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    Chapter 2   
 Molecular Approaches in Deciphering Abiotic 
Stress Signaling Mechanisms in Plants 

             Swati     Singh    ,     Nisha     Khatri    ,     Arpana     Katiyar    , and     Yashwanti     Mudgil    

    Abstract     There has been considerable interest in the area of abiotic stress research, 
especially in the direction of producing improved crop varieties that can encounter 
adversities of abiotic stresses such as heat, cold, drought, osmotic, and salinity 
effectively. These stresses can act alone or in combination cause greater damage to 
plants. Thus, in order to combat and survive in these extreme environmental condi-
tions, plants have evolved tolerance mechanisms. These mechanisms include inter-
connected networks of signaling cascade, which involves role of a large number of 
genes and their products in tolerance mechanism. The clear-cut understanding of 
these stress tolerance/resistance mechanisms is critical in order to improve the per-
formance of the plant. Deciphering such complex signaling cascades using tradi-
tional genomic approach has been diffi cult, and therefore, high-throughput 
functional genomics approaches need to be employed using tools like expression 
profi ling, transcriptomics, proteomics, and metabolomics during tolerance response.  

  Keywords     Abiotic stress   •   Legume   •   Transcription factor   •   WRKY family  

2.1         Introduction 

 Dynamic climatic conditions altering the environment play a crucial role in plant 
performance. These altered environmental conditions act as an environmental stress 
to plants. Effect of abiotic stresses (temperature, drought, salt, etc.) on plants is 
drastic, both for vegetative and reproductive potential. These stress conditions lead 
to change in the resource availability of plants, which are of utmost importance for 
their optimum performance. One way to mitigate these conditions is environment- 
induced shift in the phenotype of the plants. The environmental cues that lead to 
change phenotype of plants are genetically controlled in a hierarchical fashion. 
A clear-cut understanding of the stress tolerance/resistance mechanisms is critical 
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in order to improve plant performance. Thus, a holistic approach through ecologi-
cal, molecular, and physiological perspectives to understand the behavior of plants 
is of great importance. 

 In the twentieth century, an integrated analysis of stress responses on whole plant 
using functional genomics approaches is being popularized over traditional 
approaches in understanding complicated plant behavior under stress conditions. 
The core behind the analyses of functional genomics is how the expression of 
genome is altered under the unpredictable environmental extremes, using multiple 
high-throughput screening of stress-treated seedlings at the genome level (next- 
generation sequencing), at transcriptome level (expressed sequence tag (EST), 
serial analysis of gene expression (SAGE), and microarray analysis), and at protein 
level (protein localization and protein–protein interaction). The functional genom-
ics approach brings together physiological and phenotypic characteristics of plants 
by characterization of the diversity in gene functions under stressed conditions, 
through random/targeted mutagenesis, complementation analysis, and promoter- 
trapping strategies (reviewed by Sreenivasulu et al.  2007 ) (Fig.  2.1 ).  

 Although functional genomics approaches provide a gateway to extensive 
molecular analysis of genes and proteins involved in stress signaling, one of the 

  Fig. 2.1    Functional genomics strategies to study altered gene expression of plants under abiotic 
stress at different molecular levels. At transcript level— EST  expressed sequence tag,  NGS  next- 
generation sequencing,  SAGE  serial analysis of gene expression,  MPSS  massively parallel signa-
ture sequencing,  microarray ,   NEST  nuclear expressed sequence tag. At protein level— 2DGE  
two-dimensional gel electrophoresis,  MALDI  matrix-assisted laser desorption–ionization,  MS  
mass spectrometry. At metabolome level— GC-TOF MS  gas chromatography–time-of-fl ight mass 
spectrometry,  CE–MS  capillary electrophoresis–mass spectrometry. Genes identifi ed through the 
above tools are further validated for their function through knockout/knockdown analysis ( RNAi  
RNA interference; mutations— TILLING  targeting induced local lesions in genomes; T-DNA 
insertional lines) and overexpression analysis (activation-tagging and FOX hunting system (full- 
length cDNA Over-eXpressing gene hunting system))       
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major challenges faced by functional genomics biologists is to search the genes, 
which provide tolerance to plant without compromising with its growth and yield. 
In this chapter, we are trying to overview the abiotic stress signaling cascades for 
different stresses with functional genomics perspective.  

2.2     Signaling Cascades in Abiotic Stress 
and Their Effect on Plants 

2.2.1     Drought Stress 

 Drought stress involves multiple cellular and molecular pathways, which lead to 
change in many biochemical and physiological processes, which adversely 
affect plant growth, development, and ultimately productivity. Biosynthesis of phy-
tohormone, abscisic acid (ABA), is the most pronounced and primary event, which 
occurs during drought stress. ABA plays a central role in drought stress by closure 
of stomata, which in turn reduces water loss and also induces stress-related gene 
expression (Kim et al.  2010 ; Pospíšilová  2003 ). 

2.2.1.1     Effect on Plants 

 During drought stress, the normal bilayer structure of the membrane disrupts and 
becomes exceptionally porous. In water-defi cit condition, due to disruption of 
membrane, attached proteins/enzymes may displace and lose their activity. 
Disruption of cellular compartmentalization and high concentration of cellular elec-
trolytes also cause disruption of cellular metabolism. In addition to all this damage, 
enzymes located in cytosol may also exhibit reduced activity or can even undergo 
complete denaturation due to dehydration.  

2.2.1.2     Signaling Cascade During Drought Stress 

 In  Arabidopsis , upon exposure to drought stress, plasma membrane-located His 
kinase ATHK1 acts as a drought sensor (Wohlbach et al.  2008 ). GTG1 and GTG2 
(G protein-coupled receptor [GPCR]-type G protein) are also hypothesized as ABA 
receptors (Pandey et al.  2009 ). ATHK1 senses modifi cation in water status and 
upregulates transcription of ABA synthesis genes, resulting in an increase in intra-
cellular ABA levels. Precursor of ABA is xanthoxin, which is derived from a direct 
cleavage of C 40  carotenoids. This reaction seems to be a key step in ABA biosynthe-
sis in plants. The enzyme, which cleaves C 40  carotenoids, is 9- cis -epoxycarotenoid 
dioxygenase (NCED), which was originally identifi ed from maize (Schwartz et al. 
 1997 ). NCED family has fi ve members in  Arabidopsis , and among all, AtNCED3 
plays a crucial role in drought stress-inducible ABA biosynthesis. Drought stress 
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induces expression of the gene encoding NCED (Iuchi et al.  2000 ; Xiong and Zhu 
 2003 ). An ATHK1-responsive ABA-independent pathway of stress-responsive gene 
expression also exists (Wohlbach et al.  2008 ). Increase in ABA level is perceived by 
soluble PYR/PYL/RCAR (pyrabactin resistance1/PYR1-like/regulatory component 
of ABA receptor) receptors, members of START superfamily of ligand-binding pro-
teins (Ma et al.  2009 ; Park et al.  2009 ). After binding to its receptor, ABA-receptor 
complex then binds to type 2C protein phosphatase (PP2C) (Brandt et al.  2012 ; 
Fujii et al.  2009 ; Ma et al.  2009 ; Nishimura et al.  2009 ,  2010 ; Park et al.  2009 ; 
Santiago et al.  2009 ). PP2C is the inhibitor of Snf1-related protein kinase1. However, 
due to binding of PP2C with ABA-receptor complex, Snf1-related protein kinase1 
now gets released from PP2C inhibition (Ma et al.  2009 ; Melcher et al.  2009 ). ABI1 
and PP2CA are authentic SnRK1 phosphatases, which control SnRK1 activity and 
signaling during stress (Rodrigues et al.  2013 ). This activated Snf1-related protein 
kinase1 now phosphorylates downstream components like ion channels and tran-
scription factors such as basic leucine zipper (bZIP), referred to as ABRE-binding 
proteins (AREB) or ABRE-binding factors (ABFs) that further regulate expression 
of concerned genes (Brandt et al.  2012 ; Fujita et al.  2013 ; Lopez-Molina et al. 
 2001 ). SnRK2 protein kinase (OST1/SRK2E) is activated by ABA and controls 
stomatal closure (Yoshida et al.  2002 ; Mustilli et al.  2002 ). SnRK2s are activated by 
drought, salinity, and ABA (Yoshida et al.  2002 ). The PYR/PYL/RCAR–PP2C–
SnRK2 signaling module is conserved across land plants, and its key elements 
mediate ABA responses within the nonvascular plant  Physcomitrella patens  (Chater 
et al.  2011 ; Komatsu et al.  2009 ; Tougane et al.  2010 ). 

