contaminated site than that at control site. Jia 
et al. ( 2010 ) observed that the e[CO 2 ] reduced Cd 
accumulation in  L. mutiforum  and  L. perenne  
grown in Cd-amended soils. Jia et al. ( 2011 ) fur-
ther demonstrated that at e[CO 2 ],  L. perenne  may 
be better protected against Cd stress due to higher 
synthesis of high-molecular-weight PCs (PC 4 , 
PC 5 , PC 6 ) in shoots and roots. Jia et al. explained 
that the decreased Cd accumulation in plant tis-
sues can be attributed to dilution effects as a 
result of increased plant biomass due to e[CO 2 ] 
levels due to increased photosynthesis and 
enhanced antioxidant enzyme activities. In addi-
tion in various experiments of Jia et al., root 
length, surface area, volume, tip number, and fi ne 
roots all decreased under Cd exposure, while by 
contrast, elevated levels of CO 2  signifi cantly 
increased all those parameters in the presence of 
Cd, compared to the CO 2  control. High-CO 2 - 
grown green microalga  Scenedesmus armatus  
has also been found to produce signifi cantly more 
PCs and better tolerate Cd toxicity than low-CO 2 - 
grown one (Tukaj et al.  2007 ); however, growth 
of alga was decreased under both low and high 
CO 2  conditions. 

 Natali et al. ( 2009 ) observed signifi cant 
increase in Mn concentrations in leaves of forest 
trees ( Quercus chapmanii ,  Q. geminata , and  Q. 
myrtifolia ) under e[CO 2 ], which was attributed to 
increased photosynthetic demand for Mn. 
However, other heavy metals with similar chemi-
cal properties to Mn and with higher bioavail-
abilities did not increase. Li et al. ( 2010 ) 
demonstrated that e[CO 2 ] signifi cantly increased 
the total biomass of six Chinese rice in the pres-
ence of metals (Cu and Cd); however, it differ-
ently affected the accumulation patterns of Cd. 
The variable Cd accumulation pattern was 
ascribed to genetic differences among the rice 
varieties and to the changes in exudation rates 
and spectrum of organic acids. Guo et al. ( 2011 ) 
also reported variable effects of e[CO 2 ] on Cd 

and Cu uptake by rice and wheat growing in 
metal-contaminated soils with an increase in Cd 
concentration but decline in Cu concentration in 
both plants. Guo et al. ( 2011 ) suggested that dif-
ferential binding affi nity of Cd and Cu to organic 
matter and hence variable mobilization in soil 
might be responsible for observed accumulation 
pattern. Van den Berge et al. ( 2011 ) questioned 
that will species that are sensitive/tolerant to Zn 
pollution still have the same sensitivity/tolerance 
in a future climate? They analyzed the response 
of constructed grassland communities to Zn sup-
ply, under a current climate and a future climate 
(elevated CO 2  and warming). Zn concentrations 
increased in roots and shoots with Zn addition, 
but this increase did not differ between climates. 
Light-saturated net CO 2  assimilation rate (Asat) 
of the species, on the other hand, responded dif-
ferently to Zn addition depending on climate. 
They suggested that if Asat in a future climate 
does not compromise productivity and survival, 
sensitivity will not be altered by climate change.  

8.4.3     Effect of Ozone and Other 
Environmental Factors 

 Shukla et al. ( 2008 ) studied interactive effects of 
Cd and UV-B exposure on essential nutrient (Ca, 
Mg, K) uptake and biomass and chlorophyll con-
tent in  Brassica campestris  seedlings. They 
found that Ca, Mg, and K uptake was reduced in 
roots under high doses of Cd and simultaneous 
exposure to UV-B for 10 days. Cd uptake was 
signifi cantly enhanced by 33 % in the presence of 
UV-B. Li Y et al. ( 2011 ) studied the combined 
effects of O 3  (<10 and 80 ppb, 7 h day −1 ) and Cd 
on growth and physiology of  Triticum aestivum . 
O 3  considerably depressed light-saturated net 
photosynthetic rate, stomatal conductance, chlo-
rophyll content, and total biomass without or 
with Cd. Ozone signifi cantly increased the activ-
ity of superoxide dismutase, catalase, and peroxi-
dase but also the malondialdehyde content. 
Ozone can reduce the stomatal conductance and 
thus limit transpiration-driven metal transport 
from root to shoot and metal concentration in 
grains. Pleijel ( 2011 ) stated that as O 3  negatively 
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affects grain yield, it would effectively increase 
metal concentration. Pleijel ( 2012 ) studied the 
effect of ozone on Cd and Zn in wheat grain. 
Grain Zn concentration was signifi cantly 
enhanced by ozone, while Zn yield was not 
affected. Cd concentration was unaffected by 
ozone, but Cd yield was signifi cantly negatively 
affected. 

 Guo et al. ( 2012 ) studied the effects of ele-
vated O 3  (50 % higher than the ambient O 3 ) on 
oxidative stress and bioaccumulation of Cd in 
wheat using FACE system. The study revealed 
higher concentrations of Cd in wheat tissues 
(shoots, husk, and grains) under elevated O3 sup-
ply. In addition, the combined exposure to Cd 
and elevated O 3  levels strongly affected the anti-
oxidant enzymes and accelerated oxidative stress 
in wheat leaves. In experiments of Castagna et al. 
( 2013 ), two poplar clones (I-214 and Eridano), 
differently sensitive to O 3 , were grown for 
5 weeks in pots supplied with Cd and then 
exposed to 15-d O 3  fumigation. Cadmium 
induced a reduction in stomatal conductance and 
a signifi cant accumulation of H 2 O 2  and NO in 
both clones and negatively affected the carot-
enoid content in I-214. Ozone, on the other hand, 
counteracted Cd accumulation in the aboveg-
round organs and signifi cantly increased the xan-
thophyll deep-oxidation state, indicating 
photoinhibition in O 3 -treated plants. Surprisingly, 
O 3  alone or in combination with Cd decreased 
H 2 O 2  accumulation in I-214. The NO production 
was generally stimulated by Cd, while it 
decreased following O 3  exposure in I-214. The 
overall data indicated that Cd and O 3  induced 
clone-specifi c responses. Moreover, when they 
applied in combination, antagonistic rather than 
synergistic effects were observed. Thus, various 
studies indicate either increase or decrease in 
metal accumulation in the presence of O 3 . These 
variations may be attributed to experimental con-
ditions, plant types, and metal bioavailability. 

 Nutrient availability is also a climate- and 
geography-regulated phenomenon as discussed 
above. It will be interesting and signifi cant to 
study and analyze how plants manage during 
nutrient-limiting conditions to maintain abiotic 
stress tolerance. In a recent study, Bashir et al. 

( 2013 ) investigated the importance of the sulfur 
and sulfur-containing compounds for the plants’ 
ability to perform under Cd stress. In this study, 
the authors studied the effects of sulfur depriva-
tion in Cd-stressed  Arabidopsis thaliana  by mea-
suring changes in magnitude of oxidative stress, 
key components of ascorbate–glutathione anti-
oxidant pathway and sulfur-assimilation path-
way, photosynthetic effi ciency, chloroplast 
ultrastructure, and biomass accumulation. They 
concluded that under S-deprived conditions, 
plants shift toward non-sulfur tolerance mecha-
nisms and thus could maintain equilibrium 
between growth and defense.  

8.4.4     Effect of Drought and Salinity 

 Several studies have evaluated the interaction of 
metal accumulation with soil moisture/water lev-
els because the water levels directly infl uence 
metal bioavailability as well as plant growth. 
Variable results of positive or negative infl uence 
of water status on metal accumulation have been 
found, and further metal accumulation has been 
either linked to or not to water stress tolerance. 
An increase in Se accumulation was observed 
under low soil moisture in tall fescue by Tennant 
and Wu ( 2000 ), which was explained by the 
decreased plant biomass. Bhatia et al. ( 2005 ) also 
found that the Ni concentrations increased in 
shoots of  Stackhousia tryonii  as the soil moisture 
levels decreased from 100 to 20 % fi eld capacity. 
In contrast, Angle et al. ( 2003 ) established that 
uptake of Zn or Ni in  Alyssum murale ,  Berkheya 
coddii , and  Thlaspi caerulescens  increased at 
higher soil moisture levels rather than at low soil 
moisture levels. Further, as plants produced more 
biomass at higher soil moisture levels, this fur-
ther enhanced the amount of metals extracted 
from soil. Similarly, Pascual et al. ( 2004 ) reported 
that bioavailable metal concentration in soils and 
thereby metal accumulation in  Lolium multifl o-
rum  decreased under water-defi cit condition. 
Whiting et al. ( 2003 ) compared the responses of 
non-hyperaccumulator and hyperaccumulator 
species to Ni and water stress conditions and 
found that  Alyssum montanum  and  Lepidium 
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 heterophyllum  had reduced survival rate and 
shoot growth as compared to that of hyperaccu-
mulator species ( Alyssum murale  and  Thlaspi 
caerulescens ). However, metal hyperaccumula-
tion itself did not confer resistance to drought 
stress. Instead, higher expressions of more gen-
eral stress tolerance genes were probably the rea-
son behind increased tolerance. However, when 
Disante et al. ( 2011 ) evaluated whether high Zn 
concentrations in soil solution impart water stress 
resistance in  Quercus suber , they found that mor-
pho-physiological responses induced by Zn stress 
improved water conservation strategies (via sto-
matal closure, decrease in transpiratory losses, 
and slow decrease of C fi xation) and imparted 
short-term drought tolerance. The increased 
metal accumulation may also alter drought stress 
tolerance of plants through effects on the uptake 
of K+, turgor maintenance, and osmotic adjust-
ment (Rajkumar et al.  2013 ). Hofacker et al. 
( 2013 ) demonstrated that temperature controls 
trace metal dynamics during soil fl ooding via its 
infl uence on microbial reduction of terminal 
electron acceptors. Even at low temperatures, soil 
fl ooding may trigger the release of chalcophile 
metals from contaminated fl oodplain soils by 
sorbent reduction, competitive sorption, and 
formation of nanoparticulate metal-bearing 
colloids. 

 Raziuddin et al. ( 2011 ) conducted hydroponic 
experiment to investigate the sole and combined 
effects of Cd and salinity on growth and photo-
synthesis of  Brassica napus  and  B. juncea . Cd 
and NaCl treatments imposed signifi cant nega-
tive effects on shoot and root length, weight, 
water content, number of plant leaves, photosyn-
thesis, and stomatal conductance compared to 
control, with the effects being more pronounced 
under combined treatments than in single ones. 
Bauddh and Singh ( 2012 ) found that  Ricinus 
communis  produced more biomass and was more 
tolerant to salinity and drought in the presence of 
Cd and removed more Cd in a given time than 
Indian mustard. Though the amount of Cd accu-
mulated in the roots and shoots of Indian mustard 
was higher per unit biomass than that in castor, 
total removal of the metal from soil was much 
higher in castor on per plant basis in the same 

period in presence of the stresses. Salinity alone 
enhanced Cd uptake, whereas drought stress 
reduced its uptake in both the plants. Zhang BL 
et al. ( 2013 ) investigated the effect of NaCl on Cd 
uptake, translocation, and oxidative stress using 
two tobacco cultivars differing in Cd tolerance. 
The growth inhibition of the tobacco plants 
exposed to Cd toxicity and oxidative stress was 
alleviated by moderate addition of NaCl through 
recovered or enhanced activities of antioxidative 
enzymes catalase and glutathione peroxidase. Cd 
concentration of shoots and roots in the two cul-
tivars was also reduced by addition of NaCl. 
Hence, similar to other stresses, salt and metal 
interactions appear to be genus and species spe-
cifi c whereby salt treatment either decreased or 
increased metal uptake by the plants and that too 
variably in different plants.   

8.5     Prospective Strategies 
for Genetic Manipulation 
for Enhanced 
Phytoremediation 
in Changing Climate 

 Phytoremediation is the use of plants to remedi-
ate contaminated soils and water and is a promis-
ing approach. It is environmentally friendly and 
maintains the biological properties and physical 
structure of the soil (Srivastava et al.  2012 ). 
However, phytoremediation applicability is 
dependent on several factors like metal accumu-
lation potential, metal bioavailability in soils/
water, and plant growth in metal-contaminated 
environment. These factors are affected by cli-
mate change. A number of transgenics have been 
generated with the view of developing tolerance 
against abiotic stresses like drought, heat, and 
salinity. These transgenic approaches should be 
viewed with the perspective of their utilization in 
the climate change with the predicted increases 
in temperature and changes in water availability. 
No transgenic plant developed for abiotic stress 
has yet been tested for performance under ele-
vated CO 2  to our knowledge. However, at ele-
vated CO 2  concentrations, plant allocation to 
defensive compounds will be affected enough to 
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impact plant–herbivore interactions as indicated 
in a study with transgenic cotton (Coviella et al. 
 2002 ). Further, there are also no studies to test the 
effectiveness of a transgenic developed, say, for 
drought tolerance against metal stress to our 
knowledge. However, the basic mechanisms of 
abiotic stress tolerance involve some common 
transcription factors, hormones, and strategies. 
Hence, it is likely that these transgenics would 
also tolerate the stress of increasing greenhouse 
gases and sustain growth and hence may perform 
better for remediation. 

 Plant exposure to almost all of the abiotic 
stresses leads to an accumulation of reactive oxy-
gen species (ROS) with the concomitant increase 
in antioxidant defense mechanisms. Therefore, 
one common strategy has been to strengthen anti-
oxidant machinery to augment ROS scavenging 
or to devise ways to reduce the production of 
ROS per se .  Alternative oxidase (AOX) consti-
tutes a branch of the mitochondrial ETC, whose 
activity gets induced under abiotic stresses due to 
its importance to avoid ROS generation by the 
chain. Wang and Vanlerberghe ( 2013 ) found that 
mild to moderate drought resulted in increase in 
AOX amount, accompanied by a progressive 
increase in expression of different ROS- 
scavenging components in  Nicotiana tabacum . 
However, RNAi transgenic plants with sup-
pressed AOX amount were able to manage ROS 
load. Under severe drought stress, however, 
plants lacking AOX suffered signifi cantly more 
cellular damage than WT. Zhang Z et al. ( 2013 ) 
demonstrated that rice ascorbate peroxidase 
( OsAPX2 ) loss of function mutants had lower 
APX activity and were sensitive to abiotic 
stresses (drought, salt, and cold) while overex-
pression of  OsAPX2  increased APX activity and 
enhanced stress tolerance. CrPrx and CrPrx1 are 
class III peroxidases from  Catharanthus roseus , 
which were expressed in  Nicotiana tabacum . 
Increased oxidative stress tolerance was observed 
in transgenics when treated with H 2 O 2  under 
strong light conditions. However, against abiotic 
stress, CrPrx exhibited better cold tolerance 
while CrPrx1 showed improved germination 
under salt and dehydration stresses (Kumar et al. 
 2012 ). 

 Tocopherols are a group of powerful antioxi-
dants having additional roles in signaling and 
gene expression, with α-tocopherol being the 
most potent form. In a study, α-tocopherol- 
enriched transgenic  Brassica juncea  plants were 
assessed against salt, heavy metal, and osmotic 
stress (Kumar D et al.  2013 ). Transgenic plants 
showed lesser oxidative damage and higher activ-
ities and transcript levels of antioxidant enzymes 
than WT plants under stress. Tocopherol cyclase 
(TC; encoded by gene VTE1) catalyzes the pen-
ultimate step of tocopherol synthesis. Guo et al. 
( 2009 ) used wild-type and transgenic tobacco 
plants overexpressing VTE1 from  Arabidopsis  to 
examine the role of tocopherol in ozone sensitiv-
ity. Wild-type plants responded to ozone by 
severe leaf necrosis while the transgenic lines 
exhibited limited injury. Compared with the wild 
type, VTE1-overexpressing plants had lower 
increase in hydrogen peroxide, malondialdehyde 
contents, and ion leakage and lower decrease of 
net photosynthetic rate 48 h following the ozone 
exposure. Transgenic plants also better main-
tained the structural integrity of the photosyn-
thetic apparatus. Ascorbate is a major antioxidant 
and free-radical scavenger in plants. 
Monodehydroascorbate reductase (MDHAR) is 
crucial for ascorbate regeneration and essential 
for maintaining a reduced pool of ascorbate. To 
examine whether an overexpressed level of 
MDHAR could minimize the deleterious effects 
of environmental stresses, Eltayeb et al. ( 2007 ) 
developed transgenic tobacco plants overexpress-
ing  Arabidopsis thaliana  MDHAR gene in the 
cytosol. The transgenic plants exhibited up to 
2.1-fold higher MDHAR activity and 2.2-fold 
higher level of reduced AsA compared to non- 
transformed control plants. The transgenic plants 
showed enhanced stress tolerance in term of sig-
nifi cantly higher net photosynthesis rates under 
ozone, salt, and PEG stresses. 

 Carotenoids are essential components of the 
photosynthetic apparatus involved in plant photo-
protection. To investigate the protective role of 
zeaxanthin under high light and UV stress, Gotz 
et al. ( 2002 ) transformed tobacco plants with a 
heterologous carotenoid gene encoding beta- 
carotene hydroxylase (crtZ; responsible for the 
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conversion of beta-carotene into zeaxanthin) 
from  Erwinia uredovora . The transformants syn-
thesized zeaxanthin more rapidly and in larger 
quantities than controls upon transfer to high- 
intensity white light. The UV-exposed trans-
formed plants demonstrated a greater tolerance 
with a higher biomass under UV-stressed condi-
tions. Thus, enhancement of zeaxanthin forma-
tion imparted UV stress protection and prevented 
damage. Nakajima et al. ( 2002 ) introduced an 
antisense DNA for an ozone-inducible 
1-aminocyclopropane- 1-carboxylate (ACC) syn-
thase from tomato into tobacco. In transgenic 
plants, ozone- inducible accumulation of ACC 
and ethylene production was reduced and the vis-
ible damage was attenuated. No signifi cant dif-
ferences in growth and morphology were 
observed between transgenic and wild-type 
plants; however, stomatal conductance of trans-
genic plants was higher than that of wild-type 
plants. These fi ndings indicated that the suppres-
sion of ACC synthase can improve the ozone tol-
erance of plants without reducing their gas 
absorption and productivity. 