 Regulation of gene expression in drought stress is broadly classifi ed into two 
categories, namely, ABA-independent and ABA-dependent regulatory systems 
(Yamaguchi-Shinozaki and Shinozaki  2005 ). Genes are dissected at transcriptional 
level for better understanding of the cascade;  cis - and  trans -acting factors have been 
analyzed critically. The promoter of drought-inducible genes contains two major 
 cis -acting elements, ABRE (ABA-responsive element) and DRE (dehydration- 
responsive element)/CRT (C-repeat), both of which are involved in stress-inducible 
gene expression (Yamaguchi-Shinozaki and Shinozaki  1994 ,  2005 ). ABRE and 
DRE/CRT are  cis -acting components that operate in ABA-dependent and ABA- 
independent gene expression, respectively, in response to abiotic stresses (Shinozaki 
and Yamaguchi-Shinozaki  2007 ). ABRE is the major  cis -acting element involved in 
ABA-dependent pathways; other  cis  elements beside ABRE are MYC-like basic 
helix–loop–helix (bHLH) and MYB. MYC and MYB recognition sites are present 
in  RD22  promoter region and involved in drought- and ABA-induced gene expres-
sion of  RD22 . Transgenic plants that overproduce AtMYC2 and AtMYB2 have 
higher sensitivity towards ABA, thereby showing its role in drought stress (Abe 
et al.  2003 ). In ABA-independent gene expression, dehydration-responsive compo-
nent (DRE) acts as a very important  cis -acting component. The  RD29  gene induc-
tion with and without ABA suggests its involvement in both ABA-dependent and 
ABA-independent pathways.  RD29  promoter has 9-bp conserved sequence, 
TACCGACAT, dehydration-responsive element (DRE), and is responsible for regu-
lating  RD29A  induction in the ABA-independent response to dehydration and cold 
(Yamaguchi-Shinozaki and Shinozaki  1994 ).   
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2.2.2     Temperature Stress 

 Temperature acts as a key physical parameter affecting growth and development of 
plants. Any fl uctuation in the optimal level of temperature regime results in altered 
growth and productivity of plants. Mitigation of these changes in temperature 
extremes is brought through the evolution of complex mechanisms, which are illus-
trated by transcriptional changes observed in seedlings, leaves, roots, and pollen 
(reviewed by Zinn et al.  2010 ). Temperature stress results in multiple alterations of 
cellular mechanisms (Wang et al.  2003 ), and effectiveness of the stress relies upon 
multiple factors together with intensity, period, and rate of natural action (Wahid 
et al.  2007 ; Thakur et al.  2010 ). Broadly, temperature stress is classifi ed as high- 
temperature (heat) and low-temperature (cold) stresses. 

2.2.2.1     High-Temperature (Heat) Stress 

 Plants respond differently to varying temperature; regimes above an optimal level of 
induction result in development of heat stress on plants. Heat stress has been pri-
marily divided into two major categories—the fi rst one involves subjecting a plant 
growing in its natural temperature (~21 °C for  Arabidopsis thaliana ) to an abrupt 
rise in temperature (~42 to 45 °C for  Arabidopsis thaliana ) for a period of 0.5–1 h 
(Larkindale and Vierling  2008 ; Suzuki et al.  2008 ). The second type of heat stress 
is  priming , during which plants are subjected to moderate heat stress (36–38 °C), for 
a few hours, and then again subjected to an abrupt episode of severe heat stress 
(46 °C) (Larkindale and Vierling  2008 ; Qin et al.  2008 ). 

   Effect on Plants 

 High temperature has an overall stressful effect on plant growth and development 
(Lobell et al.  2011 ); however, reproductive tissues are highly sensitive to heat 
waves. Slight increase in the optimal temperature regime bears drastic effects upon 
fl owering time and total yield of plant (Mittler and Blumwald  2010 ; Zinn et al. 
 2010 ). At subcellular level, heat stress has been reported in fl uidizing the membrane 
(by hampering their lipid content), instability of proteins and cytoskeletal struc-
tures, and effi ciency of enzymes, thereby causing an overall metabolic imbalance 
within the cell (McClung and Davis  2010 ; Ruelland and Zachowski  2010 ; Suzuki 
et al.  2012 ).  

   Signaling Cascade During Heat Stress 

 Surviving such drastic effects of heat stress is achieved through initialization of a 
complex signaling cascade after sensing heat stress. Sensing occurs at plasma mem-
brane of  Physcomitrella patens  (Saidi et al.  2009 ; Mittler et al.  2012 ). The signaling 
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cascade, thereafter, results in opening of Ca 2+  channel, which leads to rise in cal-
cium concentrations within the cell. The increased Ca 2+  infl ux thereafter can regu-
late many signaling pathways in plants (Zhang et al.  2009 ; Liu et al.  2008 ). In 
 Arabidopsis , this increased calcium concentration could activate AtCaM3 (calmod-
ulin) which may further downstream activate different transcription factors such as 
WRKY (Li et al.  2010 ) and HSF (heat-shock transcription factor) directly/indirectly 
(LIU et al.  2011 ). The indirect activation of HSF is a consequence of cascading 
activation of CBK (Ca 2+ /calmodulin-binding protein kinase), which phosphorylates 
HSFA1a rendering it active (Liu et al.  2008 ). The activated HSFs further trigger 
increased expression of several stress-related transcripts, such as HSP (heat-shock 
proteins), of which few act as chaperons to stabilize protein (Wang et al.  2004 ), 
reviewed by Zinn et al. ( 2010 ). The advent of heat stress also has a potent role in 
increasing plasma membrane fl uidity, which might further lead to the activation of 
phospholipase D (PLD) and phosphatidylinositol 4-phosphate 5-kinase (PIPK) and 
accumulation of PIP2 (phosphatidylinositol 4,5-bisphosphate) and IP 3  (inositol 
1,4,5-trisphosphate)—a key member of lipid signaling (Mishkind et al.  2009 ). 
Increased lipid concentration within cell results in opening of channels and thereby 
infl ux of a calcium ion within cell, which eventually results in a heat-responsive 
signaling across cell. Although much have been discovered in downstream high- 
temperature signaling components, evidences for temperature-induced plasma 
membrane channel modulation and lipid signaling activation still remain unan-
swered in plants (Mittler et al.  2012 ).   

2.2.2.2     Low-Temperature (Cold) Stress 

 Low-temperature stress is one of the most common stresses faced by plants growing 
in temperate regions of the world. Low-temperature stress has been broadly classi-
fi ed as chilling (0–15 °C) and freezing (<0 °C). 

   Effect on Plants 

 Of late, effects of both chilling and freezing stresses have been reported to be del-
eterious to overall plant growth and development. Symptoms shown in vegetative 
plant parts in response to chilling treatment include wilting, chlorosis, and reduced 
leaf expansion eventually leading to necrosis. Not only vegetative but reproductive 
potential of plants has also been reported to be severely affected leading to sterility 
in fl owers in response to chilling (Wen et al.  2002 ). Freezing stress on the other 
hand induces membrane damage due to dehydration, thereby resulting in expan-
sion-induced cell lyses and fracture lesions (Steponkus et al.  1993 ; Uemura and 
Steponkus  1997 ). Other major effects associated with cold stress include ice crys-
tal formation in the apoplastic region of cell, which on further enlargement due to 
movement of cytosolic content acts as a mechanical strain on plasma membrane 
and cell wall leading to cell rupturing (McKersie and Bowley  1997 ).  
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   Signaling Cascade During Cold Stress 

 The low-temperature signaling across plant cell is a complex phenomenon involving 
a myriad of transcriptional regulators, thereby affecting the downstream stress- 
induced gene expression. One of the critical components of this signaling includes a 
transcriptional activator family CBF (C-repeat-binding factors), comprising of 
CBF1–4 members, of which CBF1 and CBF3 are reported to be low-temperature- 
responsive factors (Novillo et al.  2004 ; Mahajan and Tuteja  2005 ). In response to 
cold, unknown sensors on the cell surface get activated, which further downstream 
activate a transcription factor ICE1 (inducer of cold expression). ICE1 belongs to a 
family of transcription factors ICE, which are constitutively expressed in all plant 
tissues, whose overexpression results in increased freezing tolerance in plants. 
The activation of ICE1 by phosphorylation of its MYC bHLH domain (Chinnusamy 
et al.  2003 ) results in binding of ICE1 to MYC recognition sequences present on the 
CBF3 promoter, thereby activating CBF3 transcription downstream (Chinnusamy 
et al.  2003 ). The nascent transcript of CBF3 thus formed binds to promoter region 
(bearing C-repeat conserved sequences CCGAC (CRT/DRE element)) of COR (cold-
regulated) genes, thereby activating target gene and downstream components leading 
to induction of a low-temperature acclimations in  Arabidopsis . The complexity of 
cold acclimatization is further augmented by upstream negative regulation of CBF 
through HOS1 (high expression of osmotically responsive gene) and a feedback inhi-
bition through CBFs in CBF-dependent signaling cascade. The feedback inhibition of 
CBFs through knockout analysis of CBFs 1, 2, and 3 have shown a negative regula-
tion of CBF1 and CBF3 by CBF2 and vice versa (Novillo et al.  2004 ).   