 It is thought that manipulation of the expres-
sion of critical stress-responsive genes should 
ultimately provide increased protection against 
abiotic stress. The regulation of gene expression 
is a key factor in plant acclimation to stress. 
Hence, altered expression of specifi c regulatory 
proteins, such as transcription factors, protein 
kinases, and ubiquitin ligases, can be used to reg-
ulate the expression of downstream genes to 
affect metabolic responses to stress. 
Mukhopadhyay et al. ( 2004 ) isolated and charac-
terized a rice gene (OsiSAP1), encoding a zinc- 
fi nger protein, which is expressed under a variety 
of abiotic stresses. This discovery led to the iden-
tifi cation of a new family of stress-associated 
proteins (SAPs) that plays an important role in 
regulating plant responses to a wide range of abi-
otic stress conditions. Expression of the  AlSAP  
gene from  Aeluropus littoralis  was responsive to 
salt, osmotic, heat, and cold stress, as well as 
abscisic acid and salicylic acid, and its overex-
pression in tobacco enhanced the tolerance to 
salt, drought, heat, and freezing stress (Ben Saad 
et al.  2010 ). Similarly, the overexpression of 

OsiSAP8 in both tobacco and rice improved the 
tolerance to salt, drought, and cold stress 
(Kanneganti and Gupta  2008 ). Hozain et al. 
( 2012 ) ectopically expressed  Arabidopsis thali-
ana  AtSAP5 gene in cotton ( Gossypium hirsu-
tum ). Under non-stressful conditions, the rate of 
net CO 2  assimilation for transgenic lines was less 
sensitive to rapidly developing water defi cit over 
4 d than WT plants. In addition, enhanced protec-
tion of seedling growth and leaf viability was 
associated with the expression of AtSAP5. 
Babitha et al. ( 2013 ) expressed AtbHLH17 (basic 
helix-loop-helix) and AtWRKY28 TFs, which 
are known to be upregulated under drought and 
oxidative stress, respectively, in  Arabidopsis . The 
transgenic lines exhibited enhanced tolerance to 
NaCl, mannitol, and oxidative stress. Growth 
under stress and recovery growth were substan-
tially superior in transgenics exposed to gradual 
long-term desiccation stress conditions. Hence, 
coexpressing two or more TFs may substantially 
improve the stress tolerance of the plants. Vadez 
et al. ( 2013 ) assessed how root traits are infl u-
enced under water stress in groundnut ( Arachis 
hypogaea ) in WT and transgenics (transformed 
with DREB1A, dehydration-responsive element- 
binding protein 1A) and demonstrated that water 
stress promotes rooting growth more strongly in 
transgenic events than in the WT, especially in 
deep soil layers, and this leads to increased water 
extraction. 

 Morran et al. ( 2011 ) generated transgenic 
wheat and barley plants with constitutive and 
drought-inducible expression of the TaDREB2 
and TaDREB3 transcription factors. Transgenic 
populations with constitutive overexpression 
showed slower growth, delayed fl owering, and 
lower grain yields relative to the WT controls. 
However, both transgenics showed improved sur-
vival under severe drought conditions. The unde-
sired changes in plant development could be 
alleviated by using a drought-inducible promoter. 
In addition to drought tolerance, both transgenic 
plants with constitutive overexpression of the 
transgene showed a signifi cant improvement in 
frost tolerance. Nuclear factor-Y (NF-Y) is a het-
erotrimeric transcription factor composed of 
NF-YA, NF-YB, and NF-YC proteins. Ni et al. 
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( 2013 ) identifi ed and characterized a gene 
GmNFYA3 from  Glycine max . Overexpression 
of GmNFYA3 in  Arabidopsis  resulted in reduced 
leaf water loss and enhanced drought tolerance; 
however, the transgenic  Arabidopsis  exhibited 
increased sensitivity to high salinity and exoge-
nous ABA. Moreover, the transcript levels of 
ABA biosynthesis, signaling, and stress- 
responsive genes were generally higher in 
GmNFYA3 plants than in WT controls under 
normal conditions. MicroRNA319 (miR319) is 
one of the fi rst characterized and conserved 
microRNA families in plants and has been dem-
onstrated to target TCP (for Teosinte Branched/
Cycloidea/Proliferating Cell Factors [PCF]) 
genes encoding plant-specifi c transcription fac-
tors. Zhou et al. ( 2013 ) investigated the role that 
miR319 plays in the plant response to abiotic 
stress using transgenic  Agrostis stolonifera  over-
expressing a rice ( Oryza sativa ) miR319 gene. 
Transgenic plants overexpressing Osa-miR319a 
displayed morphological changes and enhanced 
drought and salt tolerance associated with 
increased leaf wax content and water retention. A 
rice stress-responsive transcription factor 
encoded by the rice NAC1 gene (SNAC1) plays 
an important role in drought stress tolerance. 
Saad et al. ( 2013 ) introduced the SNAC1 gene in 
wheat and transgenics displayed signifi cantly 
enhanced tolerance to drought and salinity as 
compared to wild type. In addition, the expres-
sion of genes involved in abiotic stress/ABA sig-
naling was effectively regulated by the alien 
SNAC1 gene. 

 Calcium-binding proteins that contain 
EF-hand motifs have been reported to play 
important roles in transduction of signals associ-
ated with biotic and abiotic stresses. Wang et al. 
( 2013 ) found that transgenic  Arabidopsis  seed-
lings expressing an EF-hand family gene 
( MtCaMP1 ) from  Medicago truncatula  had 
higher survival rate and greater tolerance than 
WT under drought and salt stress. This was attrib-
uted to effective osmoregulation due to greater 
accumulation of proline and by minimizing toxic 
Na+ accumulation under drought and salinity 
stress, respectively. Protein phosphorylation/
dephosphorylation is a major signaling event 
induced by osmotic stress in higher plants. 

Sucrose non-fermenting 1-related protein kinase 
2 (SnRK2) family members play essential roles 
in the response to hyperosmotic stresses in plants. 
Tian et al. ( 2013 ) cloned TaSnRK2.3 gene from 
common wheat, overexpressed in  Arabidopsis , 
and subjected to severe abiotic stresses. 
Overexpression of TaSnRK2.3 resulted in an 
improved root system and signifi cantly enhanced 
tolerance to drought, salt, and freezing stresses, 
simultaneously demonstrated by enhanced 
expression of abiotic stress-responsive genes and 
ameliorative physiological indices. 

 One of the approaches employed for the 
decontamination of environment includes identi-
fi cation and overexpression of genes involved in 
the detoxifi cation mechanism of plants. 
Glutathione S-transferases (GSTs) are a super-
family of enzymes, principally known for their 
role in detoxifi cation reactions. Different classes 
of GSTs have been used to develop plants with 
improved detoxifi cation potential. Kumar S et al. 
( 2013 ) found differential expression of OsGSTLs 
genes in As-sensitive and As-tolerant genotypes. 
They expressed one member of Lambda class 
OsGSTL2 in  Arabidopsis . OsGSTL2 provided 
tolerance for heavy metals and other abiotic 
stresses like cold, osmotic stress, and salt. 

 Dehydrins are a type of late embryogenesis 
abundant (LEA) protein. Accumulation of dehy-
drins enhances the drought, cold, and salt toler-
ances of transgenic plants, although the 
underlying mechanism is unclear. MtCAS31 
( Medicago truncatula  cold-acclimation-specifi c 
protein 31) is a dehydrin that was isolated and 
overexpressed in  Arabidopsis  by Xie et al. ( 2012 ). 
MtCAS31 overexpression dramatically reduced 
stomatal density through interaction with a gene 
involved in stomatal development (AtICE1: 
inducer of CBF expression 1) and markedly 
enhanced the drought tolerance of transgenics. 
Plants synthesize a set of evolutionary conserved 
proteins called heat shock proteins (HSPs) upon 
heat stress, and many groups have produced ther-
motolerant plants by overexpressing these HSPs 
(Khurana et al.  2013 ). The HSP family has been 
classifi ed into fi ve groups depending on their 
molecular weight: HSP100, HSP90, HSP70, 
HSP60, and small HSPs. Jiang et al. ( 2009 ) 
expressed RcHSP17.8, a cytosolic class I sHSP, 
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from  Rosa chinensis  in  Arabidopsis thaliana  
plants, which exhibited increased tolerance to 
multiple abiotic stresses such as heat, salt, 
osmotic, and drought stress. Chauhan et al. 
( 2012 ) characterized wheat chloroplastic 
sHSP26. Transgenic  Arabidopsis  plants were 
substantially tolerant under continuous high- 
temperature regimen than WT plants, as mea-
sured by higher biomass and seed yield. Zou 
et al. ( 2012 ) generated transgenic rice plants 
overexpressing OsHsp17.0 and OsHsp23.7. Both 
transgenic lines demonstrated higher germina-
tion ability compared to WT plants when sub-
jected to mannitol and NaCl. Transgenic rice 
lines displayed a higher tolerance to drought and 
salt stress compared to WT plants. 

 Lu et al. ( 2013 ) overexpressed  Arabidopsis  
molybdenum cofactor sulfurase gene (LOS5) in 
maize that markedly enhanced the expression of 
aldehyde oxidase (ZmAO) and aldehyde oxidase 
(AO) activity, leading to ABA accumulation and 
increased drought tolerance. Transgenic maize 
exhibited reductions in stomatal aperture, which 
led to decreased water loss. The increased 
drought tolerance in transgenic plants was asso-
ciated with ABA accumulation via activated AO 
and expression of stress-related gene via ABA 
induction, which sequentially induced a set of 
favorable stress-related physiological and bio-
chemical responses. 

 Singh et al. ( 2012 ) characterized a rice protein 
of unknown function, OsCBSX4 (cystathionine 
β-synthase domain-containing protein), which 
was upregulated under high salinity, heavy metal, 
and oxidative stresses at seedling stage. 
Transgenic tobacco plants overexpressing 
OsCBSX4 exhibited improved tolerance toward 
salinity, heavy metal, and oxidative stress and 
could grow and set seeds under continuous pres-
ence of 150 mM NaCl.  

8.6     Conclusions and Future 
Directions 

 The studies conducted do indicate that metal bio-
availability and hence the metal uptake by the 
plants as well as plant growth per se are intri-
cately controlled by various climatic and geo-

graphical factors including water, salt, 
temperature, CO 2 , and other gases. To date a few 
studies have tried to evaluate the interaction of 
some components like CO 2  and temperature, 
temperature and metal, CO 2  and metal, etc. But 
this seems unlikely to study the effect of all 
parameters on growth and metal uptake of plants. 
For a better evaluation of future climate effects 
on growth and metal accumulation profi le of 
plants, one approach might be to conduct experi-
ments in different natural fi eld locations. More 
comprehensive statistical modeling can be 
another suitable approach to deal with the issue 
of climate change to predict future effects. The 
need exists to develop transgenics for better 
remediation of metal-contaminated areas pres-
ently as well as in future climatic conditions. 
Laboratory and fi eld studies have been done to 
develop transgenics for increasing the metal 
accumulation potential of plants (Srivastava et al. 
 2012 ) and to tolerate climatic adverse conditions 
like salinity, drought (Aguado-Santacruz  2006 ), 
and temperature (Grover et al.  2013 ). However, 
no transgenic has yet been tested for metal 
removal potential in fi eld with a view of changing 
climate. This needs timely attention so that appli-
cation of phytoremediation technology continues 
in future.     
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of Extreme Climatic Factors 
on Plant Productivity                     

     Kuldeep     Bauddh    ,     Manish     Sainger    ,     Sanjeev     Kumar    , 
    Poonam     Ahlawat     Sainger    ,     Pawan     Kumar     Jaiwal    , 
and     Rana     Pratap     Singh    

    Abstract  

  Elevated carbon dioxide (CO 2 ), high temperature, drought, cold and freez-
ing, and buildup of the greenhouse gases and suspended particulate mat-
ters (SPMs) in the air, the major consequences of climate change and 
climate variability, affect plant productivity in various ways. To mitigate 
the negative effects of these climatic factors on plants, a clear understand-
ing of complex tolerance mechanisms involved in making plants more tol-
erant to these multiple stresses is necessary. The various metabolic and 
molecular pathways involved in inducing tolerance to these odd climatic 
conditions indicate that multiple genetic regulatory systems are involved 
in mitigating these stresses. However, the share of various metabolic shifts 
in providing tolerance to the plants is not yet clear. The conventional 
breeding is unable to manage such complex genetic traits; therefore, scien-
tists are looking for Gene Technologies to handle this problem. The genetic 
transformation of plants with regulatory genes, e.g., transcription factors, 
has paved a way to produce improved plant varieties possessing tolerance 
to the multiple stresses that originated from the climate change. The perti-
nent literature indicates that a lot more is to be done to overcome the chal-
lenges in developing transgenic plants suitable for the future climate. It 
needs an urgent attention to resolve the availability of plant-based prod-
ucts in the recent future.  
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9.1         Introduction 

 There is an increasing acceptance in various sec-
tors that climatic variability and global warming 
observed during the past few decades are a reality 
and not a myth. The extreme hot and cold seasons 
and subsequent drought and fl ood and the ele-
vated carbon dioxide (CO 2 ) and other greenhouse 
gases of anthropogenic origin are generally con-
sidered to be the major factors resulting from 
such climatic variability and extreme weathers 
throughout the world. Agriculture, horticulture, 
forestry, availability of potable and irrigation 
water, and energy are considered to be more sen-
sitive areas especially in the tropical and subtrop-
ical countries including India. All these areas, 
directly or indirectly, are related to the plant pro-
ductivity and biodiversity in different ecosys-
tems. Though the application of inorganic 
fertilizers has been found to be well correlated 
with the crop yield (Bakht et al.  2009 ; Wang et al. 
 2010 ; Zaman et al.  2010 ), excessive use of these 
fertilizers has been reported not only to contami-
nate the groundwater and surface water bodies 
(Chandna et al.  2011 ; Rawat et al.  2010 ,  2012 ) 
but also responsible for the emissions of green-
house gases, e.g., nitrogen oxides (NOx) and 
volatilization of NH 3 , which accelerate the pro-
cess of global warming (Fig.  9.1 ) (Galloway 
et al.  2008 ; Foulkes et al.  2009 ; Yang et al.  2011 ; 
Cui et al.  2012 ; Gogoi and Baruah  2012 ). 
Therefore, there is an increasing concern to fi nd 
out ways to mitigate the negative effects of cli-
mate change on biodiversity and plant productiv-
ity in general and crop productivity in particular.

   Climate change is generally related to the abi-
otic stresses due to extreme environmental 
changes, and most of the abiotic stress tolerance 
mechanisms in plants are complex due to the 
involvement of multiple metabolic pathways. 
Hence, manipulating these characters through 
conventional breeding remains a big challenge. 

 New tools and techniques related to the 
molecular breeding and genetic engineering in 
plants have emerged as signifi cant way to iden-
tify, select, and transfer the specifi c key regula-
tory genes or transcription factors of synthetic 
nature as well as those isolated from the living 
organisms across the taxonomic boundaries, e.g., 
microorganism and distantly related plants and 
animals, etc. using gene technologies. The works 
related to the biotechnological strategies to miti-
gate the problems of climate change are, how-
ever, in the initial stage and the efforts made in 
this direction may be limited to one (Ewert et al. 
 2002 ; Zhang et al.  2011 ; Xu-rong et al.  2013 ) or 
a few stress (Waditee et al.  2005 ), whereas the 
mitigation measures for these complex climatic 
factors need handling of multiple stresses in one 
go. Some success stories have been reported for 
tolerance to multiple stresses in plants using the 
regulatory genes, e.g., transcription factor, which 
opens up new hopes in this area (Xiong and Yang 
 2003 ; Su and Wu  2004 ; Shabala and Pottosin 
 2014 ). 

 This chapter critically assesses the potentials 
and limitations of biotechnological approaches 
for the mitigation of the multiple stress-related 
multigenic control of extreme temperature, and 
water extremes and other climate change-related 
stresses occur along with these stresses.  

9.2     Climate Change Causes 
and Consequences 

 Before the industrial era, the concentration of 
atmospheric CO 2  was almost 280 ppm. The con-
centration of CO 2  has been increased dramati-
cally with the industrialization and has reached 
more than 360 ppm by 2000 (Fig.  9.1a ). The rate 
of this increased CO 2  over the past century is 
unmatched with the previous period and at least 
during the past 20,000 years. The enhanced 
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buildup of greenhouse gases during the recent 
past has been observed as a consequence of rapid 
urbanization, globalization, industrialization, 
deforestation, and indiscriminate chemical fer-
tilizers during the green revolution phase of the 
agriculture (Figs.  9.1  and  9.2a–d ). Climate 
change is represented by the global warming, 
rapid climate variability, and unscheduled expan-
sion or shrinkage of the extreme climates, i.e., 
heat, cold, and rain, etc. The carrying capacity of 
the various climatic conditions is diminishing as 
sudden high rain fall causing fl ood and water 
logging may be followed by extreme tempera-
ture variations (Webb et al.  2012 ). The hot days 
are increasing in tropics and subtropics and cold 
days are decreasing. Similarly, in temperate 
regions, freezing, ice storms, earthquakes, etc. 
are increasing. It appears, therefore, that the 
greenhouse gases and air pollution causing 
global warming are not the only causes and con-
sequence of the climate change, but many known 
and unknown factors are also involved. The envi-
ronmental system is an open and huge system, 
where simulations and modeling of data may not 
give the exact picture of the expected 
consequences.

9.3        Metabolic Changes in Plants 
Due to Climate Variability 
and Climate Change 

 The major blame for the recent global warming 
has been primarily designated to the elevated CO 2  
levels of the recent past, which has been  correlated 
with increase in population, urbanization, and 
other anthropogenic activities (Fig.  9.3 ).

   Many studies reported on the effects of ele-
vated CO 2  on the plant productivity claims that 
the availability of high CO 2  levels enhances pho-
tosynthetic fi xation; hence, the global warming 
may be benefi cial to plant productivity (Morison 
and Gifford  1983 ; Prior et al.  2003 ; Prior and 
Runion  2011 ) (Fig.  9.4 ).

   However, most of these studies have been per-
formed with the isolated crop plants in simulated 
laboratory conditions with the supply of elevated 
CO 2 . This will not mimic exactly multiple stress 
causing natural agroclimatic conditions of the 
global warming, which are expected to occur 
simultaneously in the natural ecosystems in the 
climate change regime. It is evident that the ele-
vated CO 2  will delimit the carbon fi xation by the 
green plants, provided all other relevant factors 

  Fig. 9.1    Environmental degradation due to the applica-
tion of inorganic fertilizers in crop fi elds. Effects of appli-
cation of inorganic fertilizers (Based on Galloway et al. 