2.2.2.3     Salinity Stress 

 Maintenance of an optimal saline environment within plant cell is an important 
aspect of growth and development of plant. Fluctuations in extracellular saline con-
ditions result in hyper ionic and hyperosmotic conditions within cells, thereby alter-
ing the homeostasis of the cell. The major ions responsible for such fl uctuations 
include Na + , K + , Mg 2+ , and Cl − , while maintenance of equilibrium during this ionic 
imbalance is maintained by Na + , K + , H + , and Ca 2+  signaling across cells (Mahajan 
and Tuteja  2005 ). 

   Effect on Plants 

 Increased Na +  concentration within plant cell bears a toxic and inhibitory effect upon 
cell metabolism and functioning of several enzymes (Niu et al.  1995 ). The osmotic 
imbalance caused due to this increased Na +  concentration also results in membrane 
disorganization and inhibition of cell division/expansion and growth. Overall, these 
imbalances result in the reduction of photosynthetic apparatus of plants with an 
increased formation of reactive oxygen species (ROS) (Mahajan and Tuteja  2005 ).  
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   Signaling Cascade During Salinity Stress 

 In order to cope with the increased salt concentration, plants activate their SOS (salt 
overly sensitive) signaling pathway. The activation of the pathway is preceded by 
perceiving the altered ionic concentrations by unknown sensors present on the cell, 
which further downstream result in an increase in cytosolic Ca 2+  infl ux (Knight et al. 
 1997 ) that acts as an elicitor for activation of SOS3—a myristoylated calcium- 
binding protein (Ishitani et al.  2000 ; Liu and Zhu  1998 ). The activated SOS3 further 
interacts with an active serine/threonine protein kinase SOS2 (Halfter et al.  2000 ; 
Liu et al.  2000 ) and regulates the expression of SOS1, a salt-tolerant effector gene 
encoding Na + /H +  antiporter (present on plasma membrane) (Halfter et al.  2000 ), 
which thereby maintains the sodium ion homeostasis within cell. Although, SOS 
signaling is an important aspect of maintaining the ionic balance within the cell, its 
negative regulation is also reported by AtHKT1, inhibiting the activity of SOS2–
SOS3 complex (Rus et al.  2001 ; Uozumi et al.  2000 ). In addition to SOS1-mediated 
maintenance of osmotic balance within cell, SOS2-mediated activation of Na + /H +  
exchange for vacuolar sequestration of increased Na +  ions (Qiu et al.  2002 ) also 
results in maintaining the cellular homeostasis. Acclimation to salt stress at physi-
ological level is achieved by accumulation of compatible solutes within cells, 
thereby preventing water loss and maintenance of turgor within cell (Bressan et al. 
 1998 ; Ford  1984 ). Accumulation of these    osmolytes (sugars—fructose and sucrose, 
sugar alcohols, trehalose, fructans, glycine betaine, proline, and ectoin) does not 
confi gure any change on the metabolic functioning of the cell and helps in overall 
maintenance of osmotic balance within it (Delauney and Verma  1993 ; Louis and 
Galinski  1997 ; McCue and Hanson  1990 ).   

2.2.2.4    ROS Stress 

 In order to cope with the stressful conditions, plants have evolved various regulatory 
pathways. Generation of ROS is one of them. When plants are subjected under 
environmental stress, several distinct types of ROS are generated within various 
intracellular compartments, either they can lead an oxidative damage or they might 
act as a signal. 

 Plants require light and oxygen for their growth and development. Under unfa-
vorable conditions, there is an increase in the number of oxidizing compound com-
pared with antioxidizing molecules (Shapiguzov et al.  2012 ). ROS are the reactive 
forms of molecular oxygen, which include hydroxyl radical (HO¯), superoxide 
(O 2 ̄), hydrogen peroxide (H 2 O 2 ), and singlet oxygen ( 1 O 2 ) (Shapiguzov et al.  2012 ). 
ROS are accumulated into cells through various mechanisms like electron transport 
in the chloroplast and mitochondria or with the enzymatic mechanisms like cell wall 
peroxidase and NADPH oxidase (in plants known as respiratory burst oxidase 
homologues (RBOHs)) in extracellular space and peroxisome (Wrzaczek et al. 
 2013 ). Major contributors for ROS are the mitochondria in mammals, while in 
plants largest ROS producers are chloroplast and peroxisomes (Foyer et al.  2003 ; 
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Rhoads et al.  2006 ). In plants peroxisomes contribute 50 % of the total extracellular 
ROS production, and the rest part is contributed by RBOHs and from intracellular 
sources (O’Brien et al.  2012 ). In  Arabidopsis  a network of at least 152 genes are 
involved in managing the ROS level (Mittler et al.  2004 ). Silencing and knockdown 
studies have shown that peroxidase 33 (PRX33) and peroxidase 34 (PRX34) are the 
major contributors for ROS production in  Arabidopsis  (Bindschedler et al.  2006 ) 
and RBOHs constitute a multigene family comprised of ten genes (AtRBOHA–
AtRBOHJ) (Baxter et al.  2013 ). During signaling mechanism of ROS, except H 2 O 2 , 
other forms of ROS are involved in localized signaling rather than the long distance 
(Jammes et al. 2009). H 2 O 2  operates as a long-distance messenger due to its stability 
and ability to cross the membranes either through aquaporins or via diffusion mech-
anism (Bienert et al.  2007 ). Plant RBOHs are involved in different signaling path-
ways including root hair growth, stomatal closure, pollen stigma interaction, and 
plant defense and acclimation to different abiotic stresses (Torres and Dangl  2005 ; 
Jammes et al.  2009 ; Monshausen et al.  2007 ; Miller et al.  2009 ; McInnis et al.  2006 ; 
Suzuki et al.  2011 ). 

 Early signaling events during stress conditions involved increased fl ux of Ca 2+  
into the cytosol, protein phosphorylation, and activation of mitogen-activated 
protein kinases (MAPKs) (Benschop et al.  2007 ). Membrane permeable nature 
of H 2 O 2  makes a key signaling molecule during different stress responses (Sagi 
et al.  2004 ). It is found that H 2 O 2  accumulation in extracellular space causes 
initiation and self- propagation of rapid cell-to-cell signal in a RBOHD-dependent 
manner (Mittler et al.  2011 ). During signaling mechanism of ROS, it is found 
that any mechanical stimulus of plant tissue initiates an increase in the cytosolic 
Ca 2+  from extracellular space; this increased Ca 2+  then leads to ROS production 
through RBOHC-dependent manner, which at last regulates the root hair devel-
opment (Monshausen et al.  2007 ; Takeda et al.  2008 ). Although ROS has been 
involved in various developmental processes, the specifi city of signaling is not 
clear (Møller and Sweetlove  2010 ). There are various possibilities regarding the 
mode of action of ROS like the following: ROS may function as a general signal 
to activate cellular signaling network of cell to convey their specifi city, and a 
good example of this signaling network is the activation of different MAPK cas-
cades following ROS accumulation (Jammes et al.  2009 ; Teige et al.  2004 ), or it 
may contain any decoded messages, which have a specifi c pattern during its sig-
naling mechanism (Mittler et al.  2011 ). The other  possibility could be that each 
cellular compartment or individual cell has the specifi c ROS receptor, which 
conveys the message of specifi c ROS to other networks like Ca 2+  or protein phos-
phorylation (Mittler et al.  2011 ). 

 Recently, a lot of information is accumulating about ROS signaling, but still 
there exist large gaps in ROS-mediated signaling mechanism such as whether ROS 
induce new signaling systems as second messengers or they are only involved in the 
regulation of already known signaling pathways. There is again no clear answer 
about the primary sensor of ROS and the primary gene response during ROS signal-
ing. ROS sensors may be either transcription factors or protein kinases, which show 
activity change in response to various ROS (Fig.  2.2 ).     
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  Fig. 2.2    Schematic illustration for abiotic stress signaling in plants. Advent of cold stress is per-
ceived by an unknown sensor at plasma membrane, which further activates a signaling cascade 
downstream ( blue solid lines ). The activated unknown sensor phosphorylates ICE1 (inducer of 
cold expression) rendering it activated. This activated ICE1 binds to MYC domain of CBF3 
(C-repeat-binding factor) promoter, thereby activating CBF3 transcription. CBF3 thus formed 
binds to conserved sequence in promoter region of COR (cold regulated) eventually activating 
target genes. Drought stress signaling ( purple solid lines ) is perceived through a plasma membrane- 
localized sensor ATHK1, which regulates expression of NCED (9- cis -epoxycarotenoid dioxygen-
ase), a key enzyme in ABA (abscisic acid) biosynthetic pathway, regulating C40 carotenoid 
conversion to xanthoxin. ABA thus formed due to this regulation binds to its receptor PYR/PYL/
RCAR (pyrabactin resistance1/PYR1-like/regulatory component of ABA receptor). This complex 
then binds to PP2C (type 2C protein phosphatase) thereby releasing and activating Snf1-related 
protein kinase1 (as PP2C acts as an inhibitor of Snf1). The activated Snf1 further activates ABRE- 
binding factors downstream, which eventually regulate expression of drought stress-inducible tar-
get genes in an ABA-dependent/ABA-independent manner. Heat stress signaling ( red solid lines ) 
is activated through modulation in cellular plasma membrane. This modulation acts as a signal for 
activating PIPK (phosphatidylinositol 4-phosphate 5-kinase) and PLD (phospholipase D). Both 
the molecules result in accumulation of second messenger IP 3  (inositol 1,4,5-trisphosphate) and 
PIP 2  (phosphatidylinositol 4,5-bisphosphate). This increased IP 3  concentration within cell results 
in an increase in cytosolic Ca 2+  ion, thereby activating a heat-responsive signaling across cell. Heat 
stress also results in activation of Ca 2+  ion channel thereby resulting in an increase in Ca 2+  ion 
concentration within cell. The increased ion concentration further activates AtCaM3 (calmodulin) 
downstream, which in turn triggers activation of transcription factors such as WRKY and HSF 
(heat-shock protein). HSF is activated in response to heat stress both directly and indirectly, via 
CBK (Ca 2+ /calmodulin-binding protein kinase), which phosphorylates Hsfa1, eventually cascad-
ing activation of HSF. The activated HSF and WRKY transcription factors fi nally help in activation 
of drought stress-induced genes. During salt stress signaling ( green solid lines ), an unknown salt 
sensor at plasma membrane leads to increase in cytosolic calcium level, which in turn binds to 
myristoylated SOS3 (salt overly sensitive) protein. This membrane-bound protein further binds to 
phosphorylated SOS2. This complex formation is however inhibited by AtHK1. The SOS3–SOS2 
complex acts as a regulator of SOS1—a salt-tolerant effector gene encoding Na + /H +  antiporter, 
positioned at plasma membrane. The regulation of SOS1 through activation of SOS pathway 
results in maintaining cellular homeostasis. On the advent of abiotic stress, ROS (reactive oxygen 
species) accumulation and signaling ( black solid lines ) activates, both in cytosol and in apoplastic 
region. This increased ROS accumulation leads to an increased calcium ion concentration within 
the cell, which directly/indirectly helps in the activation of target genes responsive to abiotic stress       
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2.3     Functional Genomics of Abiotic Stress Signaling 

 Genetic variations lead to functional variation by changing the structure or function 
of the proteins. Functional genomics helps to explain functional differences in 
appearance or performance of altered gene. It enables to explore gene and protein 
functions and interactions on a global scale. The approach utilizes large-scale assays 
to study various genes or proteins in metabolic pathway under different environ-
mental conditions. DNA’s function is thus discovered by combining  information 
from genes, transcripts, proteins, and metabolome using genomics, transcriptomics, 
proteomics, and metabolomics, respectively. Genomics involves study of structure, 
function, evolution, and mapping of genomes; on the other hand, transcriptomics 
includes structural and functional analyses of coding and noncoding ribonucleic 
acid. Proteomics deals with protein and posttranslational protein modifi cation in 
conjunction with their regulatory pathway (Gupta et al.  2013 ). Posttranslational 
modifi cation studies have revealed that the molecular mechanisms driving the 
responses of plants to environmental stresses include histone acetylation, methyla-
tion, ubiquitination, and phosphorylation. Combined effects of these modifi cations 
play an essential role in the regulation of stress-responsive gene expression (Yuan 
et al.  2013 ). Lastly, metabolomics also offers a robust tool to analyze varied metabo-
lites in an integrated method that can act as a powerful tool in distinguishing the 
complicated network concerned in stress tolerance. 

 Plant usually modifi es their “omics” profi les in order to cope with the environ-
mental stresses. The main objective of the “omics” approaches is to fi nd out the 
molecular interaction and their relationship with the signaling cascade and to pro-
cess the information, which in turn connects specifi c signals with specifi c molecular 
responses (Gupta et al.  2013 ). As rightly said by Edwin Grant Conklin, “Life is not 
found in atoms or molecules or genes as such, but in organization; not in symbiosis 
but in synthesis.” 

2.3.1     Functional Genomics Approaches to Decode 
Abiotic Stress Signaling 

 In order to elucidate the role of intermediate components in the cascade of abiotic 
stress response and to trace out the entire stress response pathway, traditional 
approach of gene identifi cation has been practiced in the past. Utilization of tradi-
tional breeding strategies, involving the use of genetic variation arising from varietal 
germplasm, interspecifi c or intergeneric hybridization, induced mutations, and 
somaclonal variation of cell and tissue cultures, has met with only limited success. 
These traditional practices have shown limited success in the generation of plant with 
improved stress resistance under fi eld conditions due to the complex nature of stress 
tolerance traits, low genetic variance of yield under stress, and lack of economical 
selection techniques (Flowers and Yeo  1995 ; Frova et al.  1999 ; Ribaut et al.  1996 ,  1997 ). 
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In order to improve the existing technique for identifi cation and introgression of 
genes and metabolite acting in the stress cascade, an updated approach of functional 
genomics has been implemented by the scientifi c community to determine the func-
tion of individual genes, pathways, and entire genomes. The basis of functional 
genomics underlies in the evaluation and study of the entire cell or organism as a 
system and in understanding how different biological processes occur within a sys-
tem as a whole. The approach has shown quite an improvement and advancement 
over the last decade with involvement of high-throughput sequencing, proteomics, 
and metabolomics approaches. The basic outline under which functional genomics 
functions includes:

    (a)    Gene discovery   
   (b)    High-throughput gene expression   
   (c)    Validation of function and stress response mechanism    

  The role of these individual disciplines in crop improvement in response to stress 
tolerance has been discussed in detail in the following sections: 

2.3.1.1    Gene Discovery 

 Mining of genes associated with abiotic stress mechanism in plants has been one of 
the primary steps in functional genomics, which leads to elucidation of an interca-
lating network of abiotic stress tolerance. Availability of genome-wide information 
in plants acts as a fundamental resource in fi shing out candidate stress-related genes. 
Utilization of large-scale EST plant databases (such as National Center for 
Biotechnology Information (NCBI) UniGene,   http://www.ncbi.nlm.nih.gov/    ; The 
Institute for Genomic Research (TIGR) Gene Indices,   www.tigr.org    ; Sputnik,   http://
mips.gsf.de/proj/sputnik    ) (Vij and Tyagi  2007 ) acts as one of the most frequently 
used tools to explore gene catalogue of a species. ESTs are partial genetic sequences 
that are generated by single-pass sequencing of cDNA libraries (Bouchez and Höfte 
 1998 ), generated from various tissues, developmental stages, or treatments 
(Yamamoto and Sasaki  1997 ). Deciphering genes that are related to abiotic stress 
has been done through a comprehensive analysis of ESTs generated from different 
cDNA libraries of control and abiotic stress-treated tissues collected at various 
stages of development. Outcome of such analysis has led to the identifi cation of 
gene number, gene content, and possible gene families involved in abiotic stress 
responses (Sreenivasulu et al.  2007 ). Further functional annotation of mined genes 
by comparative analysis of BLASTX and SwissProt database provides a possible 
outline of tolerance mechanism in plants, though ~20 to 30 % of these fi shed-out 
genes still remain unannotated. 