 2008 ; Foulkes et al.  2009 ; Rawat et al.  2010 ,  2012 ; Yang 
et al.  2011 ; Cui et al.  2012 ; Gogoi and Baruah  2012 )       
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  Fig. 9.2    Status of major greenhouses gases CO 2  ( a ) nitrous oxide ( b ) methane ( c ) and chlorofl uorocarbons ( d ) in the 
atmosphere (Source:   http://www.esrl.noaa.govgmdaggi    )       

  Fig. 9.3    Global population, CO 2  emissions, and food production data over the period 1961–2010 (Source:   www.
co2science.org    )       
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do not get limited. Many other factors like the 
synthesis of transporters, enzymes, precursors, 
and energy-carrying compounds, etc. will also be 
required, for enhanced productivity which is 
dependent on the metabolism of nitrogen and 
other macro- and micronutrients which may get 
limited due to CO 2  enhanced high temperature 
and drought. 

 The elevated CO 2  will increase temperature 
regimes and water stress to the plants which will 
cause metabolic shifts to increase over the pro-
duction of reactive oxygen species, higher osmo-
lyte synthesis, protein denaturation, reduced 
water availability, increased cellular injury, and 
apoptosis and will also reduce the microbial rich-
ness of the soil and cause reduction in the growth 
and productivity of plants (Sung et al.  2003a ,  b ; 
Mittler et al.  2004 ; Howarth  2005 ; Ferrandino 
and Lovisolo  2014 ; Minocha et al.  2014 ; Shi and 
Chan  2014 ) (Fig.  9.5 ).

   The extreme temperature is reported to cause 
a number of metabolic changes in plants which 
directly or indirectly reduced its growth and pro-

ductivity (Wahid et al.  2007 ; Hanumappa and 
Nguyen  2010 ; Bernard et al.  2014 ; Valifard et al. 
 2014 ) (Fig.  9.6 ).

   It appears, therefore, that the effects of the 
elevated CO 2  and other increased greenhouse 
gases need a revisit in relation to their complex 
interactions with other primary and secondary 
stresses produced in the natural ecosystems as 
climate change, climatic variability, and global 
warming. Further studies are required to explore 
the up- and down regulations of productivity- 
related genes and transcription factor under the 
infl uence of multiple stresses. In most of the 
studies increase in CO 2  fi xation and related pro-
ductivity enhancement have been reported in 
controlled conditions by manipulating single 
stress or the related genes, however, in natural 
fi elds the conditions of multiple stresses and their 
complex interactions occur. These studies are 
hence, unable to explain the regulatory proce-
dures at molecular level which are responsible 
for the complex plant responses under the com-
plex agroclimatic changes.  

  Fig. 9.4    Direct effect of elevated CO 2  on the crop productivity (Morison and Gifford  1983 ; Prior et al.  2003 ; Prior and 
Runion  2011 ; Miura et al.  2013 ; Zhou et al.  2013 )       
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  Fig. 9.5    Indirect effect of elevated CO 2  on the crop productivity (Mittler et al.  2004 ; Howarth  2005 ; Theocharis et al. 
 2012 ; Ferrandino and Lovisolo  2014 ; Minocha et al.  2014 )       

  Fig. 9.6    Effect of extreme temperature on the growth and productivity of crops (Knight  2000 ; Larkindale and Knight 
 2002 ; Wahid et al.  2007 ; Hanumappa and Nguyen  2010 ; Evrard et al.  2013 ;   Bernard     et al.  2014 ; Valifard et al.  2014 )       
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9.4     Gene and Loci Responsive 
to Major Climatic Factors 
and Assessment of Genetic 
Improvement in Plants 
to Mitigate Extreme Climatic 
Factors 

 Generally plants respond to the abiotic stresses 
through a wide range of reactions from morpho-
logical changes to alterations in the patterns of 
protein expressions, production of secondary 
metabolites and antioxidant compounds, etc. 
(Srivastava and Singh  1987 ; Liu et al.  2003 ; Gill 

et al.  2013 ; Bernard et al.  2014 ; Valifard et al. 
 2014 ) (Fig.  9.7 ).

   Biotechnological approaches has made some 
success in improving water-use effi ciency (WUE) 
and drought resistance in the crops like  Zea mays , 
 Triticum aestivum ,  Carica papaya ,  Oryza sativa , 
 Brassica napus ,  Gossypium hirsutum , and 
 Saccharum offi cinarum  (Table  9.1 ) (Haake et al. 
 2002 ; Almeida et al.  2007 ; Chen et al.  2007 ; 
Ratnakumar et al.  2009 ; Zhang et al.  2011 ; de 
Paiva Rolla et al.  2013 ; Xu-rong et al.  2013 ; 
Tripathi et al.  2014 ). Haake et al. ( 2002 ) have 
reported that the transcription factor  CBF4  is a 

  Fig. 9.7    Natural mechanisms in plants to defend the abiotic stresses (Srivastava and Singh  1987 ;   Gill     et al.  2013 ; 
  Bernard     et al.  2014 ; Danquah et al.  2014 ; Valifard et al.  2014 )       
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regulator of drought adaptation in  Arabidopsis . 
Overexpression of  CBF4  in transgenic 
 Arabidopsis  plant has resulted in the activation of 
C-repeat/dehydration-responsive element con-
taining downstream genes that are involved in 
cold acclimation and drought adaptation. As a 
result the newly developed transgenic plants are 
more tolerant to freezing and drought stress. 
Decreased soil water potential is one of the major 
limiting factors for the smooth production of 
agricultural crops, which is basically due to the 
increases in global temperature and land deserti-
fi cation (Zhou et al.  2013 ). Drought stress has 
been reported to be induced by PLD-mediated 
production of phosphatidic acid (Bargmann et al. 
 2009 ) and the generation of reactive oxygen spe-
cies (ROS) (Choudhury et al.  2013 ; Yao et al. 
 2013 ; Du et al.  2014 ; Hossain et al.  2014 ). 
Reactive oxygen species have been strongly 
linked to water-defi cit-induced stomatal closure 
(Zhou et al.  2013 ), which is an important mecha-
nism reducing transpiration-mediated water 
losses. Production of nitric oxide (NO) has been 
reported to enhance the stomatal closure in pres-
ence of water-defi cit stress (Neill et al.  2008 ).

   Transgenic  Lycopersicon esculentum  having 
gene  CBF1  isolated from  Arabidopsis  showed 
enhanced resistance to water-defi cit stress (Hsieh 
et al.  2002 ). They found that in transgenic tomato 
plants, the stomata were closed more rapidly than 
the wild type after water-defi cit treatment. 
Further,  Petunia hybrida  plants have been trans-
formed by incorporating Δ 1 -pyrroline-5- 
carboxylate synthetase gene ( AtP5CS ) of 
 Arabidopsis thaliana  L. and  OsP5CS  gene iso-
lated from  Oryza sativa  L. (Yamada et al.  2005 ). 
The resultant transgenic  P. hybrida  plants accu-
mulated higher amount of proline than wild types 
under a 14-day drought stress and provided 
water-defi cit tolerance in the transformed plants. 
Zhao et al. ( 2007 ) have transferred  AtDREB1A  
gene in tall fescue ( Festuca arundinacea ) plant, 
which was exposed to water withdrawal of 30 
days. They found that the transgenic tall fescue 
showed increased resistance to drought and accu-
mulated high level of proline, indicating ability 
of the  CBF3  gene to induce stress-related 

response in tall fescue. Almeida et al. ( 2007 ) 
have also assessed the responses of  photosynthesis 
to water defi cit of tobacco plants genetically 
engineered with  AtTPS1  gene obtained from  A. 
thaliana . When subjected to the water-defi cit 
stress, higher Fv/Fm, FPSII, and qP were detected 
for the transgenic plants which indicates a possi-
ble higher ability to withstand severe drought 
stress and to resist to prolonged periods without 
water. 

 Expression of  AtDREB1A  gene was found to 
be induced by drought stress in transgenic rice 
lines, which were highly tolerant to severe water- 
defi cit stress (14-day water withdrawal) in both 
the vegetative and reproductive stages without 
affecting their morphological traits (Ravi kumar 
et al.  2014 ).  AtDREB1A  was associated with an 
increased accumulation of proline, maintenance 
of chlorophyll, increased relative water content, 
and decreased ion leakage under drought stress. 
A soybean DRE-binding transcription factor pro-
vide drought and high-salt tolerance in transgenic 
 Arabidopsis  and tobacco (Chen et al.  2007 ). The 
overexpression of  GmDREB2  in transgenic 
 Arabidopsis  resulted in enhanced tolerance to 
drought and high-salt stresses and did not cause 
growth retardation. Moreover, analysis of free 
proline contents in transgenic tobacco indicated 
that the overexpression of  GmDREB2  accumu-
lated higher level of free proline as compared to 
the wild-type plants under drought condition. 
 TPS1  and  TPS2  genes were found to be respon-
sible for the tolerance to drought, freezing, salt, 
and heat without retardation in growth of 
 Nicotiana  and  Arabidopsis  (Karim et al.  2007 ; 
Miranda et al.  2007 ). Tolerance to drought stress 
of the homozygous transgenic cotton ( Gossypium 
hirsutum  L.) plants with enhanced glycine beta-
ine (GB) accumulation due to expression of  betA  
was reported by Lv et al. ( 2007 ). In this case the 
GB levels in transgenic cotton were positively 
correlated with drought tolerance under the 
water-defi cit stress. The results suggested that 
GB may not only protect the integrity of the cell 
membrane from drought stress damage but also 
be involved in osmotic adjustment in transgenic 
cotton plants. 
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 Molinari et al. ( 2007 ) found that the trans-
genic citrus rootstock with gene  P5CSF129A  
showed higher osmotic adjustment and signifi -
cantly higher photosynthetic rate than the con-
trol plants at 15-day water-defi cit stress. Under 
this condition, the leaf water potential of non- 
transformed plants was close to zero after 17 
days, and the photosynthetic rate was almost 
null, 2 days later; however, in transgenic plants, 
similar measurements were only observed after 
24 days of water-defi cit stress. Kathuria et al. 
( 2009 ) have shown the enhanced water-defi cit 
stress tolerance and signifi cant transcriptome 
changes in  codA- expressing transgenic rice. 
They claimed that it may be an alternate possible 
mechanism of stress tolerance for choline oxi-
dase expressing transgenic plants. Sakuma et al. 
( 2006 ) carried out microarray analysis of trans-
genic  Arabidopsis  overexpressing  DREB2ACA  
and found that the overexpression of  DREB2ACA  
induces not only drought- and salt-responsive 
genes but also heat shock (HS)-related genes. 
They found that transient induction of the 
 DREB2A  occurs rapidly by HS stress and that 
the  sGFP-DREB2A  protein accumulates in 
nuclei of HS-stressed cells.  DREB2A -
upregulated genes were downregulated in 
DREB2A knockout mutants under stress condi-
tions. Thermotolerance was signifi cantly 
increased in plants overexpressing  DREB2ACA  
and decreased in  DREB2A  knockout plants. 

 Heat tolerance in  Arabidopsis  by functionally 
characterized  GASA4  gene was found to be 
expressed in the presence of heat (Ko et al.  2007 ). 
The constitutive expression of  GASA4  in 
 Arabidopsis  led to elevated heat tolerance in 
transgenic lines. Stressed transgenic wheat plants 
showed tolerance to 15 days of water shortage as 
a result of overexpression of  Vigna aconitifolia  
Δ 1 -pyrroline-5-carboxylate synthetase (P5CS) 
cDNA (Vendruscolo et al.  2007 ). Kodama et al. 
( 1994 ) have engineered transgenic tobacco plant 
by introduction of a chloroplast ω-3 fatty acid 
desaturase gene ( fad7 ) isolated from  Arabidopsis 
thaliana  for cold tolerance .  The wild-type plants 
exposed to 1 °C for 7 days have suppressed leaf 
growth, which was signifi cantly alleviated in the 

transgenic plants having gene  fad7 . Moreover, 
chlorosis was found induced in wild types due to 
this cold stress, which was also managed in the 
plants transformed with  fad7  gene. 

 Cold is another important abiotic stress which 
signifi cantly reduces crop yield and productivity. 
Plants have different mechanisms which help 
ameliorate the effects of cold stress. Cold accli-
mation correlates with a massive reprogramming 
of gene expression as well as the metabolome 
(Hara et al.  2003 ). Several studies suggested that 
exogenous NO increased cold tolerance in vari-
ous plant species including  Triticum aestivum , 
 Zea mays ,  Solanum lycopersicum , etc. (Cantrel 
et al.  2011 ). 

 Enhanced cold tolerance and inhibition of 
lipid peroxidation by citrus dehydrin in trans-
genic tobacco have been reported by Hara et al. 
( 2003 ). Malondialdehyde production was found 
to be enhanced by chilling stress (−4 °C), which 
was lowered in tobacco plants expressing citrus 
dehydrin than in control phenotypes. The inhibi-
tory activity of dehydrin against liposome oxida-
tion was stronger than that of albumin, 
glutathione, proline, glycine betaine, and sucrose. 
These results suggest that dehydrin facilitates 
plant cold acclimation by acting as a radical- 
scavenging protein to protect membrane systems 
under cold stress. Xiong and Yang ( 2003 ) have 
isolated and functionally characterized a stress- 
responsive mitogen-activated protein kinase 
(MAPK) gene ( OsMAPK5 ) from rice ( Oryza 
sativa ). They generated and analyzed transgenic 
rice plants with overexpression or suppression of 
 OsMAPK5 , and they found that the suppression 
of  OsMAPK5  expression and its kinase activity 
resulted in the constitutive expression of 
pathogenesis- related genes such as  PR1  and 
 PR10  in dsRNAi transgenic rice plants and 
 signifi cantly enhanced resistance to biological 
pathogens, e.g., fungal ( Magnaporthe grisea ) 
and bacterial ( Burkholderia glumae ) pathogens; 
however, the same dsRNAi lines had signifi cant 
reductions in drought, salt, and cold tolerance. 
Overexpression of lines exhibited increased 
OsMAPK5 kinase activity and increased toler-
ance to drought, salt, and cold stresses. They had 
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concluded that  OsMAPK5  can positively regulate 
drought, salt, and cold tolerance and negatively 
modulate pathogenesis-related gene expression 
and broad spectrum disease resistance. Yi et al. 
( 2004 ) have reported that transgenic  Arabidopsis  
plants expressing  CaPF1  displayed tolerance 
against freezing temperatures and enhanced 
resistance to  Pseudomonas syringae . They 
observed the disease tolerance in transgenic 
tobacco plants having gene  CaPF1 . The results 
of their study indicate that  CaPF1  is an  ERF/AP2  
transcription factor in hot pepper plants that may 
play dual roles in response to biotic and abiotic 
stress in plants. The effects of expressing a heter-
ologous tobacco mitogen-activated protein kinase 
( Nicotiana PK1 ), which is able to mimic H 2 O 2  
signaling, have been reported in maize (Shou 
et al.  2004 ). They found that low level of consti-
tutive expression of the  Nicotiana PK1  gene 
enhances freezing tolerance in transgenic maize 
plants that are normally frost sensitive. The over-
expression of  BNCBF  as reported by Savitch 
et al. ( 2005 ) has partially simulated cold-induced 
photosynthetic acclimation in  Brassica napus . 
These results suggest that  BNCBF/DREB1  over-
expression in  Brassica  not only resulted in 
increased freezing tolerance but also partially 
regulated chloroplast development to increase 
photochemical effi ciency and photosynthetic 
capacity. 

 The co-expression of  N -methyltransferase 
genes in  Synechococcus  caused accumulation of 
a signifi cant amount of betaine and conferred salt 
tolerance to a freshwater cyanobacterium suffi -
cient for it to become capable of growth in sea-
water (Waditee et al.  2005 ). Similarly  Arabidopsis  
plants under 0 °C cold stress expressed 
 N -methyltransferase genes which results to 
higher accumulation of betaine in roots, stems, 
leaves, and fl owers that provide cold tolerance to 
the plants resulting in improved seed yield. Qin 
et al. ( 2004 ) reported that overexpression of 
transgenic  Arabidopsis ZmDREB1A  induced 
overexpression of target stress-inducible genes of 
 Arabidopsis DREB1A  resulting in plants with 
higher tolerance to drought and freezing stresses. 
 ZmDREB1A  is suggested to be potentially useful 

for producing transgenic plants that is tolerant to 
multiple stress drought, high salinity, and/or cold 
stresses. 

 At 450 ppm CO 2  EPF2 -overexpressing plants, 
with reduced stomatal density, had larger leaves 
and increased dry weight in comparison with 
controls when a collection of  Arabidopsis  epider-
mal patterning factor (EPF) mutants with an 
approximately 16-fold range of stomatal densi-
ties (approx. 20–325 % of that of control plants) 
were grown at three atmospheric carbon dioxide 
(CO 2 ) concentrations (200, 450, and 1000 ppm) 
and 30 % or 70 % soil water content (Doheny- 
Adams et al.  2012 ). The growth of these plants 
was also less adversely affected by reduced water 
availability than plants with higher stomatal den-
sity, indicating that plants with low stomatal den-
sity may be well suited to growth under predicted 
future atmospheric CO 2  environments and/or 
water-scarce environments.  