 Over the last decade, attempts have been made to analyze ESTs from salt-treated 
rice plants that resulted in the identifi cation of genes responsible in cell rescue, 
transport, defense, and energy metabolism (Bohnert et al.  2001 ). The identifi cation 
of abundantly expressed ESTs in libraries of a salt-treated halophyte  Thellungiella 
halophila  (Wang et al.  2004 ) as well as from monocots like barley, wheat, and maize 
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(Zhang et al.  2004 ) has also taken lead in the characterization of genes involved in 
stress mechanism. A recent comprehensive analysis of expressed sequence tags in 
common wheat has revealed that out of 0.68 million ESTs with 37,138 contigs and 
215,199 singlets used, 55 % of the total singlets were attributed to stress-related 
libraries. Functional annotations of the contigs thereafter resulted in 21,125 
sequences with molecular functions (redox, binding, catalytic activity, etc.), while 
13,354 contig sets showed functions in biological processes such as transport, sig-
naling, and metabolism. An overall annotation also showed that nearly 10.5 % of 
the gene still remains unannotated, while 3,500 new genes were identifi ed through 
this approach (Manickavelu et al.  2012 ). 

 Thus, an overall analysis of different EST collections helps in the identifi cation 
of stress-regulated genes, underlying regulatory and metabolic networks 
(Sreenivasulu et al.  2007 ). EST sequencing has been employed extensively in the 
absence of whole-genome sequences, notably in crops with large and repetitive 
genomes, although the entire transcriptome is unlikely to be resolved (Akpınar et al. 
 2013 ). Plant    expressed sequence tags (ESTs) help in the well characterization of 
genes and clustering into nonredundant gene clusters (Vij and Tyagi  2007 ); how-
ever, the use of cDNA libraries as a source of these ESTs may underrepresent rare 
transcripts or transcripts that are not expressed under certain conditions.  

2.3.1.2    High-Throughput Gene Expression 

 In order to have a broad view on global gene expression of a particular species in 
response to stress conditions, the use of high-throughput techniques for transcript 
profi ling has been one of the successful approaches. The high-throughput approach 
utilized for transcript profi ling has been broadly classifi ed as hybridization-based, 
sequence-based, and proteomics-based tools and has been discussed in detail in this 
section. 

   Hybridization-Based Method 

 Evolution of microarray technology in the last decade has revolutionized the analy-
sis of genome-wide gene expression. The technique employs arrays of cDNA librar-
ies on a DNA chip, which are further hybridized to fl uorescently labeled cDNA 
probe pairs prepared from RNA samples of different tissues and growth conditions 
(Seki et al.  2002 ). The fi rst report of the use of microarray technology in expression 
profi ling was done by Schena et al. ( 1995 ) in model organism  Arabidopsis , wherein 
48 genes were analyzed for differential expression in roots and shoots. Utilization 
of this technique to elucidate the role of genes of a particular species in response to 
abiotic stress treatment has been one of the popular approaches for genome profi l-
ing. One such attempt has been an extensive microarray expression data for 
 Arabidopsis  with nearly 7,000 independent full-length cDNA groups, showing a 
fi vefold increase in 53 genes during cold stress, 277 genes during high temperature, 
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and 194 genes during high-salinity stress, respectively (Seki et al.  2002 ). Detailed 
microarray expression data have also been constructed for rice as well as agronomi-
cal important plant species such as wheat (Ergen et al.  2009 ), barley (Close et al. 
 2004 ), maize (Luo et al.  2010 ), cotton (Ranjan et al.  2012 ), cassava (Utsumi et al. 
 2012 ), and tomato (Loukehaich et al.  2012 ) to unravel stress responses. 

 In order to analyze the complete repertoire of the drought-inducible genes in 
 Arabidopsis , microarray has been performed. A 7,000 full-length complementary 
DNA microarray was used to spot 299 drought-inducible genes, 54 cold-inducible 
genes, 213 high-salinity-inducible genes, and 245 ABA-inducible genes (Shinozaki 
and Yamaguchi-Shinozaki  2007 ). Microarray analysis again broadly classifi ed 
drought-inducible gene products into two categories. The fi rst group is comprised of 
proteins like chaperones, late embryogenesis abundant (LEA) proteins, osmotin, 
antifreeze proteins, mRNA-binding proteins, key enzymes for osmolyte biosynthe-
sis, water channel proteins, sugar and proline transporters, detoxifi cation enzymes, 
and various proteases. The second group includes various transcription factors, pro-
tein kinases, protein phosphatases, enzymes involved in phospholipid metabolism, 
and other signaling molecules such as calmodulin-binding protein. 

 The use of a microarray to study global gene expression profi ling in response to 
abiotic stress in rice was fi rst reported by Kawasaki et al. ( 2001 ) who compared the 
gene expression profi les in salt-tolerant (var. Pokkali) and salt-sensitive (var. IR29) 
rice in response to salt stress. The analysis thus performed included 1,728 cDNA 
clones prepared from unstressed or salt-stressed roots of Pokkali, showing a delayed 
response in the expression pattern of IR29 as one of the major probable reasons of 
sensitiveness as compared to its tolerant variety (Pokkali) (Kawasaki et al.  2001 ). 
A rice genome array containing 48,564 japonica and 1,260 indica sequences has 
also been used to compare the transcriptome of salt-tolerant (FL478) and salt- 
sensitive (IR29) rice varieties. The response of the two varieties was strikingly dif-
ferent, with a much larger number of genes expressed in IR29 than in FL478 on 
exposure to salt stress. This difference in expression pattern is mainly attributed to 
the fact that FL478 is salt tolerant and maintains a low Na + -to-K +  ratio (Walia et al. 
 2005 ). In legumes, high-density cDNA-based arrays have been employed to study 
27,513 unigene sets from various developmental stages and stress-exposed tissues 
of soybean. The result thus obtained identifi ed a large number of genes involved 
during different biotic (herbicide and pathogen) and abiotic stresses (drought, heat, 
fl ooding) (Vodkin et al.  2004 ) reviewed by Kudapa et al. ( 2013 ). Other legumes 
such as chickpea have also been subjected to global gene expression analysis by 
various researchers, and in the year 2010 Mantri et al. ( 2010 ) identifi ed differen-
tially expressed genes in varying genotypes, in response to various abiotic stresses 
by comparing a 768 feature microarray of chickpea cDNA (559), grass pea cDNA 
(156), lentil resistance gene analogue cDNA (41), and control (12). Although 
microarray technique acts as a powerful tool in the evaluation of gene expression 
across species, its targeted mode of action acts as a hindrance in its utilization for 
species where the entire genome is not sequenced. For species where the entire 
genome sequence is unrevealed, a prior knowledge of transcript to be analyzed 
and thereby designing of probe remains out of question (Rensink and Buell  2005 ). 
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One of the other drawbacks of the microarray studies remains the  posttranscriptional 
and posttranslational modifi cation of transcript, which remains unsolved in this 
technique (Akpınar et al.  2013 ). 

 Another approach through which transcript profi ling at genome level is performed 
is termed as nuclear expressed sequence tag (NEST) analysis. The technique employs 
a combination of fl uorescence-assisted nucleus sorting and cDNA generation (based 
on the expression of nucleus-targeted green fl uorescent protein [GFP], which is con-
trolled by a cell-specifi c promoter) from the RNA of isolated nuclei (Macas et al. 
 1998 ). The isolated RNA in this technique overlays the posttranscriptional modifi ca-
tions and turnover of transcript in the cytosol, thereby accurately refl ecting the total 
nuclear transcript abundance. The cell-specifi c cDNAs thus obtained are further 
characterized through differential-display reverse transcriptase- mediated PCR or by 
EST analysis. The use of NEST analysis in tobacco has revealed an approximate 
25 % of salinity-induced transcripts that showed signifi cant homology to function-
ally unknown genes (Cushman and Bohnert  2000 ).  

   Sequence-Based Approach 

 SAGE acts as one of the essential tools in the quantifi cation of transcripts at a 
genome-wide scale. The techniques employs generation of unique short sequences 
tags of 9–17 base pairs (Velculescu et al.  1995 ; Saha et al.  2002 ) that are eventually 
concatenated and sequenced. Generation and quantifi cation of transcript-specifi c 
tags help in estimating the expression level of the particular transcript eventually 
leading to the identifi cation of novel expressed regions of the genome by providing 
an overall view of gene expression (Vij and Tyagi  2007 ). For the fi rst time, 
Matsumura et al. ( 1999 ) successfully used this technique in rice seedlings, wherein 
10,122 tags from 5,921 expressed genes from seedlings were analyzed and novel 
genes were identifi ed. Of the many novel genes identifi ed, 18 genes were found to 
be anaerobically induced and coding for prolamin, expansin, and glycine-rich cell 
wall protein, while six genes were found repressed under anaerobic conditions 
(Matsumura et al.  1999 ). 

 Over the last decade, reports of SAGE being utilized to analyze changes in gene 
expression in leaves of  Arabidopsis  in response to cold stress have come up (Jung 
et al.  2003 ). Revelation of SAGE analysis has shown that genes that are involved in 
anabolic pathway such as photosynthesis remain repressed under cold stress condi-
tions, while expression of genes involved in cell rescue, defense, cell death, aging, 
protein synthesis, metabolism, and transport facilitation are upregulated. In order to 
identify genes responsible for the sensitiveness of  Arabidopsis  pollen towards cold 
stress, a comparison of control and stressed SAGE tags was made by Lee and Lee 
in the year 2003 (Lee and Lee  2003 ). The results thus obtained showed low accumu-
lation of cold-responsive genes such as COR (cold responsive), beta amylase, and 
lipid transfer proteins in cold stress-treated pollens as compared to their control 
counterparts, suggesting it as one of the probable causes of cold susceptibility of 
 Arabidopsis  pollen (Chinnusamy et al.  2003 ). 
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 Transcript profi ling through SAGE is one of the popular methods in animal 
 system; however, in plants, the technique still remains not widely applicable. As the 
SAGE tags are generally 9–17 bp in length, their applicability in tag-to-gene anno-
tation remains limited to model organism where the entire genome sequence is 
known. In order to cope with these problems, variant of SAGE technology, 
SuperSAGE, has been of much use in plant species. The technique utilizes the same 
methodology as that of SAGE with only difference in tag length (26 bp), which 
remains longer than its precursor. The longer tag length has been a boon for tran-
script profi ling in non-model organism as the tags themselves allow designing of 
PCR primer for cDNA synthesis of corresponding genes via RACE (Matsumura 
et al.  2003 ). The use of SuperSAGE technique in plant has been widely imple-
mented for studying responses of genes under various biotic and abiotic stresses 
across different species, such as banana, tobacco, capsicum, chickpea, etc. 
Utilization of this technique for elucidating role of genes in abiotic stress response 
has helped in the elucidation of 3,000 stress-related transcripts from 360,000 tran-
scripts of salt- and drought-related transcriptome of chickpea and lentil (Kudapa 
et al.  2013 ). The amenability of SuperSAGE with integrative transcriptome, 
SuperSAGE microarray, and next-generation sequencing has also led to an increase 
in its effi ciency towards gene expression profi ling (Matsumura et al.  2005 ). 
Application of NGS to gene expression analysis has led to the development of tech-
niques like digital gene expression-TAG (DGE-TAG), DeepSAGE (Nielsen et al. 
 2006 ), RNA-seq (Marioni et al.  2008 ; Matsumura et al.  2010 ; Nagalakshmi et al. 
 2008 ), and eventually high-throughput SuperSAGE precisely known as deepSuper-
SAGE, which provide digital, highly accurate, easy-to-perform, and cost-effective 
solution to expression profi ling over its hybridization counterpart microarray 
(Matsumura et al.  2010 ). Application of deepSuperSAGE in drought-treated and 
control chickpea roots has further identifi ed 80,238 tags representing 17,493 unique 
transcripts (Molina et al.  2008 ,  2011 ). 

 An alternative approach to genome-wide transcript profi ling through sequencing- 
based approach lies in massively parallel signature sequencing (MPSS). The 
 technique follows similar tag-based approach to ascertain the expression pattern of 
mRNA within a species. These expressed mRNAs are further related to their cor-
responding ESTs or whole genome, thereby providing a larger perspective of 
expression profi ling (Brenner et al.  2000 ; Pollock  2002 ). The basic idea behind the 
technique lies in the generation of longer sequence tags, which are ligated to micro-
beads and sequenced in parallel, thereby enabling analysis of millions of transcripts 
simultaneously (Brenner et al.  2000 ) with greater specifi city and sensitivity and at a 
much faster speed. The use of MPSS has been widely popular and benefi cial in spe-
cies that lack a whole-genome sequence (Reinartz et al.  2002 ). In plants, MPSS has 
been employed in studying expression response of mRNA transcripts towards abi-
otic stress conditions. One of the earliest examples of the use of MPSS in gene 
expression profi ling in response to abiotic stress conditions has been in studying 
ABA-responsive gene expression in ABA-insensitive mutants ( abi1-1 ) and wild- 
type (WT)  Arabidopsis  plants. A study showed that a very few genes were affected 
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by ABA in the ABA-insensitive mutant ( abi1-1 ), whereas the ABA-responsive gene 
expression of the majority of genes was drastically impaired in the  abi1-1  mutant, 
thereby postulating existence of two ABA signaling pathways, only one of which is 
impaired in the  abi1-1  mutant (Hoth et al.  2002 ). Over the last decade, reports of 
MPSS analysis in expression profi ling of small RNAs (Sunkar et al.  2007 ) having a 
distinct role in abiotic stress responses have also come into light. Although MPSS 
is a quick, reliable, and reproducible tool, the realization of its full potential in the 
global expression profi ling towards abiotic stress response is yet to be achieved (Vij 
and Tyagi  2007 ) owing to its cost. As of now, plant MPSS database (  http://mpss.
udel.edu/    ) has been a repository and publicly available MPSS expression data of 
many plant species, some of which include  Arabidopsis , rice, maize, soybean, and 
grapes. The resource for rice includes 20 MPSS libraries constructed from different 
tissues, of which three libraries belong to abiotic stress conditions, namely, cold, 
salt, and dehydration (Nakano et al.  2006 ).   

2.3.1.3    Proteomics and Metabolomics Approach 

 Proteins act as one of the prime targets of abiotic stress response when looked up 
beyond their genetic counterpart. Identifi cation of proteins as target of abiotic stress 
acts in nullifying the effect of posttranscriptional and translational modifi cations. 
Utilization of proteomic tools such as two-dimensional gel electrophoresis (2DGE), 
MALDI, and mass spectrometry (MS) in the identifi cation of these target proteins 
has been a popular approach in  Arabidopsis  in response to cold stress. Analysis of 
 Arabidopsis  nuclear proteome thus revealed that out of 134 protein spots identifi ed, 
nearly 30 % of the protein spots showed an altered response towards cold stress. 
Few    of these proteins included heat-shock proteins, transcription factors (OBF2 and 
AtMYB2), DNA-binding proteins (Dr1 and DRT102), catalytic enzymes (phospho-
glycerate kinase, serine acetyltransferase, and glyceraldehyde-3-phosphate dehy-
drogenase), and calmodulin, syntaxin, and germin-like proteins (Bae et al.  2003 ). A 
similar proteome analysis of rice plant using 2D gel electrophoresis showed that 42 
out of 1,000 protein spots showed an altered response towards drought stress condi-
tions (Salekdeh et al.  2002 ). Out of these 42 proteins with altered expression in 
stress conditions, 16 were identifi ed as drought-responsive proteins using MS anal-
ysis. Detailed analysis of rice root proteome through 2DGE and MS analysis identi-
fi ed 54 proteins with affected expression in response to salt stress. Out of the 54 
identifi ed proteins, 6 proteins were identifi ed and annotated as novel salt- responsive 
proteins, such as Cox6b-1, UGPase, GS root isozyme, α-NAC, putative splicing 
factor-like protein, and putative ABP (Yan et al.  2005 ). Extensive proteome analy-
ses of rice seedling and anthers (Imin et al.  2004 ) in response to cold stress have 
also resulted in the identifi cation of a number of cold stress-responsive genes like 
chaperones, proteases, and detoxifying enzymes (Cui et al.  2005 ). Other than 
 Arabidopsis  and rice, proteome approach to fi nd proteins as putative targets of 
 abiotic stress response has also been observed in tobacco apoplastic protein wherein 
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20 salt stress-responsive proteins were identifi ed, which included chitinases, 
germin- like protein, lipid transfer proteins, and a few well-characterized stress-
associated proteins (Dani et al.  2005 ). 

 Integrated metabolome and transcriptome analyses of model plants have also 
helped in the identifi cation of metabolites in response to various stresses in plants. 
A comprehensive metabolite profi ling of model plants in different abiotic stress 
(cold, drought, temperature, and salt) conditions also helps in fi ne-tuning the stress 
pathway of plants. Metabolite profi ling analysis of  Arabidopsis  in response to dehy-
dration stress using an integrative approach of GC-TOF MS, CE–MS, and DNA 
microarrays has revealed that accumulation of glucose, fructose, and branched- 
chain amino acid in response to dehydration stress is regulated by ABA accumula-
tion during dehydration, thereby postulating an important role of ABA in stress 
response (Urano et al.  2010 ). Metabolic profi ling has also revealed that sucrose 
replaces proline in plants as the major osmoprotectant during the more severe com-
bined dehydration and heat-stress treatment (Rizhsky et al.  2004 ). 