9.5     Conclusions and Future 
Prospects 

 The studies cited in Table  9.1  and in the above 
text indicate that a cross-talk signaling is involved 
in stress tolerance in plants which goes across the 
abiotic stresses and beyond (to biotic stresses). In 
addition, the dehydration and oxidative stresses 
which are generated as secondary stress due to 
most of the biotic and abiotic stresses are man-
aged by a series of metabolic reactions causing 
enhanced accumulation of compatible solutes 
and free radical-scavenging systems. All these 
processes involve a large number of genes to pro-
duce these tolerance mechanisms, and it is very 
diffi cult, if not impossible, to pyramid gene trans-
fer for multiple genes. It is also not clear which 
component of tolerance mechanism has a major 
share in providing climate change-related 
stresses. Therefore, the regulatory genes, e.g., 
transcription factors, which induce a cascade of 
events related to signaling and biosynthesis of 
stress protection-related metabolites by a single 
gene transfer provide a hope for the future 
targets.     
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      Impacts of Anthropogenic Carbon 
Dioxide Emissions on Plant-Insect 
Interactions                     
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    Abstract  

  Human industrialization has steadily raised atmospheric levels of CO 2  from 
280 ppm prior to industrialization to current levels at 400 ppm and by 2050 are 
expected levels of 550 ppm. Climate change has important impacts on plant-
insect interactions, and gaps in current understanding of plant responses to 
herbivory exist. Lately new empirical data has started to illuminate the mecha-
nisms of the effects of elevated CO 2  in plant-insect interactions. Research has 
shown that the resource allocation to allelochemicals is interconnected among 
photosynthesis, genetic regulation, and hormonal signaling. Recent molecular 
approaches have revealed that insect damage is perceived by plants, and the 
signal is amplifi ed by the participation of regulatory elements modulated by 
JA and ET, which induce plant responses to increase chemical defenses against 
herbivores. Elevated CO 2  inhibits JA and ET pathways and increases suscep-
tibility of plants to herbivore attack by decreasing both constitutive and induc-
ible chemical defenses against certain insects. Conversely, enriched 
atmospheric CO 2  increases SA, which increases other chemical defense path-
ways that are not regulated by JA. Identifying how atmospheres with high CO 2  
levels moderate resource allocation to secondary metabolism would help to 
avoid any interference in natural plant defenses. In this chapter, we discuss 
current understanding of the mechanisms controlling insect herbivory pertain-
ing to the global rise in atmospheric CO 2  concentrations.  

  Keywords  

  Elevated CO 2    •   Global change   •   Plant insect-interactions   •   Plant defenses   
•   Secondary metabolites  

10.1       Introduction 

 At the beginning of the twenty-fi rst century, the 
scientifi c literature outlines global boundary lim-
its to agricultural production. Estimates of land 
use, for instance, hold that croplands, pastures, 
and planted forests occupy between 4000 and 
5000 million hectares of land on Earth, with a 
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predicted addition of 120–280 million hectares 
by 2030 (Lambin and Meyfroidt  2011 ). The ceil-
ing on energy effi ciency of plants is known as 
well: Zhu et al. ( 2008 ) calculate that at contem-
porary CO 2  concentrations, C3 plants are up to 
4.6 % effi cient at capturing solar energy as chem-
ical bonds, while C4 plants are 6 %. Before that 
energy can be appropriated for anthropic pur-
poses, however, herbivory by insects annually 
deducts up to 13 % from global agricultural yield, 
at an estimated economic cost of 400 billion dol-
lars (Pimental  2004 ). 

 Responses of insect populations to rising 
anthropogenic CO 2  emissions are a topic of 
uncertainty and important to agriculture. 
Human industrialization has steadily raised 
atmospheric levels of CO 2  from 280 ppm prior 
to industrialization to current levels at 400 ppm 
and by 2050 are expected levels of 550 ppm 
(IPCC  2007 ). Atmospheric CO 2  concentration 
modulates the overall physiology of C3 plants 
(Leakey et al.  2009 ) and changes the quality of 
foliage, which makes herbivore insects sensi-
tive to the rise in atmospheric CO 2  (DeLucia 
et al.  2008 ). Since climate change infl uences 
insect populations through their interactions 
with host plants, predicting how insect popula-
tions will respond to climate change centers on 
understanding of plant physiology responses to 
herbivory. Especially, the physiological mecha-
nisms controlling allocation of resources to 
defenses against herbivores in plants grown 
under elevated CO 2  are most uncertain (Zavala 
et al.  2013 ). 

 Understanding the physiological mechanisms 
that lie beneath plant-insect interactions in ele-
vated CO 2  environments could help to predict the 
impacts of climate change on insect populations. 
Yet adjusting plant chemical defenses to chang-
ing environment could be an option for managing 
the stability of agroecosystems. Additionally, 
understanding how plants allocate resources to 
secondary metabolism under elevated CO 2  envi-
ronment would help to prevent any interference 
on the innate defenses in genetically modifi ed 
plants. In this chapter, we discuss current under-
standing of the mechanisms controlling insect 
herbivory pertaining to the global rise in atmo-
spheric CO 2  concentrations.  

10.2     Role of Plant Ecophysiology 
on Quality of Foliage 

10.2.1     Photosynthesis and Stomata 
Closure 

 Photosynthesis can be imagined as the initial 
stage of a process that distributes carbon and 
energy through interactions between plants and 
herbivore insects to culminate in considerable 
portion of the terrestrial ecosystem (Weisser and 
Siemann  2008 ). The carbon fi xation enzyme 
ribulose bisphosphate carboxylase/oxidase 
(rubisco) is responsible for fi xing atmospheric 
CO 2 , and it is situated at the beginning of this 
process. Competitive substrate binding between 
CO 2  and O 2  at the active site of rubisco accounts 
for the sensitivity of photosynthesis to changes in 
levels of atmospheric CO 2 . Although some 
grasses and arid succulents (C4 and CAM plants) 
fi x carbon independent of atmospheric CO 2  con-
centrations, the majority of plants (those which 
possess C3 metabolism) photosynthesize with 
increasing effi ciency as their supply of CO 2  
becomes more concentrated (Leakey et al.  2009 ). 

 The stimulation of photosynthesis by rising 
CO 2  levels has proliferant consequences on the 
general physiology of plants. For instance, sto-
matal apertures constrict as photosynthetic 
capacity increases, which leads to reduced tran-
spiration rates, resulting in increased foliar tem-
perature (Ainsworth and Rogers  2007 ; Bernacchi 
et al.  2007 ). The substrate saturation of rubisco 
by CO 2  assimilation not only infl uences plant 
physiology by increasing starch accumulation 
and sucrose signaling but also extends into the 
ecological dynamic between plants and insect 
herbivores.  

10.2.2     The Impact of Leaf Quality 
on Folivores 

 The main source of N for insects comes from 
rubisco, the dominant protein in the leaves of 
most plants and also the main source of valuable 
amino acids. Leaves contain up to nearly 40 % of 
amino acids and this is a potentially greater 
source of energy than a few micrograms of starch 
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(Farmer  2014 ). The ratio of carbon (C) to nitro-
gen (N) in plant tissue is higher than that of 
insects and converts N a limiting factor to the 
growth of insect herbivores (Mattson  1980 ). 
Although insects in general tend to compensate 
the lack of N in the diet by consuming more foli-
age, some insects are phagostimulated by high 
levels of carbohydrates (Hamilton et al.  2005 ). In 
one study, the CO 2 -driven increase of carbohy-
drates in soybean increased fecundity of Japanese 
beetles (O’Neill et al.  2008 ). 

 Although insects want nutritional resources 
from leaves, plants need to conserve these same 
resources for their own growth and reproduction. 
While the plant nutritional resources support 
insect growth, many plant secondary metabolites 
specifi cally reduce herbivore feeding effi ciency 
(Felton  2005 ). Optimal defense theory predicts 
that the products of primary metabolism are bal-
anced against the products of secondary metabo-
lism in plant tissue, such that plant fi tness is 
maximized under challenge by insect herbivores 
(McKey  1974 ). When considering the effects of 
elevated CO 2  on insect populations, both the 
nutritional content and the titer of chemical 
defenses must be taken into account.  

10.2.3     Consequences on Plant 
Growth Rate 

 Increasing atmospheric CO 2  accelerates plant 
growth. Elevated CO 2  environment spurns plants 
to assimilate carbon at a greater rate, leading to 
increased carbohydrate content as well as a shift 
to lower specifi c leaf areas (Stiling and 
Cornelissen  2007 ). The acceleration of plant 
growth rate can result a form of tolerance to 
insect herbivores by decreasing the relative foliar 
N content (Fornoni  2011 ). At the same time, the 
reduction in ratio of N to C obliges insect herbi-
vores to compensate by consuming more plant 
tissue to meet their basic dietary N requirements 
(DeLucia et al.  2008 ). 

 The phenology of plants also can be affected 
by the environmental concentration of CO 2 ; the 
timing and extent of developmental stages of 
plants are typically delayed with rising CO 2  
atmospheres. Soybeans grown under elevated 

CO 2 , for instance, begin to fl ower later than their 
control counterparts grown in ambient CO 2  atmo-
sphere (Castro et al.  2009 ). Likewise, senescence 
is both delayed in onset and prolonged in dura-
tion for plants exposed to elevated CO 2  levels 
(Taylor et al.  2008 ). This shift in phenological 
timing can lead to developmental mismatches 
between plants and their insect counterparts 
(DeLucia et al.  2012 ). Stages in the life cycles of 
insect pollinators, in particular, often are syn-
chronized with the fl owering times of plants they 
frequent and can drift out of temporal overlap 
under elevated CO 2  (DeLucia et al.  2012 ).  

10.2.4     Consequences 
of Ecophysiology Changes 
on Secondary Metabolism 

10.2.4.1     C:N Balance and Plant-Insect 
Interactions 

 The carbon-nutrient balance hypothesis postu-
lates that the nutrition status (C:N) of plants 
directly controls allocation of secondary metabo-
lites (Bryant et al.  1983 ). Similarly, the resource 
availability hypothesis (Coley et al.  1985 ) predi-
cated the physiological role of resource availabil-
ity as a control point connecting the plant’s 
primary growth with its chemical defenses against 
insect herbivores (Fig.  10.1 ). Based on these 
hypotheses, one can predict that plants grown 
under elevated CO 2  environment produce more 
carbon-based secondary metabolites because the 
higher CO 2  assimilated is diverted to the produc-
tion of these types of metabolites. This prediction, 
however, has been disputed by many empirical 
observations on the production of carbon- based 
secondary metabolites by plants grown under 
conditions of enriched CO 2  (Lindroth  2010 ). 
Continuous progresses in understanding patterns 
of synthesis of secondary metabolites have shown 
that resource allocation is interwoven among at 
least three physiological operators: photosynthe-
sis, genetic regulation, and hormonal signaling 
(Kerchev et al.  2012 ; Fig.  10.2 ).

    While the earlier models of plant responses 
to elevated CO 2  clearly conceptualize the effects 
of plant growth habit and nutrition on insect 
populations, they unsuccessfully predict the 
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production of secondary metabolites in defense 
against insect herbivory (Zavala et al.  2013 ; 
Hamilton et al.  2001 ). Existing mechanistic 
models of plant secondary metabolism regula-
tion by environmental CO 2  have yet to discern 
underlying  patterns among the empirical data 
available. Evidence suggests that photosynthe-
sis plays a direct regulatory role in the mobiliza-
tion of plant chemical defenses against 
herbivores. Under biotic stress, for instance, 
plants universally downregulate genes related to 

photosynthesis (Bilgin et al.  2010 ). The redox 
state within the chloroplast is thought to link 
photosynthesis with secondary metabolism; 
under attack from herbivore insects, plants 
interrupt the electron transport chain in photo-
synthesis, leading to a rapid accumulation of 
reactive oxygen species within the chloroplast 
(Kerchev et al.  2012 ). In turn, metabolic path-
ways responsible for the synthesis of several 
defense hormones are sensitive to the redox 
state of the cell (Kerchev et al.  2012 ).  

  Fig. 10.1    Early conceptual models of resource allocation 
in plants, such as the carbon-nutrient balance hypothesis, 
based the partitioning of resources to growth and chemical 
defenses on only a few physiological operators, such as 
C:N balance. However, the variable infl uence of elevated 

CO 2  on the production of plant secondary metabolites 
against insect herbivory suggests that the task of resource 
allocation in plants is more complex than previously 
supposed       

  Fig. 10.2    The physiological function of resource 
allocation is now understood to be interwoven among at 
least three operators: photosynthesis, genetic regulation, 
and hormone signaling. The uncertainty in predicting how 

CO 2  infl uences populations of insect herbivores lies in the 
way these components interact with one another to yield 
plant growth and defense       
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10.2.4.2     Unpredictability of CO 2  
Effects on Secondary 
Metabolism 

 Secondary metabolites are both diverse and idio-
syncratic in that their distribution does not always 
follow phylogenetic relationships among the 
plants that produce them (Wink  2003 ). This char-
acteristic unpredictability remains consistent in 
response to rising atmospheric CO 2 ; the infl uence 
of CO 2  on plant chemical defenses results in a 
range of responses without any apparent pattern 
(Zavala et al.  2013 ). Of the classes of compounds 
studied with regard to CO 2 , phenolics and terpe-
noids represent the majority (Lindroth  2010 ). 
Phenolic compounds appear largely unaffected 
by carbon dioxide, with the exception of con-
densed tannins which vary widely in response 
across species studied. Likewise, the response of 
terpenoids to rising CO 2  concentration varies 
without pattern by species of plant (Lindroth 
 2010 ). The unpredictability of secondary com-
pound production in plants grown under elevated 
CO 2  remains much the same for other studied 
classes of secondary compounds. 

 In addition to inducing direct chemical 
defenses against insects, herbivore attack on 
plants elicits the release of airborne compounds 
that interact with the surrounding ecosystem 
and function as a potential indirect defense 
(Karban  2008 ). The “bouquet” of volatiles can 
be composed of terpenoids, lipids, and methyl-
esterated defense hormones typically released 
from herbivore- induced wounds in plant tissue 
(Karban  2008 ). Some of the potential ecologi-
cal effects of these biogenic volatile organic 
compounds (BVOCs) are from activating 
chemical defenses in neighboring plants 
(Karban et al.  2010 ), to recruit natural preda-
tors of herbivores challenging the plant (Heil 
 2008 ). BVOCs emission can reduce the herbi-
vore attack of the plant by more than 90 % 
because it attracts predators and reduces herbi-
vore oviposition rates (Kessler and Baldwin 
 2001 ). Although some studies are available 
regarding to the impacts of atmospheric CO 2  on 
BVOCs production (Vuorinen et al.  2004a ,  b ; 
Klaiber et al.  2013 ), more studies are required 
to understand biological impacts of elevated 
CO 2  environments on BVOC emissions.   

10.2.5     Consequences of Stomata 
Closure 

10.2.5.1     Transpiration and Leaf 
Temperature 

 In addition to altering the nutritive and chemical 
properties of leaves to prospective herbi-
vore insects, elevated CO 2  also infl uences the 
hydraulic and thermal characteristics of leaves by 
reducing transpiration rates through closure of 
stomata (Bernacchi et al.  2007 ). As phloem feed-
ers, aphid populations are especially sensitive to 
changes in the rate of nutrient translocation 
within their host plants (Hullé et al.  2010 ). 
Lowering transpiration rates in the plant could 
reduce the growth of insect populations with 
piercing/sucking mouthparts. 

 As an effect of reduced evapotranspiration due 
to lowered stomatal conductance, leaf tempera-
tures rise under elevated CO 2 . As ectotherms, 
insects in close contact with leaf surfaces experi-
ence increased metabolic rates as the temperature 
of the leaf rises (Pincebourde and Woods  2012 ). 
This principle especially applies to aphids, whose 
feeding rates and population growth can be 
expected to steepen as leaf temperatures increase 
(O’Neill et al.  2011 ).    

10.3     Solving the Ambiguity 
of Induced Chemical 
Defenses to Insect Damage 

 In the last years, many new studies have been pub-
lished suggesting that elevated CO 2  modifi es plant 
chemical defenses against insects and alters their 
performance (Zavala et al.  2013 ). Insect damage is 
perceived by plants and induces signals through 
different pathways, which further produce bio-
chemical and physiological changes that can be 
affected or modulated by variations in environ-
mental CO 2  concentrations (Fig.  10.2 ). These 
changes in damaged leaves induce the production 
of plant secondary metabolites and decrease insect 
performance. However, it is not clear how high 
environmental CO 2  levels can interfere with the 
production of plant chemical defenses and its 
effects on plant-insect interactions. An earlier 
study on fi eld-grown soybean demonstrated that 
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changes in plant defenses against herbivore attack 
in plants grown in elevated CO 2  atmosphere are 
regulated by phytohormones (Zavala et al.  2008 ). 
Lately, new progress has been done in revealing 
the mechanisms of the infl uences of atmosphere 
with high CO 2  levels on plant defense elicitation 
by herbivore damage, which has been recently 
reviewed (DeLucia et al.  2012 ; Zavala et al.  2013 ). 
Although our understanding of the plant-herbivore 
interphase is limited, recent molecular approaches 
have revealed the participation of regulatory ele-
ments, such as Ca 2+  ion fl uxes, mitogen-activated 
protein kinases (MAPKs), jasmonic acid (JA), eth-
ylene (ET), and reactive oxygen species (ROS), 
which detect insect damage, amplify the signal, 
and induce plant responses to increase chemical 
defenses against herbivores (Fig.  10.3 ).

10.3.1       Early Responses to Herbivory 

 Since plant defenses against insect attack are 
costly for plants, they must avoid wasting defen-
sive resources and differentiate insect feeding 
from simple mechanical damage (Zavala et al. 
 2004 ; Zavala and Baldwin  2004 ). Herbivore 
attack is commonly associated with wounding of 
plant tissues and direct contact of insect oral 
secretions (OS) with putative cell receptors, 
which transduce the alarm signal and induce the 
accumulation of defensive metabolites. Volicitin 
[N-(17-hydroxylinolenoyl)-L-glutamine], the 
fi rst identifi ed fatty acid-amino acid conjugates 
(FACs) and herbivore-derived elicitor, was 
obtained from  Spodoptera exigua  OS (Alborn 
et al.  1997 ). FACs are not only present in OS of 

  Fig. 10.3    A simplifi ed model of the effects of elevated 
CO 2  on signaling events in a cell as a response of herbivore 
attack (Modifi ed from Zavala et al.  2013 ). In ambient CO 2  
herbivore oral secretions are perceived by unidentifi ed 
receptors and trigger the activation of Ca 2+  channels, 
resulting in Ca 2+  infl uxes. Ca 2+  binds to calmodulins and 
calcium-dependent protein kinases ( CDPKs ). Mitogen- 
activated protein kinases ( MAPKs ) are also rapidly acti-
vated and trigger the biosynthesis of jasmonic acid ( JA ) 
and thus JA-Ile. JA-Ile binds to the COI1 receptor that 
leads to the degradation of JAZ proteins, resulting in the 
release of their inhibitory effect on MYC2, which induces 
defense genes in the nucleus. MAPK and CDPK phos-
phorylate ACS proteins and increase ethylene production, 

which leads to the increased activity of ethylene- responsive 
transcription factors, inducing defense genes. However, 
elevated CO 2  induces salicylic acid ( SA ) accumulation and 
NPR1 activation by changing redox status in the cytosol by 
inducing thioredoxins and glutathione S-transferase ( black 
arrow ). The activated NPR1 functions as a transcription 
factor ( TF ) in the nucleus and inhibits JA-induced defense 
gene expression. In addition, we hypothesize that elevated 
CO 2  increases ABA concentration, which decrease ethyl-
ene emission. In addition elevated CO 2  decreases MPK4 
activity and activates downstream genes of SA signaling 
( dashed black arrow ). The inhibition of early signaling 
events by elevated CO 2  decreases the accumulation of 
metabolites that function as defense against herbivores.       
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some lepidopteran species (Halitschke et al. 
 2001 ; Pohnert et al.  1999 ; Spiteller and Boland 
 2003 ; Spiteller et al.  2004 ) but also in OS of fruit 
fl ies ( Drosophila melanogaster ) and crickets 
( Teleogryllus taiwanemma ) (Yoshinaga et al. 
 2007 ). A new study has demonstrated that plants 
can differentiate specialists from generalist 
insects by the amount of FAC present in the OS; 
this identifi cation of the attacker allows plants to 
upregulate specifi c defenses accordingly 
(Hettenhausen et al.  2013 ). 