 In response to cold stress, metabolite profi ling of  Arabidopsis  has indicated that 
an increased tolerance to freezing stress in transgenic plants overexpressing 
DREB1A may be a consequence of the accumulation of low-temperature-regulated 
metabolites, especially raffi nose, sucrose, myoinositol, and galactinol (Cook et al. 
 2004 ; Maruyama et al.  2009 ). In response to cold and heat shocks on  Arabidopsis , 
using GC–MS (Kaplan et al.  2004 ) and GC-TOF MS (Wienkoop et al.  2008 ) has 
revealed that metabolites such as compatible solutes that are produced during 
extreme temperature overlap during both heat- and cold-shock treatments, thereby 
postulating that accumulation of compatible solutes bears an important role in tem-
perature stress condition (Urano et al.  2010 ). Comparative metabolome analysis of 
a model halophyte  Thellungiella halophila  with  Arabidopsis  under salt stress condi-
tions through GC–MS and microarrays (Gong et al.  2005 ) has shown that even in 
control conditions,  Thellungiella  contains higher levels of various osmolytes, such 
as fructose, sucrose, complex sugars, malate, and proline, and their respective bio-
synthetic genes compared with  Arabidopsis  (Gong et al.  2005 ). The results thus 
obtained suggest that a constant state of stress-anticipatory preparedness exists in 
 Thellungiella .    

2.4     Validation of Functions and Stress Response 
Mechanisms 

 In order to validate the function of genes mined from genome-wide analysis of a 
species, in response to abiotic stress mechanism, knockout analysis through RNA 
interference (RNAi), T-DNA insertional mutants, TILLING, and overexpression 
experiments has been carried out. These transgenic approaches have helped in vali-
dating the role of identifi ed genes during different abiotic stresses faced by plants. 
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2.4.1     Knockout/Knockdown Analysis 

2.4.1.1    RNA Interference in Gene Validation 

 RNA-mediated gene silencing, collectively termed as RNAi, has been employed as 
one of the promising tools in the validation of functional genes. The approach uti-
lizes nearly 21–25-nt-long ds small RNAs, which are a product of small portion of 
desired gene’s coding regions and act as a trigger for direct degradation of mRNA 
in homology-dependent posttranscriptional silencing (Grishok et al.  2001 ; Hamilton 
and Baulcombe  1999 ; Zamore et al.  2000 ) reviewed in McGinnis ( 2010 ). Not only 
posttranscriptional but also transcriptional regulation is achieved through RNAi- 
mediated silencing wherein such a construct is designed that the dsRNA thus formed 
bears homology to the promoter region of desired gene (Mette et al.  2000 ). siRNA- 
mediated DNA methylation and heterochromatin formation through epigenetic 
modulation are also one of the key approaches of transcriptional inhibition of the 
desired gene (Verdel et al.  2009 ) reviewed by McGinnis ( 2010 ). The technology 
fi nds its relevance in areas where antisense technologies fail to perform (Kudapa 
et al.  2013 ). The use of a single copy of transgene-induced RNAi, to effi ciently 
block genes belonging to gene families or expressing during various time and places 
of developing tissues (Kudapa et al.  2013 ), helps in simplifi cation of several pheno-
typic assays (such as several generation crosses for marker-assisted silencing) in a 
functional genomics project (McGinnis  2010 ). 

 However, early attempts of homologous recombination-based gene silencing in 
rice showed minimal success rate with very low effi ciency rate (Hanin and 
Paszkowski  2003 ). Later attempts (Miki and Shimamoto  2004 ) showed 90 % 
silencing through RNAi vectors against 11 rice genes. In other crop plants such as 
legume,  Medicago  and soybean have shown the effectiveness of RNAi-induced 
gene silencing and validation of gene functions by effi cient silencing of PIN (auxin 
effl ux proteins) genes responsible for root nodule formation (Huo et al.  2006 ) and 
myoinositol-1-phosphate regulating cellular metabolism and growth, respectively 
(Nunes et al.  2006 ). Though RNAi-induced gene silencing has well been estab-
lished in many plant species, application still remains limited due to its ineffi cient 
long-term establishment and inability to be utilized for large-scale functional 
 analysis (Kudapa et al.  2013 ; Vij and Tyagi  2007 ). Other possible means for 
employing gene silencing in functional genomics has been the deployment of 
virus-induced gene silencing (VIGS) that provides long-term persistence during 
vegetative and in vitro propagation and results in generation of genotypically iden-
tical silenced genes (Kudapa et al.  2013 ; Vij and Tyagi  2007 ). In legumes, the 
approach has been well established in soybean and pea against genes responsible in 
biotic stress resistance (Gronlund et al.  2010 ; Kachroo and Ghabrial  2012 ). 
Implication of VIGS has been in both forward and reverse genetic approach to vali-
date gene functions (Senthil-Kumar and Mysore  2011 ); however, its application is 
limited due to the unavailability of appropriate vector and vector delivery system in 
plants (Kudapa et al.  2013 ).  
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2.4.1.2    Gene Validation Through Mutations 

 There are two main complementary approaches developed for identifying target 
genes through mutations, namely, TILLING and T-DNA insertional mutant lines. 
Of the two approaches, T-DNA insertional mutant lines involve insertion of foreign 
DNA into candidate gene, for disrupting gene function and ascertaining their role 
through reverse genetics approach. In  Arabidopsis , the technique involves the use of 
either transposable elements (Parinov et al.  1999 ) or T-DNA. The foreign DNA not 
only disrupts the expression of the gene into which it is inserted but also acts as a 
marker for subsequent identifi cation of the mutation. Because  Arabidopsis  introns 
are small and there is very little intergenic material, any insertion of order ranging 
from 5 to 25 kb in length leads to a dramatic alteration in gene function (Radhamony 
et al.  2005 ). Although the approach has wide applications in crop improvement, its 
success has been limited to only few plant species, owing to their dependency on 
 Agrobacterium -mediated T-DNA transmission or on endogenous transposon tag-
ging system (McCallum et al.  2000 ). However, in a large population of T-DNA- 
transformed lines, one has a very good chance of fi nding a plant carrying a T-DNA 
insert within any gene of interest. Mutations that are homozygous lethal can also be 
maintained in the population in the form of heterozygous plants through this 
approach (Radhamony et al.  2005 ). 

 The second approach, TILLING (targeting induced local lesions in genomes), 
acts as an alternative approach to insertional mutagenesis, which was developed a 
decade ago by a graduate scholar Claire McCallum, who wanted to induce targeted 
mutations in chromomethylase gene of  Arabidopsis . The method thus invented was 
the advancement over the existing reverse genetic tools to study genetic data of an 
organism. The main advantage of TILLING as a reverse genetics strategy envisages 
its application to any species plant (since it does not require transgenic or cell cul-
ture manipulations), regardless of its genome size and ploidy level. Chemical muta-
gens such as ethyl methanesulfonate (EMS) are generally used in this technique that 
provide a high frequency of point mutations distributed randomly in the genome. 
Initially, TILLING strategy was developed as a discovery platform for functional 
genomics, but it soon became a valuable tool in crop breeding as an alternative to 
the transgenic approach. The method combines a standard and effi cient technique of 
mutagenesis in combination of a chemical mutagen with a sensitive DNA screening 
technique that identifi es single-base mutations in a target gene. The approach relies 
primarily on the formation of DNA heteroduplexes. The general protocol for the 
formation of a tilling population includes the creation of mutated populations 
through chemical mutagenesis followed by the detection of mutations in target 
sequence through polymerase chain reaction, and subsequent phenotype thus 
obtained is eventually analyzed. One of the signifi cant advantages of this technique 
includes production of an allelic series of mutations including hypomorphic alleles 
that are useful for genetic analysis. Success of TILLING approach over its T-DNA 
insertional counterpart has been demonstrated through its wide application across 
plant species. For a large number of agronomically important crops, including rice, 
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barley, wheat, maize, sorghum, soybean, rapeseed, and tomato plants, TILLING has 
been utilized as a wonder technique for crop improvement (Kurowska et al.  2011 ). 

 By    using these techniques, putative functions of abiotic stress-responsive genes 
were followed in  Arabidopsis , rice, maize, and barley. In  Arabidopsis  (ecotype 
C24) 43,000 T-DNA insertional lines were generated (  http://stress- genomics.org/
stress.fl s/tools/mutants.html    ), of which 30,000 lines were screened for stress-
related gene regulation mutants. The mutants thus obtained, upon screening for 
salt-stressed conditions, showed hypersensitivity towards salt stress by demon-
strating an impaired growth on increased salt conditions, thereby determining the 
role of knocked-out genes SOS1, SOS2, and SOS3 in maintaining and balancing 
ion transport across plant membrane (Kamei et al.  2005 ; Liu et al.  2008 ; Halfter 
et al.  2000 ). 