 Membrane depolarization is one of the earliest 
cellular responses to damage by herbivory. Bites 
of  Spodoptera littoralis  larvae on leaves of 
 Phaseolus lunatus  (lima bean) produced large 
membrane depolarization (Maffei et al.  2004 ). 
Since Ca +2  fl uxes across the cell membranes’ 
change membrane potentials, this ion has been 
implicated as a second messenger in many plant 
signaling pathways, including responses to her-
bivory (Maffei et al.  2007 ). Larva FACs contrib-
ute to the Ca +2  infl uxes by forming ion channels 
in planar lipid bilayer membranes (Maischak 
et al.  2007 ). It has been suggested that calcium- 
dependent protein kinases are part of plant 
defense system against herbivores because these 
Ca +2 -dependent protein kinases regulate the pro-
duction of reactive oxygen species (ROS) in 
potato, which in turn upregulate plant defenses 
(Kobayashi et al.  2007 ). 

 Activation of mitogen-activated protein 
kinase (MAPK) cascades is a common response 
of plants to abiotic and biotic stimuli, includ-
ing pathogens and herbivory (Romeis et al. 
 2001 ; Zhang and Klessig  2001 ; Wu et al. 
 2007 ). Herbivory and application of  Manduca 
sexta  OS to wounded leaves of  Nicotiana 
attenuata  and  Solanum lycopersicum  (tomato) 
highly elicit both salicylic acid-induced pro-
tein kinase (SIPK) and wound-induced protein 
kinase (WIPK), which induced transcriptional 
regulation of many defense-related genes (Wu 
et al.  2007 ; Kandoth et al.  2007 ). In potato the 
homologous SIPK and WIPK are involved in 
Mi-1-mediated resistance to aphids (Li et al. 
 2006 ). The  Arabidopsis  orthologous MPK3 
and MPK6 to tobacco ( Nicotiana ) WIPK and 
SIPK, respectively (Zhang and Klessig  2001 ; 

Ichimura et al.  2002 ; Ren et al.  2002 ), phos-
phorylate the transcription factor WRKY33 
and induce important plant defenses (Mao 
et al.  2011 ). In addition, SIPK regulates the 
activity of chloroplastic GLA1 phospholipase 
and releases polyunsaturated fatty acids, such 
as linolenic acid, from the plastidial mem-
branes (Kallenbach et al.  2010 ). Linolenic acid 
can be used to the synthesis of the defense hor-
mone JA, the most important phytohormone 
that controls plant defenses against herbivores 
(Wasternack  2007 ).  

10.3.2     Jamonates Regulation as Key 
of Inducing Defenses 

 Variations of atmospheric CO 2  levels can modify 
jasmonic acid (JA) accumulation in plant tissues 
and alter plant chemical defenses against herbi-
vore insects (e.g., Zavala et al.  2008 ; Sun et al. 
 2010 ,  2013 ; Casteel et al.  2012 ). Leaf damage 
infl icted by chewing insects or mechanical dam-
age increases (<30 min) accumulation of JA at 
the site of wounding; this key cellular signal is 
involved in the activation of the immune 
responses to most insect herbivores and necrotro-
phic microorganisms (Farmer  2014 ). JA is syn-
thesized via the octadecanoid pathway, from 
which nearly all jasmonate biosynthetic enzymes 
have been identifi ed in  Arabidopsis  and charac-
terized in several species (Schaller et al.  2005 ; 
Halitschke and Baldwin  2003 ; Fig.  10.3 ). The 
linolenic acid liberated by phospholipases from 
lipids of chloroplast membranes is transformed 
to a series of reactions to 12-oxo-phytodienoic 
acid (OPDA) by the enzymes, lipoxygenase 
(LOX), allene oxide synthase (AOS), and allene 
oxide cyclase (AOC) (Fig.  10.3 ). Then in the per-
oxisomes, after three steps of β-oxidation, OPDA 
is converted to JA (Wasternack  2007 ). 

 Studies using microarray analysis and RT-PCR 
of fi eld-grown soybean ( Glycine max ) showed 
that constitutive and inducible levels of key tran-
scripts associated with JA pathway, LOX7 and 
LOX8, AOS, and AOC, were downregulated 
under elevated CO 2  (Casteel et al.  2008 ; Zavala 
et al.  2008 ). Downregulation of JA pathway 
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resulted in lower level of chemical defenses in 
soybean foliage after 24 h of Japanese beetle 
( Popillia japonica ) herbivory (Casteel  2010 ). 
Similar results were found in tomato and 
 Arabidopsis ; elevated CO 2  levels reduced the JA 
pathway and accumulation in the wild-type plants 
and in a genotype in which the JA pathway is 
constitutively upregulated (Sun et al.  2011 , 
 2013 ). 

 The new insights into the mechanisms of JA 
bioactive perception and signal transduction into 
the activation of defense transcriptional responses 
have been discussed in several review papers and 
suggest that the core signal transduction chain is 
composed for relative few links (Ballaré  2011 ; 
Wu and Baldwin  2010 ; Wasternack and Hause 
 2013 ). The fi rst step is conjugation of JA to iso-
leucine (Ile), which is required for direct defense 
response against herbivores, such as caterpillar 
feeding (Kang et al.  2006 ). The ubiquitin ligase 
SCFCOI1 complex perceives the jasmonoyl- 
isoleucine (JA-Ile), and the F-box protein 
CORONATINE-INSENSITIVE1 (COI1) recog-
nizes JA-Ile, which triggers the ubiquitination 
and subsequent proteosomal degradation of 
JASMONATE ZIM DOMAIN (JAZ) proteins. 
Degradation of the JAZ repressors releases the 
expression of MYC2 transcription factor (TF). 
Therefore, MYC2 TF induces downstream 
defense responses related to JA burst. 
Interestingly, increases of JA synthesis (possibly 
via MYC2) induce the transcription of JAZ 
repressors (Thines et al.  2007 ; Chico et al.  2008 ), 
controlling the levels of signal transduction and 
production of chemical defenses (Fig.  10.3 ). 
Since rapid resynthesis of JAZ repressors 
restrains the expression of genes related with 
defenses, this negative feedback presumably 
avoids the synthesis of energetically costly com-
pounds once insect attack is fi nished and allows 
plants to save energy.  

10.3.3     Cross Talk among Defense 
Pathways 

 Plants grown in elevated CO 2  atmosphere pre-
sented low JA accumulation and emission of ET, 
which reduced antiherbivore defenses and 

increased insect attack (Zavala et al.  2008 ,  2009 ; 
Sun et al.  2011 ,  2013 ). ET and JA have synergis-
tic effects on upregulating plant defenses against 
herbivores, such as the upregulation of protease 
inhibitors (PIs) in tomato (O’Donnell et al.  1996 ). 
It has been demonstrated that both ET and JA can 
activate common TF in  Arabidopsis  and sun-
fl ower ( Helianthus annuus ) (Manavella et al. 
 2008 ; Lorenzo et al.  2003 ; Pre et al.  2008 ), 
explaining the synergistic effect. The synergistic 
cross talk between JA and ET is known to occur 
preferentially for the response to necrotrophic 
pathogens (Pieterse et al.  2012 ). Two central TFs 
of ET signaling, ETHYLENE-INSENSITIVE3 
(EIN3) and EIN3-like (EIL1), bind JAZ1, JAZ3, 
and JAZ9 via the Jas domain of JAZs, resulting in 
the suppression of EIN3/EIL1 activity (Zhu et al. 
 2011 ). 

 ET pathway is initiated by the synthesis of 
S-adenosylmethionine from methionine, which 
after being oxidized by 1-aminocyclopropane- 1-
carboxylic acid (ACC) oxidases is converted to 
the ET precursor ACC by ACC synthase (ACCs) 
(Fig.  10.3 ). Since ACC forms ET, ACC synthesis 
is considered to be rate limiting of ET 
 biosynthesis, which can be inhibited in plants 
grown under elevated CO 2 , increasing herbivory 
susceptibility. Both constitutive and inducible 
expression levels of  acc  are diminished in foliage 
of fi eld-grown soybeans under elevated CO 2  
atmosphere (Casteel et al.  2008 ; Zavala et al. 
 2008 ). In addition, elevated CO 2  environment 
decreased both the accumulation of JA and the 
emission of ET in  Arabidopsis  (Sun et al.  2013 ). 
While JA and ET are important modulator for 
chewing insects, salicylic acid (SA) pathway is 
activated by plants in response to attack by 
phloem feeding insects, such as aphids and silver 
leaf whitefl ies and biotrophic pathogens (Walling 
 2000 ). 

 One of the most studied cross talk is the antag-
onistic interaction between the JA and SA path-
ways (Pieterse et al.  2009 ; Kunkel and Brooks 
 2002 ). Upregulation of JA pathway can repress 
SA defense responses (Brooks et al.  2005 ; 
Uppalapati et al.  2007 ), and conversely, induction 
of SA by biotrophic pathogens inhibits defenses 
regulated by JA (Felton and Korth  2000 ; Spoel 
et al.  2007 ). Similar antagonistic interaction 
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between JA and SA was observed in different 
plant species grown under enriched CO 2  atmo-
sphere, increasing the allocation of resources to 
SA-dependent over JA-dependent defenses. 
Elevated CO 2  increased the induce defenses 
based on SA pathway in tomato, such as the 
pathogenesis-related protein (PR), and decreased 
JA-regulated defenses, such as PIs (Sun et al. 
 2011 ; Huang et al.  2012 ). Similar results were 
found in  Arabidopsis  growing in open chambers 
with elevated CO 2  atmosphere (Sun et al.  2013 ). 
Field-grown soybeans under elevated CO 2  ampli-
fi ed SA-regulated defenses and pathway and 
diminished gene expression of JA pathway and 
JA accumulation compared to ambient-grown 
plants (Casteel et al.  2008 ,  2012 ; Zavala et al. 
 2008 ). 

 Synthesis of defense compounds against plant 
pathogens is regulated by SA signaling pathway 
and can be modulated by CO 2  (Glazebrook  2005 ; 
Zarate et al.  2007 ). Recently, it has been demon-
strated that some soybean pathogens are reduced 
in elevated CO 2  treatments at SoyFACE (Eastburn 
et al.  2010 ). In addition, elevated CO 2  increased 
SA and decreased JA accumulation in tomato, 
enhancing resistant to tomato yellow leaf curl 
virus (Huang et al.  2012 ). The mechanism by 
which elevated CO 2  alters the hormonal response 
to herbivory is not known, but the antagonism 
between SA and JA responses is discussed in sev-
eral recent reviews (Pieterse et al.  2009 ,  2012 ). 

 SA can decrease JA biosynthesis and sensitiv-
ity through a negative interaction (Spoel et al. 
 2003 ). NPR1 (NONEXPRESSOR OF 
PATHOGENESIS-RELATED GENES1) is an 
important protein component of SA pathway and 
activated by SA (Fig.  10.3 ). Some NPR1 multim-
ers monomerize by SA-induced changes of the 
redox state via thioredoxin followed by the trans-
port of the monomeric forms into the nucleus. 
Here, they bind as activators to TGA TFs specifi c 
for SA-inducible genes and phosphorylated them 
and induce transcription (Fu et al.  2012 ). Elevated 
CO 2  alters the transcripts regulating the redox 
status of soybeans by inducing thioredoxins and 
glutathione S-transferase (Casteel et al.  2008 ). 
Moreover, elevated CO 2  alters ascorbate or gluta-
thione, albeit with some degree of plant specifi c-
ity (Gillespie et al.  2011 ; Perez-Lopez et al. 

 2009 ), and may allow TFs to interact with 
reduced NPR1 and facilitate effi cient DNA bind-
ing for induction of immune signaling (Spoel and 
Loake  2011 ). 

 Assuming that NPR1 may be responsible for 
downregulating JA-related defenses and increas-
ing herbivory susceptibility in plants grown in 
enriched CO 2  environment, what is the early sig-
nal perceived by plants that upregulate the SA 
pathway? Recent experiments demonstrated that 
SA and ROS accumulation and PR expression 
were increased in MPK4-silenced soybeans and 
 Arabidopsis  (Liu et al.  2011 ; Petersen et al. 
 2000 ). Interestingly, expression of WRKY33 
increased 16-fold in MPK4-silenced soybeans, 
suggesting that MPK4 negatively control 
WRKY33 at both the posttranslational and tran-
scriptional level (Liu et al.  2011 ). MPK4 func-
tions to sequester WRKY33 in the nucleus and 
prevent it to activating downstream genes of SA 
signaling (Qiu et al.  2008 ). Conversely, the cross 
talk between JA with other hormones can also 
interfere with either JA or ET pathway. 

 Atmosphere of elevated CO 2  concentration 
increases ABA levels during leaf development 
and promotes stomatal closure, reducing stoma-
tal conductance by decreasing pore size in devel-
oping leaves (Ainsworth and Rogers  2007 ; 
Herrick et al.  2004 ). ABA and SA signaling 
required for stomatal closure (Pieterse et al. 
 2012 ) are modulated by MAPK4 (Hettenhausen 
et al.  2013 ). Upon wounding or herbivory, ABA 
production increases and antagonizes the ERF 
pathway, compromising ET signaling and per-
ception (Abe et al.  2003 ; Anderson et al.  2004 ; 
Fig.  10.3 ). ET can play a critical role during 
SA-JA interaction, and the fi nal outcome of this 
signal cross talk can be shaped by levels of 
ET. When ET signal is high, JA-SA antagonisms 
are diluted, while with low ET levels in plant tis-
sue, the JA-SA antagonistic relationship becomes 
greater (Pieterse et al.  2012 ). 

 In summary, we suggest that elevated CO 2  
atmosphere induces changes in gene expression 
and activity of MAPK4 and the production of 
ABA in leaves, which induces SA signaling and 
inhibits ET emission and pathway that increases 
the JA-SA antagonistic relationship. Thus, in 
plants grown in elevated CO 2  environment, levels 
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of SA increase and production of JA and ET 
decrease compared to ambient-grown plants 
(Casteel et al. 2007; Zavala et al.  2008 ; Casteel 
et al.  2008 ,  2012 ; Sun et al.  2011 ; Huang et al. 
 2012 ). Although the mechanism of the impact of 
elevated CO 2  on the early signaling steps involved 
in the perception of insect damage and the activa-
tion of JA biosynthesis remain to be elucidated, 
some advances have been done to explain CO 2  
regulation on secondary metabolite production. 
Elevated CO 2  alters hormonal responses that are 
transduced into the activation of transcriptional 
responses and affect plant-insect interactions.  

10.3.4     CO 2  Regulates Chemical 
Defenses 
through Phytohormones 

 Many empirical studies about the consequences 
of elevated CO 2  on plant chemical responses to 
insect damage and their effects on herbivore per-
formance seem to be contradictory. Whereas 
some studies report that plants grown under ele-
vated CO 2  environment are more defensed against 
herbivores (e.g., Lindroth et al.  1993 ; Holton 
et al.  2003 ), fi eld studies demonstrated that ele-
vated CO 2  atmosphere diminished plant defenses 
against some herbivore insects (e.g., Zavala et al. 
 2008 ;  2009 ; Hamilton et al.  2005 ). Recently new 
research has started to study the mechanisms of 
the consequences of elevated CO 2  on chemical 
defenses and its relationships with hormonal reg-
ulation rather than just study the effects of 
defenses on herbivore performance (Zavala et al. 
 2013 ; DeLucia et al.  2012 ). Although elevated 
CO 2  increases SA in plant tissue and increases 
chemical defense pathways that are not regulated 
by JA (e.g., Sun et al.  2011 ; Ghasemzadeh et al. 
 2010 ; Casteel et al.  2012 ), plants grown in 
enriched atmospheric CO 2  downregulate JA and 
ET pathways and increase susceptibility to herbi-
vore attack by disrupting both constitutive and 
inducible important chemical defenses (Zavala 
et al.  2008 ,  2009 ); Interestingly, a new study has 
proposed that an unknown JA-independent 

defense pathway may defend  Nicotiana attenu-
ata  against larvae of  M. sexta  (Hettenhausen 
et al.  2013 ). 

 Revealing the regulation of plant chemical 
defenses in response to herbivory will allow us to 
determine the adaptive function of anti-herbivore 
defenses (Karban and Baldwin  1997 ) that are 
modifi ed by elevated CO 2  and these modifi ca-
tions should be investigated in concert with pre-
dictable changes in CO 2 -driven plant traits. 

 Phytohormones differentiate among phenolic 
pathways and synthesize both isofl avonoids and 
fl avonols compounds in accordance to environ-
mental cues (Ferrer et al.  2008 ). Although 
 Nicotiana attenuata  impaired in JA biosynthesis 
was unable to produce phenolic conjugates after 
damage produced by herbivores, these plants 
were able to produce rutin (a fl avonoid) and chlo-
rogenic acid (Demkura et al.  2010 ; Hoffman- 
Campo et al.  2001 ). The production of 
carbon-based defenses is modifi ed by hormones 
affected by elevated CO 2 . Elevated CO 2  levels 
increased C:N ratio and concomitantly the pro-
duction of SA-regulated fl avonoids in plants, 
such as quercetin, kaempferol, and fi setin 
(Ghasemzadeh et al.  2010 ), but decreased the 
concentration of JA-regulated isofl avonoids such 
as genistein (O’Neill et al.  2010 ), an important 
antiherbivore defense (Piubelli et al.  2005 ; Figs 
 10.1  and  10.2 ). In addition, elevated CO 2  
decreased the JA-regulated triterpenoid cardeno-
lides in four different genotypes of milkweed 
( Asclepias syriaca ) another important chemical 
defense against herbivores (Vanette and Hunter 
 2011 ; Rasmann et al.  2009 ). 

 One of the fi rst defenses against herbivores 
studied is protein proteases inhibitors (PIs) in 
tomato, which are regulated systemically and 
locally by JA (Ryan  1990 ). PIs damage the abil-
ity of insects to digest proteins and decrease 
amino acid assimilation (Birk  2003 ; Zavala et al. 
 2004 ). The accumulation of these nitrogen-based 
defenses also can change C:N ratio in plant tissue 
(Howe and Jander  2008 ; Figs.  10.1  and  10.2 ). 
Foliage of fi eld-grown soybean had low constitu-
tive and induced expression and activity levels of 
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cysteine proteinase inhibitors (CystPIs) in an 
atmosphere with high CO 2  levels, the principal 
antiherbivore defenses against coleopteran herbi-
vores (Zavala et al.  2008 ,  2009 ; Sun et al.  2011 ). 
CystPIs are typically regulated by the defense 
hormones JA and ET that are downregulated by 
elevated CO 2  (Zavala et al.  2008 ; Sun et al.  2013 ). 
Glucosinolates, another nitrogen-based defense 
and regulated by JA and SA signaling pathways, 
are differentially regulated by concentration lev-
els of CO 2  in the atmosphere. Plants grown in 
atmosphere with high CO 2  levels had incre-
mented constitutive glucosinolates regulated by 
SA, such as aliphatic glucosinolates and methyl 
sulfi nylalkyl glucosinolates glucoraphanin and 
glucoiberin in broccoli ( Brassica oleracea ), and 
these metabolites were induced in  Arabidopsis  
by diamondback moths ( Plutella xylostella ) her-
bivory (Schonhof et al.  2007 ; Bidart-Bouzat et al. 
 2005 ; Doughty et al.  1991 ). Conversely, 
JA-regulated indole glucosinolates decreased in 
plants grown under elevated CO 2 , predominantly 
because of a reduction of glucobrassicin and 
4-methoxy-glucobrassicin contents, which are 
regulated by JA (Schonhof et al.  2007 ; Brader 
et al.  2001 ). 

 Analogously, levels of plant BVOC emission 
depend on whether they are regulated by JA or 
SA. Downregulation of JA levels by elevated CO 2  
environment decreased the emission of terpene 
volatile compounds in cabbage ( Brassica olera-
cea ; Vuorinen et al.  2004a ,  b ). Plants exposed to 
elevated CO 2  exhibited a great reduction of ter-
pene emission, decreasing aphid ( Brevicoryne 
brassicae ) colonization and attraction of herbi-
vores’ natural enemies (Vuorinen et al.  2004a ; 
Klaiber et al.  2013 ). However, emission of GLV 
following herbivory was enhanced in plants 
grown under elevated CO 2  environment (Vuorinen 
et al.  2004b ), and it appears that the regulation of 
these compounds does not rely on JA signaling 
(Halitschke and Baldwin  2003 ; Allmann et al. 
 2010 ). Based on the empirical evidence presented 
here, we suggest that JA/ET and SA may provide 
new insights into how elevated CO 2  modulates 
plant chemical responses to herbivory.   

10.4     Impact of Atmosphere 
with High CO 2  Levels 
on Agriculture 

 By 2050 crops will grow in an atmosphere with 
CO 2  levels 50 % higher than today (Prather et al. 
 2001 ) and by that date the projected world popu-
lation will be about 9 billion (Ray et al.  2013 ). 
Although it has been suggested that global crop 
production needs to increase twice the present 
rate to meet global food demand, climate change 
is likely to worsen the situation by increasing 
infestation of diseases and insects on crops 
(Khoury et al.  2014 ). As a consequence of anthro-
pogenic global change, elevated levels of atmo-
spheric CO 2  can greatly modify the interactions 
between crops and insect pests and may promote 
the rapid establishment of invasive species 
(Zavala et al.  2008 ;  2013 ). 

 Whereas higher atmospheric CO 2  concentra-
tions stimulate photosynthetic activity in C3 
plants (such as wheat and soybean), elevated CO 2  
increases water-use effi ciency in both C3 and C4 
plants (such as maize and millet), suggesting a 
potential increment in yield of crops (Ainsworth 
and Long  2005 ). However, fi eld experiments 
demonstrated that the projections of increasing 
agricultural production under climate change 
cannot be reached, probably because of insect 
herbivory, an aspect that was not considered in 
open chambers (Muller  2013 ; Long et al.  2006 ). 
New studies have suggested that climate change 
may affect plant natural defenses against insects, 
especially when they are grown under elevated 
atmospheric CO 2  concentrations (DaMatta et al. 
 2010 ; Taub et al.  2008 ; Zavala et al.  2013 ). 
Downregulation of natural plant defenses may 
also affect pesticide use, to compensate the 
altered chemical composition changes that 
increase susceptibility of crops to insect damage 
(Dermody et al.  2008 ; Zavala et al.  2008 ). 

 One of the main components of integrated 
pest management programs is the utilization of 
natural plant defenses against insect pest, which 
together with the expression of foreign genes 
with inducible promoters has been suggested as 

10 Impacts of Anthropogenic Carbon Dioxide Emissions on Plant-Insect Interactions



216

an important tool to protect crops against insect 
herbivores. However, the ability of insect to adapt 
to plant defenses may limit the extent of those 
programs (Bolter and Jongsma  1995 ). In addi-
tion, high CO 2  levels in the atmosphere in the 
future may restrain inducible defenses of crops, 
such as CystPI in soybean, which will be down-
regulated and may compromise defenses against 
insects (Zavala et al.  2008 ,  2013 ). Elevated CO 2  
may affect the expression of JA-regulated 
defenses of soybean, which include not only 
CystPIs but also serine proteinase inhibitors, iso-
fl avonoid content, or polyphenol oxidase activity, 
potentially making plants more vulnerable to her-
bivores other than beetles and leading to even 
greater losses.  Nicotiana attenuata  unable to pro-
duce JA planted into native habitats was more 
vulnerable to adapted herbivores and also was 
more colonized at a higher rate by novel herbi-
vore species, which fed and reproduced success-
fully (Kessler et al.  2004 ). On the other side, 
insect herbivores preferred to feed on younger 
leaves of plants grown under elevated CO 2  in 
FACE experiments (Zavala et al.  2009 ), which is 
a potential mechanism to explain the offset of the 
predicted increases in agricultural productivity 
associated with greater levels of CO 2  in the atmo-
sphere (Ainsworth and Long  2005 ; Long et al. 
 2006 ). Furthermore, it is likely that the impacts 
of elevated CO 2  atmosphere on plant chemical 
defenses reported here also affect communities of 
natural enemies and the entire trophic structure 
of agroecosystems (Richards et al.  2015 ), poten-
tially exacerbating pest problems by multiple 
mechanisms. Additional scientifi c attention is 
necessary to understand and evaluate the impact 
of CO 2  fertilization on agricultural productivity 
and crop quality (Muller  2013 ).  

10.5     Concluding Remarks 

 Recent evidence has demonstrated that anthropo-
genic elevation in CO 2  concentration alters plant- 
insect interactions by altering hormonal 
regulation that in turn change chemical defenses 
of plants against herbivore insects (e.g., Zavala 
et al.  2008 , DeLucia et al.  2008 ). However, many 

aspects of the mechanisms that regulate the 
impact of elevated CO 2  atmosphere on defense 
metabolisms are still to be elucidated. As recent 
review articles have remarked, the task of pre-
dicting how insect populations respond to 
changes in host plant growth habits and nutritive 
composition would be easier if the basic regula-
tory connections between plant primary and sec-
ondary metabolism were better understood.     
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11.1       Introduction 

 Agriculture worldwide needs a signifi cant 
increase in productivity to ensure suffi cient avail-
ability of food and other raw materials for ongo-
ing population expansion which is estimated to 
exceed 9 billion by the year 2050. More than 3 
billion people suffer from diseases caused by 
inadequate nutrition in one or the other way 
(Gomez-Galera et al.  2010 ; Farre et al.  2010 ), 
and around 900 million people are undersupplied 
with calorie worldwide (FAO  2012 ). The condi-
tions are worse in developing countries which 
have the largest proportion of undernourished 
people especially in sub-Saharan Africa and 
South Asia (FAO  2012 ). Poverty in this part of 
the world is usually linked to low agricultural 
productivity as a consequence of poor availabil-
ity of resources, less agricultural land, and over-
growing population. Plant biotechnology is a 
potent tool that can improve the present situation 
and contribute to the poverty reduction and food 
security in the developing world (Qaim  2010 ). 
Conventional breeding and development of 
genetically engineered plants or GM crops are 
two widely used biotechnological strategies to 
resolve the widespread problems of malnutrition 
and health and for increasing farmers’ income 
and elimination of poverty in developing coun-
tries. Conventional breeding involves identifying 
parents with traits that complement each other 
and are sexually compatible. However, plant 
breeding has been successful but limited. It 
requires selection of offspring with desired traits 
over a long period of time, and production of 
improved crop lines can take as long as 10 years 
from the fi rst parental crossing to generation and 
distribution of selected improved crops. Besides, 
strategies to overcome yield-limiting factors and 
hence enhancement in crop production by con-
ventional breeding have been slow due to the lack 
of desirable level of genetic variability in germ-
plasm (Sahoo and Jaiwal  2008 ). This leaves lim-
ited options of genetic improvement through 
selection since selection operates on existing 
genetic variability. Furthermore, the reproductive 
barriers limit the transfer of favorable alleles 
from interspecifi c and intergeneric sources. 

Moreover, the approach is time-consuming and 
labor intensive. Besides, this can also lead to crop 
vulnerability due to pests and disease epidemics 
and unpredictable climatic factors. Therefore, the 
development of genetically engineered plants by 
the introduction and/or overexpression of selected 
genes seems to be a viable option to enhance the 
tolerance to various stresses and hence stabilize 
yield (Kaur and Murphy  2012 ; Atif et al.  2013 ). 
In addition to widening the gene pool of useful 
genes, it also allows introgression of novel genes 
and traits from any living organism into elite 
agronomic background. Genetic engineering also 
avoids the complexities of linkage drag. Even for 
traits that can be improved by traditional breed-
ing, genetic engineering may facilitate and speed 
up the process (Potrykus  2010 ). The fi rst GM 
crop became commercially available in the mid- 
1990s (Qaim  2009 ) and was grown in 1.7 million 
hectares of land. Since then, farmers around the 
world have adopted genetically modifi ed (GM) 
crops at a very rapid rate, and by the year 2013, 
175.2 million hectares of GM crops were grown 
in 28 countries (Fig.  11.2 ). This GM crop revolu-
tion started in the USA where the adoption rate 
for soybean and maize is 95 % and 75 %, respec-
tively (USDA  2013 ); however, now more than 50 
% of this area is in developing countries (James 
 2013 ). These fi gures in themselves are indicative 
that GM crops have brought benefi ts to farmers 
and society by increasing agricultural productiv-
ity and reducing food costs while providing 
numerous economic, environmental, and nutri-
tional benefi ts even in the era of rapidly changing 
climate.  

11.2     GM Crops: An Overview 
of Plant Transformation 

 Genetic engineering is the process in which a 
desired gene is isolated, cloned, and inserted into 
a host organism. Initially, a plasmid vector is 
designed to transfer the candidate gene into the 
crop plant genome. The transformation vector 
often contains a cassette with a selectable marker 
along with the transgene expression cassette that 
allows for the selection of plant cells that contain 
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the transgene. Transformed plant cells are fi nally 
regenerated into plants (Fig.  11.1 ). Two com-
monly used methods that can be employed to 
insert the transgene into the plant genome are 
 Agrobacterium -mediated transformation and 
transformation via bombardment with DNA- 
coated particles (Altpeter et al.  2005 ; Tzfi ra and 
Citovsky  2006 ; Prado et al.  2014 ). The fi rst GM 
plants were produced using either  Agrobacterium- 
based  or direct gene transfer techniques, such as 
particle bombardment.  Agrobacterium tumefa-

ciens  infects wounded plant tissue(s) and inserts 
a short section of DNA, called the transfer DNA 
or T-DNA, into the host plant genome (Chilton 
et al.  1977 ). This work by Mary-Dell Chilton 
provided evidence that plant genomes could be 
manipulated more precisely, and hence very 
recently, she has been awarded the 2013 World 
Food Prize (World Food Prize  2013 ). This tech-
nology no doubt leads to overcome the bottle-
necks faced during green revolution while using 
conventional breeding techniques.

Transformation

Agrobacterium method

Agrobacterium
tumefaciens

Ti plasmid carrying
desired genes

Particles coated
with DNA encoding
desired genes

Particle gun

Bombardment of
plant pieces with
particles

Chromosomes with
integrated DNA
encoding desired genes

NucleusPlant cell

Plant with new trait

Shoot regeneration
followed by root
regenerationCell multiplication (callus)

DNA transferred
to plant cells

Cocultivation of
Agrobacterium with
plant pieces

Particle gun method

  Fig. 11.1    Overview of primary methods used for plant 
transformation. During the transformation process, either 
 Agrobacterium tumefaciens  or particle bombardment is 
used to transfer the desired gene(s) into individual plant 

cells. These transferred genes then become integrated into 
the genome of some recipient cells. Whole new transgenic 
plants are regenerated from transformed cells, giving rise 
to a transgenic line (Source: modifi ed after Mirkov  2003 )       
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11.3        GM Crops in Developing 
Countries 

 GM crops are the fastest adopted crop technology 
in the history of modern agriculture with 100- 
fold increase from 1.7 million hectares in 1996 to 
over 175 million hectares in 2013. Developing 
countries have established the use of GM crops, 
with Brazil, Argentina, India, China, and South 
Africa being the prominent players among the 19 
developing countries adopting the technology in 
2013. These fi ve countries together constitute 41 
% of world population and are growing 47 % of 
global GM crops. Over 18 million farmers across 
the globe planted GM crops in 2013, among 
which16.5 million were small, poor farmers from 
developing countries. More than 7.5 million 
small farmers from China were growing 4.2 mil-
lion hectares of Bt cotton; however, the trendset-
ters were 7.3 million farmers from India 
cultivating a record of 11.0 million hectares of Bt 
cotton (James  2013 ). Bt cotton resistance to boll-
worms and budworms is quite relevant in devel-
oping countries. Bt crops are based on the  cry  
genes of a soil bacterium,  Bacillus thuringiensis  
(Bt), which produces proteins that are specifi -
cally toxic to larvae of some lepidopteran and 
coleopteran insect species, whereas other insect 
pests, especially sucking pests, remain unaf-
fected. Different strains of the bacterium have 

different  cry  genes classifi ed into groups  cryI –
 cryIV  and subgroups A, B, C, etc., and each 
encodes a protein that is effective against a differ-
ent type of insect (Maagd et al.  1999 ; Halford 
 2012 ). More advanced transgenic cotton varieties 
such as Bollgard II, which contains two Bt genes 
and expresses two Cry proteins (Cry1Ac and 
Cry2Ab2), are now available and are becoming 
widely used. Bollgard I technology involved the 
 Cry1Ac  Bt gene. The USA which accounts for 40 
% of the global GM crops is the leading adopter 
with 70.1 million hectares among the developed 
world, with Canada at the second spot; however, 
a developing country like Brazil is emerging as a 
strong global leader and is only trailing by the 
USA with 40.3 million hectares (James  2013 ). 
Figure  11.3  shows the relative area of biotech 
crops in developed and developing countries in 
millions of hectares, since 1996 to 2013.

11.4         Transgenic Crops 
for Increase of Farmer’s 
Income 

 Agriculture in developing countries is mostly 
dependent on nature as there is a lack of appro-
priate agricultural technologies, the reason for 
which may be economic or the unavailability of 
apt techniques and their ineffi cient implementa-
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  Fig. 11.2    Global area of transgenic crops in millions of hectares, since 1996 to 2013 (Source: James  2013 )       
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tion. Farmers are threatened by extreme weather, 
crop pests, and hence unpredictable and low pro-
ductivity which culminates into food scarcity and 
insecurity. The extreme weather conditions like 
frequent occurrences of drought and fl oods 
invariably result in low crop production and acute 
food shortages. As a result, poor people in devel-
oping countries suffer from different types of 
malnutrition. Tools of plant biotechnology pro-
vide opportunities for improving the economy of 
developing countries and the well-being of the 
people and offer a means for increasing agricul-
tural production, improving human health, and 
minimizing environmental degradation by devel-
oping high-yield varieties, which requires less 
use of chemical pesticides and do not require 
mechanical tilling (Carpenter  2010 ). 

11.4.1     The First Generation of GM 
Crops: Increasing Farmer’s 
Income 

 The fi rst generations of GM crops were focused 
on traits which directly benefi t the farmers. These 
were called as input traits and affect the hus-
bandry and management of a crop. Input traits 
include herbicide tolerance; resistance to insects 
or pathogens like fungus, bacteria, and virus; and 
the ability to survive stress conditions, such as 
drought (Halford  2006 ). Insect resistance and 
herbicide tolerance are two primarily and most 
widely targeted traits, which directly benefi t the 

growers although consumers may benefi t indi-
rectly through lower food prices (Chen and Lin 
 2013 ; Rommens  2010 ; Halford  2012 ). These 
fi rst-generation GM crops have proved to be 
quite promising in enhancing agricultural pro-
ductivity and reducing poverty in developing 
countries (Christou and Twyman  2004 ; Farre’ 
et al.  2010 ,  2011 ). 