 Large-scale forward genetic screens have been used to identify abiotic stress 
response determinants in a T-DNA-mutagenized  Arabidopsis  population in the 
RD29a-LUC background. More than 200 mutants with altered stress/ABA response 
were identifi ed from 250,000 independent insertional lines. These included muta-
tions in genes coding for transcription factors, syntaxin, ABA biosynthetic enzyme, 
SUMO E3 ligase, and the sodium transporter HKT1 (Koiwa et al.  2006 ). T-DNA- 
tagged transgenic rice lines were evaluated for cold-responsive β-glucuronidase 
(GUS) expression, and detailed analysis led to the identifi cation of two cold- 
responsive genes, namely, OsDMKT1 (putative demethyl menaquinone methyl-
transferase) and OsRLK1 (putative LRR-type receptor-like protein kinase) (Lee 
et al.  2004 ). 

 TILLING enables high-throughput analysis of a large number of mutants 
(McCallum et al.  2000 ). TILLING is applicable to virtually all genes in all species 
where mutations can be induced and have been reported in several crop species, 
including hexaploid wheat (Chen et al.  2012 ). TILLING mutants are reported in 
sorghum (Xin et al., 2008), maize (Till et al.  2004 ), barley (Caldwell et al.  2004 ), 
soybean (Cooper et al.  2008 ), rice (Cooper et al.  2013 ), and other crops, where 
further use of certain TILLING mutants in elucidation of stress responses has been 
demonstrated. In one such similar study, TILLING mutants for a specifi c kinase 
were used to assess salt stress response in legume species (de Lorenzo et al.  2009 ). 
Another variant of this strategy, referred to as EcoTILLING, has conjointly been 
developed to spot natural polymorphisms, similar to TILLING-assisted identifi ca-
tion of evoked mutations. Polymorphisms demonstrating natural variation in germ-
plasms are valuable tools in genetic mapping. Similar to TILLING, EcoTILLING 
is applicable to polyploid species, where it can be utilized to differentiate between 
alleles of homologous and paralogous genes (Comai et al.  2004 ). Recently, 
EcoTILLING not only provided allelic variants of a number of genes involved in 
salt stress response (Negrão et al.  2013 ), but transcription factors, diversifying 
stress responses, have also been targeted, to examine natural rice variants exposed 
to drought stress (Yu et al.  2012 ). The availability of comprehensive EST databases 
is central to the success of the above mentioned approaches to identify genes accu-
rately and unambiguously.   
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2.4.2     Overexpression Analysis 

 To identify the function of any gene, insertional mutagenesis is also one of the 
 effective techniques. Although loss-of-function mutations identifi ed the function of 
genes in many organisms, there is a major limitation attached with it. After 
 Arabidopsis  genome sequencing, it has been discovered that most of the genes have 
closely related sequences in the genome that belongs to gene families (The 
 Arabidopsis  Genome Initiative 2000   ). So gene redundancy, where a gene family 
contains several genes that have a similar function, can compensate the loss-of- 
function phenotype, or there may exist alternative metabolic pathways and regula-
tory networks, which provide plants with the same gene product. This genetic 
redundancy may prevent elucidation of gene function by loss-of-function 
approaches. New advancement in this fi eld came after 1992, named as gain-of- 
function approach, also known as activation-tagging technology. This was origi-
nally developed by Rick Walden and colleagues at the Max Planck Institute (Hayashi 
et al.  1992 ), who constructed a T-DNA vector with four copies of an enhancer ele-
ment from the constitutively active promoter of the caulifl ower mosaic virus ( CaMV ) 
 35S  gene (Odell et al.  1985 ). These enhancers can cause transcriptional activation 
of nearby genes, and as activated genes are associated with a T-DNA insertion, this 
approach came to be known as activation tagging. This technology has made the 
production of gain-of-function mutants possible. It has added advantage of screen-
ing of phenotypes in the T 1  generation, as all activation-tagged mutants are domi-
nant. In the case of loss-of-function mutations, the phenotype is usually not seen 
until the T 2  generation. The T-DNA having tetramer of the  CaMV 35S  enhancer gets 
randomly inserted into the plant genome via  Agrobacterium  transformation. The 
inserted enhancer elements then activate the transcription of nearby genes. T-DNA 
insertion sites are then determined in the transformed mutants to identify candidate 
genes. Various techniques like plasmid rescue, inverse PCR, or adapter PCR meth-
ods can be used to determine the genomic fragment details near the T-DNA right 
and left border sequences. TAIL-PCR is also an effi cient method to determine 
T-DNA insertion (Burke  2003 ; Yamamoto et al.  2003 ). 

 The activation-tagging system has been employed in identifi cation of genes 
involved in biotic and abiotic stress responses. The  enhanced drought tolerance 1  
( edt1 ) mutant is identifi ed under drought condition using activation tagging. It has 
been shown that the enhanced drought tolerance is caused by T-DNA-tagged gene 
that encodes putative homeodomain-START transcription factor. Transgenic 
tobacco with overexpressed cDNA of this transcription factor also develops drought 
tolerance. So, activation tagging provides a key regulator that may be used to 
improve drought tolerance in plants (Yu et al.  2008 ).  CDR1-D  (constitutive disease 
resistance) and  FMO1–3D  (fl avin-containing monooxygenase) mutants showed 
increased resistance during abiotic stress and are also identifi ed through activation 
tagging (Koch et al.  2006 ; Xia et al.  2004 ). 

 However, just like two sides of a coin, activation-tagged mutagenesis does have 
some disadvantages. Activation of gene by a transcriptional enhancer is not restricted 
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to one gene and in some cases may result into a complex phenotype caused by 
complex gene expression (Ichikawa et al.  2003 ). Therefore, it becomes diffi cult to 
identify, which gene corresponds to the mutant phenotype. To get rid of this prob-
lem, an alternative of gain-of-function technique is developed known as Full-length 
cDNA Over-eXpressing gene hunting system (FOX hunting system). This system 
can eliminate such complexity since the full-length cDNA is expressed in the cor-
rect orientation between the CaMV  35S  promoter and the  NOS  terminator. After 
identifi cation, genomic PCR is performed to isolate the gene that results in mutant 
phenotype. During this approach, mutant lines were generated by ectopic expres-
sion of full-length cDNAs (Ichikawa et al.  2006 ). Novel salt stress tolerance genes 
were isolated from  Thellungiella halophila  using the FOX hunting system (Du 
et al.  2008 ). 

 Ectopic expression of some transcription factors may lead to lethality that makes 
analysis of gene diffi cult. In such cases, controlled gene expression using inducible 
system can work. Several ABA insensitivity and salt-tolerant mutants were isolated 
using this controlled system of induction by cloning an  Arabidopsis  cDNA library 
into the estradiol-inducible vector (Papdi et al.  2008 ).   

    Conclusion 

 The effective role of functional genomics in elucidation of complex regulatory path-
ways and respective signaling molecules has been enhanced by remarkable techni-
cal advancement in its sub-platforms, which includes genome, transcriptome, 
metabolome, fl uxome, and ionome analyses, respectively. These analyses on the 
whole provide an overview of the entire cellular machinery. Implications of this 
advancement are immense and far reaching in many fi elds including medicine, agri-
culture, public health, defense, and more. In plants utilization of functional genom-
ics approach has played a crucial role in understating the processes and molecular 
networks in response to stress conditions. The use of functional genomics to dissect 
out the role of individual gene, protein, and metabolite in an intriguing cascade of 
abiotic stress response provides a hint towards crop improvement against abiotic 
stress. With the advent of next-generation sequencing and RNA-seq techniques, 
cost-effective genome and transcriptome analysis has further strengthened the pil-
lars of functional genomics. The use of high-throughput techniques has helped in 
mining greater details at each subcellular level, which upon integration through 
bioinformatics approach has revealed many of the signaling molecules intriguing in 
complex signaling cascades over the past few years. Thus, utilization of transgenic 
approach, molecular breeding, and map-based cloning together could further help in 
introgression of desired traits to make plant stress tolerant without compromising 
on its yield. Once identifi ed, desirable QTLs can be utilized for extensive breeding 
to restore desirable traits along with the introgressed tolerance trait. Although the 
functional genomics approach is a notch higher in validating the role of genes in 
various molecular networks, it still bears challenges such as absence of a 
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comprehensive bioinformatics database that can mine data from individual “omics” 
platform and provide a holistic view of cellular networks and machinery on the 
whole under any perturbed condition faced by plants. Thus, a comprehensive 
approach including functional, structural, and comparative genomics together is 
necessary to mitigate the various extremes of abiotic stress, through crop improve-
ment program. 
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