 Development of the GM IR traits in crops has 
resulted in less expenditure on insecticides and 
lower costs of production and hence higher 
incomes through improved yields in all countries. 
Thus, gains from technology are direct, and farm-
ers mostly in developing countries have been able 
to improve both their productivity and economic 
returns. The gains from GM HT traits on the 
other hand have come from a combination of 
effects including reduced costs of production, 
e.g., using low-cost, broad-spectrum herbicide 
(glyphosate), which is directly benefi cial for 
farmers. Indirect gains have come by the facilita-
tion of changes in farming systems, e.g., in both 
North and South America, it facilitated the mov-
ing away from conventional to low or no-tillage 
production systems and enabled many farmers to 
plant a second crop of soybeans after wheat in the 
same season (Brookes and Barfoot  2013 ). 
Adopting conservation tillage techniques reduces 
soil erosion and improves soil quality through a 
gradual accumulation of organic material in the 
soil (Park et al.  2011 ). Insecticide reduction and 
yield effects are closely related. Yield enhance-
ment varies depending on the environment and 
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  Fig. 11.3    Adoption of GM crops in developed and developing countries in millions of hectares (Source: James  2013 )       
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the local intensity of pest and weed pressures. 
Pest pressure is often higher in the tropics and 
subtropics, and resource-poor farmers face more 
severe constraints in chemical pest control, so 
yield effects will be more pronounced in develop-
ing countries (Qaim and Zilberman  2003 ; Qaim 
 2009 ; Park et al.  2011 ). Adoption of Bt crops 
resulted in 65 % insecticide reduction and 24 % 
increase in effective yield in China. As a result, 
increase in gross margin in China reached 
US$470/ha (Pray et al.  2002 ). Similar results 
were later reported in India where adoption of Bt 
crops resulted in 41 % insecticide reduction and 
37 % increase in effective yield leading to 
US$135/ha increase in gross margin (Qaim et al. 
 2006 ; Sadashivappa and Qaim  2009 ). Farmers in 
developing countries received $3.74 for each dol-
lar invested in GM crop seeds in 2012 (the cost 
being equal to 21 % of total technology gains), 
while farmers in developed countries received 
$3.04 for each dollar invested in GM crop seed 
(the cost being equal to 25 % of the total technol-
ogy gains) (Brookes and Barfoot  2014 ). The 
higher share of total technology gains realized by 
farmers in developing countries relative to farm-
ers in developed countries mainly refl ects weaker 
provision and enforcement of intellectual prop-
erty rights coupled with higher average levels of 
benefi ts in developing countries. 

 Crop biotechnology undoubtedly helps farm-
ers earn reasonable incomes for their work. The 
net economic benefi t at the farm level in 2012 
was $18.8 billion, equal to an average increase in 
income of $117/hectare. For the 17-year period 
(1996–2012), the global farm income gain has 
been $116.9 billion. The total farm income gain 
of $116.9 billion was divided equally between 
farmers in developing and developed countries. 
Fifty-eight percent (58 %) economic gains were 
due to reduced production costs (less plowing, 
fewer pesticide sprays, and less labor) and 42 % 
due to substantial yield gains of 377 million tons. 
The highest yield gains were obtained by farmers 
in developing countries, many of which are 
resource poor and farm small plots of land. The 
cost farmers paid for accessing crop biotechnol-
ogy in 2012 ($5.6 billion payable to the seed sup-

ply chain) was equal to 23 % of the total gains (a 
total of $24.4 billion inclusive of the $18.8 bil-
lion income gains). Globally, farmers received an 
average of $3.33 for each dollar invested in GM 
crop seeds (Brookes and Barfoot  2014 ). So, crop 
biotechnology continues to be a good investment 
for farmers around the world.  

11.4.2     Concern of Farmers 
about Planting Genetically 
Modifi ed Crops  

 Interest of farmers lies in increased income and 
productivity; better allocation of labor, time, and 
resources: and safer practices and products for 
themselves and the environment. In view of these 
facts, major concerns of farmers while planting 
genetically modifi ed crops are as follows:

    1.    Seeds bred for particular soils, particular tem-
perature, and rainfall zones do not perform to 
the optimum in other soils and zones; there-
fore, farmers must have access to seeds that 
are suitable for the agroecological conditions 
of their particular fi elds. Farmers must be able 
to coexist with their neighbors in neighborly 
ways so that each farmer can choose what is 
appropriate for his/her fi eld (Kershen  2010 ).   

   2.    Laws should not be too stringent when it 
comes to using genetically modifi ed seeds. 
They must not face discriminatory rules and 
regulations that limit their choices and inap-
propriately impose liability upon them simply 
because they desire to grow genetically modi-
fi ed crops. When laws allow farmers the 
choice, farmers have chosen quickly and 
broadly to grow genetically modifi ed crops in 
their fi elds. In countries like India, Pakistan, 
and Brazil, farmers are defying the law to 
improve their lives and their farms (Rehman 
 2007 ; Roy et al.  2007 ). Illegal cultivation of Bt 
cotton in Pakistan forced the regulators to 
approve its cultivation in 2010 (Nazli et al. 
 2010 ). 

 Interestingly, a small country like 
Bangladesh approved Bt eggplant (brinjal) for 
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planting for the fi rst time in 2013 and released 
four varieties of Bt eggplant in January 2014 
(BARI  2014 ). In the future, it may serve as an 
exemplary model for other small poor coun-
tries (James  2013 ).       

11.5     Transgenic Crops for Poverty 
Alleviation 

 For developing world, poverty is the main cause 
of chronic food insecurity (Wijk  2002 ; Christou 
and Twyman  2004 ; Yuan et al.  2011 ). GM crops 
can contribute to the alleviation of poverty in 
developing countries through increased income 
for producers as well as addressing persistent 
problems of hunger (Juma  2011 ; Brookes and 
Barfoot  2009 ,  2013 ). The reasons for the increase 
in producer’s income may vary from region to 
region as well as from farm to farm (Finger et al. 
 2011 ). According to the UN reports of 2011, half 
the population in sub-Saharan Africa and in the 
least developed countries subsists on less than 
US$ 1 per day which comes to more than a quar-
ter of the population in developing countries as a 
whole (UN  2011 ). On a larger scale, this trans-
lates into productivity losses that can account for 
2–4 % of gross domestic product (GDP) as dem-
onstrated for several countries in South Asia 
(FAO  2012 ). Developments in crop will have a 
direct impact on poverty alleviation as many of 
the poorest people and countries in the world are 
highly reliant on agriculture (DFID  2005 ). Hence, 
a remarkable gain in overall economic welfare 
can be achieved through adoption of technologies 
such as genetic engineering of plants. GM crops 
can contribute signifi cantly to poverty reduction 
and rural development, when they are suited to 
the small farm sector and embedded in a contrib-
utory institutional environment. The effects of 
transgenic crops are considered in relation to 
crop yield, inputs such as pesticides, and their 
effects on overall profi tability. Yield improve-
ment, higher revenue, and lower pesticide costs 
are widely reported for Bt cotton, producing in 
most cases signifi cant net benefi t after account-
ing for higher seed prices. 

 So, GM technology has had a signifi cant posi-
tive impact on farm income derived from a com-
bination of enhanced productivity and effi ciency 
gains. It was assumed that the productivity of 
unskilled labor would rise by 2 % following 
adoption of second-/next-generation GM crops. 
Even golden rice on its own could add $3.2 bil-
lion per year to developing countries economic 
welfare (Anderson  2010 ). Global value of GM 
rice has recently been estimated to be US$64 bil-
lion per year by aggregating the expected annual 
benefi ts (Demont and Stein  2013 ). 

 In 2012, the direct global farm income bene-
fi t from GM crops was $18.8 billion. This is 
equivalent to having added 5.6 % to the value of 
global production of the four main crops of soy-
bean, maize, canola, and cotton. Positive yield 
impacts from the use of this technology have 
occurred in all user countries when compared to 
average yields derived from crops using conven-
tional technology (such as application of insec-
ticides and seed treatments). Because most of 
the farmers in developing countries are small-
scale farmers, so any increase in their income 
can have a direct impact on poverty alleviation. 
The average yield impact across the total area 
planted to insect-resistant (IR) traits during the 
1996–2012 period has been +10.4 % for insect-
resistant corn and +16.1 % for insect-resistant 
cotton. In 2012, 46.2 % of the farm income ben-
efi ts have been earned by developing country 
farmers, and the vast majority of these income 
gains have been from GM IR cotton and GM HT 
soybeans (Tables  11.1  and  11.2 ). In the absence 
of crop biotechnology, 17.3 million farmers 
using this technology in 2012 would not have 
maintained global  production levels equivalent 
to 2012 levels and would have required addi-
tional plantings of 4.9 million ha of soybeans, 
6.9 million ha of corn, 3.1 million ha of cotton, 
and 0.2 million ha of canola. This total area 
requirement is equivalent to 9 % of the arable 
land in the USA or 24 % of the arable land in 
Brazil (Brookes and Barfoot  2014 ). GM crops 
are, hence, allowing farmers to grow more with-
out using additional land. It is, therefore, a land-
saving technology (James  2010 ).
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11.5.1        Role of Bt Cotton 
in Alleviating Poverty in India 

 India has the third largest area in the world under 
GM crops. There are more than 60 transgenic 
crops under research and more than 20 under 
fi eld trials in India (ISAAA  2013 ). But only one 
crop is under cultivation, i.e., Bt cotton, since its 
approval in 2002 by the Genetic Engineering 
Approval Committee (GEAC) of the Government 
of India. Premature discontinuation of GM mus-
tard in 2001 and the moratorium of Bt brinjal by 
the Ministry of Environment and Forests (MOEF) 
in 2010 raised a question on the regulatory sys-
tem of GM crops in India. However, on a brighter 
side, Bt cotton is doing exceptionally well. In 
India, a case study was done, which compared 
the performance of over 9000 Bt and non-Bt cot-
ton farm plots in Maharashtra, and it was found 
that Bt cotton varieties had a signifi cant positive 

impact on average yields and on the economic 
performance of cotton growers. Between 2003–
2004 and 2006–2007, cotton yields in India indi-
cate a signifi cant yield advantage of more than 30 
% with Bt cotton compared with conventional 
varieties with corresponding increase in farm 
income (Karihaloo and Kumar  2009 ). Similar 
study was done on resource-poor small-scale cot-
ton farmers of South Africa, and similar results 
were obtained (Bennett et al.  2006 ). Bt cotton 
produces 82 % higher aggregate incomes per 
hectare in India, and as a result annual consump-
tion expenditures of Bt-adopting households 
increased by 18 %, during 2006–2008, in com-
parison with non-adopters (Qaim  2009 ; Klumper 
and Qaim  2014 ). The yield increases in the range 
of +30 % to +40 % have been confi rmed later in 
India (Qaim  2009 ,  2010 ; Gruere and Sengupta 
 2011 ; Herring and Rao  2012 ). As a result, Bt cot-
ton area increased from 0.05 million hectares in 
2002 to 9.3 million hectares in 2011–2012, 
accounting for 88 % of total area (IGMORIS 
 2013 ), and the Indian cotton sector switched 
from a net import to a signifi cant export situation. 
Despite this signifi cant increase in cotton area, 
the use of insecticides on cotton decreased from 
46 % of total insecticides used in agriculture dur-
ing 2001–2002 to 20 % in 2011–2012 (Kranthi 
 2012 ). Bt technology further contributed to 24 % 
increase in cotton yield per acre through reduced 
pest damage and a 50 % increase in profi t among 
cotton smallholders (Kathage and Qaim  2012 ). 

   Table 11.1    GM crop farm income benefi ts of developing 
countries in million US$ in the year 2012   

 GM crops 
 Farm income benefi ts in developing 
countries in 2012 

  GM IR cotton   4800.7 

 GM HT 
soybeans 

 1842.5 

 GM IR maize  1400.3 

 GM HT maize  543.9 

 GM HT cotton  75.8 

  Total    8663.2  

  Source: modifi ed after Brookes and Barfoot ( 2014 )  

   Table 11.2    GM crop farm income benefi ts for developing countries in million US$, 1996–2012   

 Countries  GM IR cotton 
 GM HT 
soybeans 

 GM HT 
maize 

 GM HT 
cotton  GM IR maize  Total 

  China    15,270.4   N/a  N/a  N/a  N/a   15,270.4  

  India    14,557.1   N/a  N/a  N/a  N/a   14,557.1  

 South Africa   34.2    9.1    4.1    3.2    1100.6    1151.2  

 Paraguay  N/a   828   N/a  N/a  N/a   828.0  

 Pakistan   725.1   N/a  N/a  N/a  N/a   725.1  

 Bolivia  N/a   432.2   N/a  N/a  N/a   432.2  

 Philippines  N/a  N/a   104.7   N/a   273.6    378.3  

 Burkina Faso   186.9   N/a  N/a  N/a  N/a   186.9  

 Honduras  N/a  N/a  N/a  N/a   6.9    6.9  

  Source: modifi ed after Brookes and Barfoot ( 2014 )  
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Bt cotton has signifi cantly raised living standards 
of small farm households in India.   

11.6     Transgenic Crops 
for Nutrition and Health 

 On the one hand, the world is facing newer chal-
lenges, such as the expansion of cultivated areas 
to less fertile fi elds and the adaptation of crops to 
a globally changing climate (Avni and Bla’zquez 
 2011 ), on the other hand the nutritional quality of 
food or balanced diet is emerging as a major 
problem in developing countries. In response to 
escalating food prices, poor households had to 
limit their food consumption, and poor people are 
unable to procure a balanced diet. Food prices 
throughout the world have increased sharply in 
the last decade. For example, prices of wheat and 
maize were three times higher in 2008 than at the 
beginning of 2003, and the price of rice was fi ve 
times higher (Braun  2008 ,  2010 ). Majorities of 
the people living in developing countries are 
extremely poor and cannot afford combination of 
expensive foods like meat, fi sh, milk, pulses, etc., 
which usually forms essential balanced diets. 
According to an estimate, food production would 
have to be doubled by 2050 to overcome existing 
hunger, feed an additional 2 billion people, and 
accommodate rising demand from income 
growth (Braun  2010 ; Adenle et al.  2012 ). 

 Lack of balanced diet leads to micronutrient 
defi ciencies and, hence, negative consequences 
on people’s nutrition and health. Micronutrients 
are involved in all aspects of development, 
growth, and physiology of the human body, and 
their defi ciencies can cause birth defects, perma-
nent physical and mental impairment, as well as 
an increased risk of death by infectious and 
chronic diseases. The long-term consequences of 
insuffi cient amounts of essential micronutrients 
in the human diet can be more devastating than 
low-energy intake (Murgia et al.  2013 ). The lead-
ing micronutrient defi ciencies are iron defi ciency, 
iodine defi ciency, zinc defi ciency, folic acid defi -
ciency, and vitamin A defi ciency. One or more of 
these affect almost half of the world’s population. 
Since children’s nutrition is crucial for their 

physical and cognitive development and for their 
productivity and earnings as adults, the health 
and economic consequences of insuffi cient food 
and poor diets are lifelong – for the individuals as 
well as for society. Besides, GM crops with 
insect-resistant genes may reduce the need for 
pesticides which improves the health of farmers, 
especially in developing countries where pesti-
cides are still applied with handheld sprayers 
(Chrispeels  2014 ). 

11.6.1     Next Generation GM Crops: 
Improving Nutrition 
and Health 

 Scientifi c knowledge has achieved breakthrough 
in the fi eld of genomics, proteomics, and metabo-
lomics in the recent times. It has broadened our 
understanding of the sources and nutritional val-
ues of the products of many of food crops (Arber 
 2010 ). Next-generation GM crops target traits 
which affect the composition of the crop product 
for quality improvements for nutrition and indus-
trial purposes and are called as output traits. 
These traits include improved nutritional value 
like staple foods with enhanced contents of 
essential amino acids (especially lysine and 
methionine) and micronutrients (vitamins A and 
E, iron, folate, and ascorbate); oilseeds with 
improved fatty acid composition (oleic acid, 
omega-3 fatty acid); changes in starch quality, 
i.e., resistant starch and antioxidants (anthocya-
nins); etc. (Jefferson-Moore and Traxler  2005 ; 
Pew Initiative on Food and Biotechnology  2007 ). 

 In general, one or several key genes in meta-
bolic pathways are introduced or knocked down 
by genetic modifi cation to promote the 
 accumulation of healthy metabolites, and nutri-
tional requirements can be addressed directly by 
contributing to multipoint intervention strategies 
(Yuan et al.  2011 ). The main benefi ciaries of 
these so-called next-generation GM crops are 
consumers and/or food processors. One famous 
example is golden rice, which can prevent vita-
min A defi ciency that prevails in poor popula-
tions solely dependent on rice as a staple food 
crop. Approximately 500,000 children in devel-
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oping countries become blind each year owing to 
vitamin A defi ciency. Africa accounts for almost 
50 % of the children who are clinically or sub-
clinically defi cient in vitamin A, particularly 
under 5 years of age (FAO/WHO  1998 ; WHO 
 2010 ). Golden rice contains a high content of 
β-carotene by introduction of a previously absent 
biosynthetic pathway into rice endosperm. A GM 
line containing β-carotene was developed by 
Ingo Potrykus and coworkers in 2000 at the Swiss 
Federal Institute of Technology, Zurich (Potrykus 
 2003 ). Rice endosperm contains geranylgeranyl 
diphosphate, which is converted into β-carotene 
by three enzymes produced from different trans-
genes: phytoene synthase ( psy ), lycopene 
β-cyclase gene from daffodil ( Narcissus 
pseudonarcissus ), and a phytoene desaturase 
( crtI ) gene from the bacterium  Erwinia uredov-
ora . The GM rice producing β-carotene was 
crossed with another line engineered with multi-
ple genes to improve iron availability, including a 
phytase-encoding gene from  Aspergillus fumiga-
tus  (Lucca et al.  2001 ). The high-β-carotene/
high-availability iron hybrid was called golden 
rice (Halford  2012 ). Higher β-carotene intakes 
will improve the vitamin A status of individuals, 
thus reducing the incidence of adverse health out-
comes (Qaim  2010 ). The replacement of the daf-
fodil genes  Zmppsy1  and  EucrtI  with its maize 
ortholog is the basis of Golden Rice 2, which pro-
duces up to 37 μg of carotenoids per gram dry 
weight (DW) of grain, of which 31 μg/g is 
β-carotene (Paine et al.  2005 ). The putative 
impact of golden rice was calculated as up to 
40,000 lives saved per year for India alone 
(Khush  2012 ). β-Carotene in golden rice is as 
good as pure β-carotene in oil at providing vita-
min A to children (Tang et al.  2012 ). It was the 
use of genetic engineering together with conven-
tional breeding, i.e., combinatorial transforma-
tion method, which has enabled the production of 
provitamin A (PVA) in corn and rice plants as an 
alternative source of vitamin A to save millions 
of children who go blind every year (Avni and 
Bla’zquez  2011 ). 

 Bananas having levels of PVA greater than 
15-fold higher than wild type have been devel-

oped through the overexpression of a single gene, 
phytoene synthase, using either constitutive pro-
moters or fruit-preferred promoters. Two differ-
ent phytoene synthase genes, one from a naturally 
high-PVA banana and other from maize gene 
used in Golden Rice 2, were differently expressed 
in bananas, and lines with elevated PVA have 
been identifi ed (Dale et al.  2013 ). Anemia caused 
by iron defi ciency is the world’s most common 
nutritional defi ciency. It affects pregnant and 
nursing women and young children most com-
monly (Earl and Woteki  1998 ; Swaminathan 
 2002 ). Genetic enrichment of iron in Indian rice 
Pusa Basmati ( Oryza sativa  L.) has also been 
accomplished through recombinant DNA tech-
nology (Shivprakash et al.  2006 ). Co-expression 
of endosperm-specifi c recombinant soybean fer-
ritin and  Aspergillus  phytase in maize resulted in 
signifi cant increases in the levels of bioavailable 
iron (Drakakaki et al.  2005 ). A similar end was 
achieved earlier with lettuce (Goto et al.  2000 ). 
Transgenic rice plants expressing the NAS (nico-
tianamine synthase) genes  Osnas1 ,  Osnas2 , or 
 Osnas3  accumulated up to 19 lg/g of iron in the 
endosperm (Johnson et al.  2011 ). Recently, phos-
phate bioavailabilities of barley grains have been 
improved from 30 to 60 % using cisgenesis with 
an endogenous phytase gene (Holme et al.  2012 ). 
Barley grains are widely used for feeding mono-
gastric animals such as chickens and pigs. A 
large number of rice or soybean ferritin overac-
cumulators in rice mega-variety IR64, including 
marker-free events, were generated and evaluated 
by introducing soybean or rice ferritin genes into 
the endosperm for product development. As 
much as a 37- and 19-fold increase in the expres-
sion of ferritin gene in single and co-transformed 
plants, respectively, and a 3.4-fold increase in Fe 
content in the grain over the IR64 wild type were 
achieved (Oliva et al.  2014 ). 

 Multivitamin maize expressing the rice  dhar  
gene from the ascorbate recycling pathway accu-
mulated six times the normal level of ascorbate 
(Naqvi et al.  2009 ). Similarly, the constitutive 
expression of two  Arabidopsis  cDNA clones 
encoding q-hydroxyphenylpyruvate dioxygenase 
(HPPD) and 2-methyl-6-phytylplastoquinol 
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methyltransferase (MPBQ MT) increased the 
tocopherol content by threefold in transgenic 
maize (Naqvi et al.  2011 ). The essential fatty 
acids are abundant in fi sh, shellfi sh, nuts, and 
leafy vegetables, but they are not present in cere-
als (Farre et al.  2011 ). Genetic engineering can 
be used to produce oilseeds such as soybean and 
canola that have nutritional properties similar to 
fi sh oils (Damude and Kinney  2008 ). These 
include fatty acids associated with lowering risks 
of coronary heart disease (Haslam et al.  2013 ). 
For example, omega-3 fatty acid which reduces 
coronary heart disease and maintains heart health 
has been increased from 12 to 50 % in canola 
(Ursin  2003 ). The fatty acid biosynthesis path-
way in plants was modulated to produce ω-3 and 
ω-6 PUFAs by introducing the microbial enzymes 
responsible for a sequence of fatty acid desatura-
tion and elongation reactions (Domergue et al. 
 2005 ). Studies have also shown that the use of oil 
from transgenic soya in which the fatty acid met-
abolic pathways have been modifi ed can increase 
the n-3 VLC-PUFAs of chicken meat (Rymer and 
Givens  2009 ). 

 Folate prevents neural tube defects and causes 
widespread megaloblastic anemia during preg-
nancy and often exacerbates already existing iron 
defi ciency anemia (Rush  2000 ; Barber et al.  2000 ; 
Laurence et al.  1981 ; Rosenquist et al.  1991 ). 
Enhancing folate content in staple crops by meta-
bolic engineering is a promising, cost- effective 
strategy to eradicate folate malnutrition worldwide 
(Blancquaert et al.  2014 ). The transformation of 
two pathway genes from  Arabidopsis thaliana  
increased folate production from <1 mg/g to 17 
mg/g in rice which is enough to meet the require-
ments necessary to combat its defi ciency 
(Storozhenko et al.  2007 ). Several other traits are 
also under development, such as rice enriched with 
lactoferrin to reduce diarrhea in high-risk patients. 

 Similarly, biofortifi cation is another important 
and widely used technique to nutritionally 
enhance the food crops at source (Zhu et al. 
 2007 ). Biofortifi cation of staple food crops might 
be used as one of the possible strategies against 
micronutrient malnutrition in developing coun-
tries. Biofortifi cation allows the poor to receive 
the necessary amounts of vitamin A, zinc, and 

iron via their regular staple food diets and, hence, 
delivers naturally fortifi ed foods to people with 
limited access to commercially marketed forti-
fi ed foods or supplements (Braun  2010 ). 
However, the desired traits for biofortifi cation 
may not be present at all in a food crop; the best- 
known example is golden rice, in which the 
carotenoid biosynthetic pathway has been recon-
stituted in non-carotenogenic endosperm tissue, 
as a means to deliver provitamin A (Mayer et al. 
 2008 ). So, biofortifi cation of staple crop plant tis-
sues can be achieved through breeding where this 
is possible, while recombinant DNA technology 
must be applied in all other cases (Bayer  2010 ). 
Hence, the science of biotechnology, either 
through conventional breeding (often in conjunc-
tion with marker-assisted selection) or genetic 
modifi cation approaches, has great potential to 
achieve biofortifi cation for nutritional benefi ts 
(Table  11.3 ).

11.7         Transgenic Crops in the Era 
of Climate Change 

 A question that often comes in one’s mind is 
whether genetic engineering can contribute to 
food security, as well as enhancing human nutri-
tion and farming under a changing climate. 
Global climate change is increasing temperatures 
worldwide resulting in global warming besides 
rapid climate variability and unscheduled expan-
sion or shrinkage of the extreme climates (Keer 
 2007 ; IPCC  2001 ,  2007 ; Webb et al.  2012 ). In 
other words, as a result of climatic change, there 
is an increase in the frequency of extreme events 
that are likely to decrease crop yield affecting all 
dimensions of crop production (Singh et al. 
 2015 ). Human activities are hugely accelerating 
this change in global climate. Continuously 
increasing human population is hence making the 
situation even worse. It is expected to peak before 
the end of the century, with 10 billion people 
before 2100 (Lutz et al.  2001 ; Duhamel and 
Vandenkoornhuyse  2013 ). Food crises are exac-
erbated by global warming as agricultural pro-
ductivity has declined worldwide as a 
consequence of the hot summers experienced in 
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the recent past (Mittler  2006 ; Mittler and 
Blumwald  2010 ). It is estimated that global 
warming will reduce about 6 % and 5 % average 
yield per 1 °C rise when it comes to C 3  and C 4  
crops, respectively (Yamori et al.  2013 ) Besides, 
current trends in yield increase are insuffi cient to 
double food production by 2050 (Ray et al. 
 2013 ). However, the impact of climate change 
will cut across all boundaries, and the most sus-
ceptible victims of this climate change are going 

to be the most food-insecure developing coun-
tries with a challenge posed to them to attain mil-
lennium development goals and achieve 
sustainable development by climate change 
(Singh et al.  2015 ). 

 The climate change which is generally related 
to the abiotic stresses due to extreme environ-
mental changes may result in melting of portions 
of the Himalayan glaciers, disturb the monsoon 
pattern, and increase fl ooding/drought in Asia. 

   Table 11.3    Some of the important nutritionally enhanced GM crops   

 Crop  Nutrient/trait  Base level 
 Maximum level in 
GM crop  Main benefi ts  Reference(s) 

 Rice  Iron  –  37- and 19-fold 
increase in the 
expression of 
ferritin gene in 
single and 
co-transformed 
plants, 
respectively 

 Malnutrition causes anaemia 
or impaired mental 
development 

 Oliva et al. 
( 2014 )) 

 Banana  Provitamin A 
(PVA) 

 –  15-fold higher  Vitamin A defi ciency causes 
blindness and increased child 
mortality 

 Dale et al. ( 2013 ) 

 Barley  Phosphate 
bioavailability 

 30 %  60 %  Barley grains used for feeding 
monogastric animals such as 
chickens and pigs 

 Holme et al. 
( 2012 ) 

 Wheat  Amylose  28 %  75 %  Benefi t for some health issues 
associated with some chronic 
diseases 

 Regina et al. 
( 2006 ); Zhu et al. 
( 2012 ) 

 Maize  Tocopherol  –  Threefold  Powerful antioxidants that 
protect fatty acids, LDLs, and 
other components of cell 
membranes from oxidative 
stress. 

 Naqvi et al. 
( 2011 ) 

 Soybean  Oleic acid  20 %  80 %  To hinder the progression of 
adrenoleukodystrophy, and 
reduce blood pressure 

 Mroczka et al. 
( 2010 ); Wagner 
et al. ( 2011 ) 

 Maize  Ascorbate  18 mg/g  107 mg/g  Ascorbate defi ciency causes 
scurvy in humans 

 Naqvi et al. 
( 2009 ) 

 Rice  Iron  –  Increase > sixfold  Malnutrition causes anaemia 
or impaired mental 
development 

 Wirth et al. 
( 2009 ) 

 Tomato  Anthocyanin  0 mg/g  2.83 mg/g  To extend the life of cancer- 
prone mice 

 Butelli et al. 
( 2008 ) 

 Rice  Folate  <1 mg/g  17 mg/g  To prevent neural tube defects  Storozhenko 
et al. ( 2007 ) 

 Rice  β-Carotene  0 µg/g  37 µg/g  Vitamin A defi ciency causes 
blindness and increased child 
mortality 

 Paine et al. 
( 2005 ) 

 Canola  Omega-3  12 %  50 %  Reduces coronary heart 
disease and maintains heart 
health 

 Ursin ( 2003 ) 
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Increased uncertainty over the availability of 
water for irrigation and more frequent fl oods will 
affect 25 % of the world’s cereal production. 
Most of the abiotic stress tolerance mechanisms 
in plants are complex due to the involvement of 
multiple metabolic pathways. Hence, manipulat-
ing these characters through conventional breed-
ing remains a big challenge. The genetic 
transformation of plants is an effi cient alternative 
to this problem. The genetic transformation of 
plants with regulatory genes, e.g., transcription 
factors, is a promising method for genetic engi-
neering because many of the ways in which 
plants can adapt to cold, drought, oxidative stress, 
and extreme temperatures is through transcrip-
tional control (Mittler and Blumwald  2010 ). The 
genetic transformation studies to overcome vari-
ous types of stresses have already been discussed 
in detail in this book in an article by Bauddh and 
coworkers (Table  11.4 ). Genetic engineering 
(GE) has already contributed to the reduction of 
greenhouse gas (GHG) emissions as a result of 
less fuel use and additional soil carbon storage 
from reduced tillage with GM crops. When 
global impact of biotech crops on environmental 
effects was estimated between 1996 and 2010, it 
was found that farming with transgenic crops 
since 1996 has led to additional soil carbon 
sequestered, equivalent to 133,639 million tons 
of CO 2  (Brookes and Barfoot  2012 ). In 2012, this 
was equivalent to removing 27 billion kg of car-
bon dioxide from the atmosphere or equal to 
removing 11.9 million cars from the road for 1 
year (Brookes and Barfoot  2014 ). Increased pro-
ductivity from GM crops has decreased pressure 
for land conversion of non-cropland to cropland 
which is a major contributor to the greenhouse 
gas increase in the atmosphere. This indicates 
that it can play a large role in both the mitigation 
of and adaptation to climate change.

11.8        Conclusions and Future 
Prospects 

 In spite of the strong opposition, farmers around 
the world have adopted GM crops at an unprece-
dented rate (Herring  2008 ; James  2013 ) espe-

cially in some major developing countries like 
India and China. The principal benefi ciaries of 
agricultural development from GM crops are 
likely to be poor farmers and poor consumers 
(Weale  2010 ). GM crops have the potential to 
improve food security in developing countries by 
improving incomes of farmers and availability of 
lower-priced and better-quality food for consum-
ers (Qaim and Kouser  2013 ). There are several 
constraints to the research and application of bio-
technology in developing countries like fi nancial 
resources, lack of policies and absence of sys-
tems for the delivery of technologies to potential 
users, and fi nally lack of awareness, leading to 
misconceptions about the potential of and risks 
posed by biotechnology. Hence, public contro-
versies about the risks and benefi ts of GM crops 
continue (Gilbert  2013 ; Fernandez-Cornejo et al. 
 2014 ). However, there is no scientifi c evidence 
that the process of transferring genes from one 
kind of organism to another possesses intrinsic 
problems. Further, there are no such reports that 
anyone has become ill as a result of eating GM 
foods. Hundreds of millions of people are regu-
larly consuming foods produced by GM crops 
(Raven  2010 ). There is an increasing scientifi c 
consensus, even in Europe, that the GM foods 
and crops currently on the market have brought 
no documented new risks either to human health 
or to the environment (Paarlberg  2010 ; European 
Commission  2010 ; European Academies Science 
Advisory Council  2013 ; DeFrancesco  2013 ). 
However, the existing negative public attitude 
toward GM crops, especially in Europe, has con-
tributed to a stringent complex regulatory frame-
work and has limited public and private 
investments into GM crop research, increasing 
the cost of technologies making it diffi cult for 
developing countries to continue the research on 
large scale and, hence, reap its benefi ts (Qaim 
 2010 ). Besides, investments should be more in 
the areas of R&D, rural infrastructure, rural insti-
tutions, and information monitoring and sharing 
to enhance agricultural productivity (Braun 
 2010 ). The public sector needs to resource these 
developing country-targeted projects as they do 
not represent commercially valuable targets and 
therefore cannot be a commercial priority for the 

11 GM Crops for Developing World in the Era of Climate Change: For Increase…



236

private sector (Bayer  2010 ). However, to develop 
novel traits and to distribute it systematically at a 
wider scale would require the expertise and 
resources of both public and private sector insti-
tutions. In the immediate future, the research 
should focus on development of methods avoid-
ing antibiotic- or herbicide-resistant genes as 
selectable marker or use of positive selectable 
markers such as phosphomannose isomerase 
( pmi ), xylose isomerase ( xyl  A), etc., to widen the 
acceptability of GM crops and selection of genes 
for the desirable traits for the transfer and strate-
gies for the seed distribution system, where the 
end user in the developing countries is benefi ted 
and not only industries in developed countries. 
There is a wide scope to produce nutritionally 
enhanced crops such as fi nger millet, cassava, 
etc., which are widely grown in sub-Saharan 
countries like Africa and are nutritionally poorer 

crops. Once nutritionally enhanced, these crops 
can be easily available and, hence, benefi cial to 
poorer local populations. The new tools of 
genomics, proteomics, and metabolomics would 
allow better understanding of vital processes and 
metabolic pathways for their improvement. 
Generation of more number of next-generation 
GM crops in the near future and development of 
new biotechnologies and non-targeted safety 
assessment approaches may improve public per-
ception about the potential risk of GM crops 
(Chen and Lin  2013 ). The focus should now be 
on the use of new techniques like RNA interfer-
ence, agro-infi ltration, cisgenesis, 
oligonucleotide- directed mutagenesis, and zinc 
fi nger nuclease technology that may or may not 
come under the strict GM regulations (Halford 
 2012 ). Crops created through genome engineer-
ing might prove to be more acceptable to the pub-

   Table 11.4    Some of the important genes transferred against major abiotic stresses   

 Stress  Gene  Crop/plant  Reference(s) 

 Cold   CBF (CpCBF2 )  Papaya  Zhu et al. ( 2013 ) 

  OsDREB1B   Mouse-ear cress 
(Arabidopsis) 

 Qin et al. ( 2007 ) 

  ApGSMT  and  ApDMT   Mouse-ear cress 
(Arabidopsis) 

 Waditee et al. ( 2005 ) 

  BNCBF5/BNCBF17   Brassica  Savitch et al. ( 2005 ) 

 Heat   RcaB   Wheat  Wang et al. ( 2014 ) 

  CBF (CpCBF2)   Papaya  Zhu et al. ( 2013 ) 

  AChE   Tobacco  Yamamoto et al. ( 2011 ) 

  AtDREB1A   Chrysanthemum  Hong et al. ( 2009 ) 

  GASA4 T-DNA  (SALK_042431)  Maize  Ko et al. ( 2007 ) 

  AtDREB2A   Mouse-ear cress 
(Arabidopsis) 

 Sakuma et al. ( 2006 ) 

 Drought   codA   Rice.  Kathuria et al. ( 2009 ) 

  betA   Cotton  Lv et al. ( 2007 ) 

  TPS1   Tobacco  Almeida et al.  2007  

  TPS1-TPS2   Mousear Cress (Arabidopsis)  Miranda et al. ( 2007 ) 

  TPS1-TPS2   Tobacco and mouse-ear cress 
(Arabidopsis) 

 Karim et al. ( 2007 ) 

  GmDREB2   Tobacco and mouse-ear Cress 
(Arabidopsis) 

 Chen et al. ( 2007 ) 

  AtDREB1A   Fescue  Zhao et al. ( 2007 ) 

  P5CSF129A   Wheat  Vendruscolo et al. 
( 2007 ) 

  P5CSF129A   Sugarcane  Molinari et al. ( 2007 ) 

  OsDREB1   Rice  Ito et al. ( 2006 ) 

  P5CSF129A   Petunia  Yamada et al. ( 2005 ) 
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lic than plants that carry foreign DNA in their 
genomes. Crops with enhanced nutritional value 
can be created by altering only a few nucleotides. 
The use of gene knockouts to disrupt biochemical 
pathways should make it possible to create plants 
that accumulate a variety of valuable biosynthetic 
intermediates (Voytas and Gao  2014 ). 

 GM crops hold a signifi cant potential to con-
tribute to poverty reduction, better nutrition and 
health, and sustainable development in develop-
ing countries especially in the present scenario of 
climate change. So, risk–benefi t analysis 
approach should be considered over risk assess-
ment. Saving lives by curbing malnutrition and 
food security should be the fi rst priority. Hence, 
the “if’s and but’s” should be in waiting, when it 
comes to saving lives. Commercialization of GM 
crops will have substantial implications for the 
alleviation of poverty, hunger, and malnutrition. 
They have much more to offer the developing 
world than the developed because when it comes 
to food developing world needs more and has 
fewer alternatives.     
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