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    Abstract  

  Among abiotic factors, salinity and drought stress affect every aspect of 
plant from physiology to metabolic activities. Understanding of abiotic 
stress responses and signal transduction to control adaptive pathways is a 
crucial step in determining the plant resistance exposed to unfavorable 
environments. Molecular and genomic fi ndings have shown several 
changes in gene expression profi ling under drought and salt stresses in 
plants. Numbers of transcription factors which are accountable for induc-
ing stress-responsive genes have been documented. To survive in adverse 
condition, plants have stress‐specifi c and adaptive responses which pro-
vide them necessary protection. Although, there are several signaling 
pathways and stress-responsive perceptions, some of which are defi nite in 
function, while others may have cross talk. Expressions of a large number 
of transcripts and genes are induced by these abiotic stresses in plants 
which facilitate stress tolerance and stress response. Recently, progress 
has been made in investigating the complex cascades of gene expression in 
stress responses. Knowledge about plant stress signaling is essential for 
the development of transgenic and improving breeding strategies in crops 
under stress environment. This chapter provides an outline of the common 
features of stress signaling in plants with some current studies on the func-
tional analysis of signaling machineries under salt and drought stresses.  
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11.1         Introduction 

 In response to human population growth, agriculture 
faces a constant challenge to increase crop pro-
duction annually. Throughout the world salinity 
and drought are responsible for much of the yield 
decline in agricultural lands. Moreover, constant 
salinization of arid and semiarid land is becoming 
more widespread because of poor local irrigation 
practices, thus decreasing the yield from formerly 
productive land (Kaya et al.  2010 ). As land and 
water resources become limiting, high-yielding 
crops even in environmentally stressful conditions 
will be essential. About 6 % of the world’s land 
and 30 % of the world’s productive areas are 
under salinity (UNESCO Water Portal  2007 ). 
Further, the rapid change in global climate, which 
is more than estimated (Intergovernmental Panel 
on Climate Change  2007 ), seems to increase 
dryness for the semiarid regions of the world 
(Bates et al.  2008 ; Lehner et al.  2005 ). Therefore, 
drought in concert with increasing population 
will lead to irrational utilization of water 
resources for crop production. It mostly affects 
every aspect of the growth and metabolic activity 
of plants and causes a signifi cant reduction in 
crop yield (Passioura  2007 ) equally as salinity 
does. To avoid abiotic stresses, plant is dependent 
upon the stimulation of molecular cascades 
responsible for certain metabolites, stress percep-
tion, signal transduction, and controlling expression 
of stress-responsive genes (Huang et al.  2012 ). 
The physiological responses developed against 
salinity and drought stress were found analogous 
to each other as both of these stresses eventually 
lead to osmotic imbalance of the cell. A general 
response to salt and drought stress as a signaling 
pathway is shown in Fig.  11.1 . High salt and 
drought stress show their impact on a plant cell 
by disturbing the osmotic and ionic equilibrium. 
Excess of Na +  ions and osmotic imbalance cause 
changes in turgor pressure, these cellular activi-
ties consider as the major triggers of the stress 
signaling. These preliminary activities lead to a 
chain of events, which can be further divided as 
osmotic and ionic signaling pathways leading to 
stress tolerance. Abiotic stress responses can be 

noticed by stress in a form of injury such as 
necrosis and chlorosis. This stress injury causes 
its deleterious effect on cell division resulting in 
retarded growth and plant productivity. Shedding 
of the older leaves is also considered as one of the 
stress-tolerant response. The possible reasons for 
the injuries are high Na +  toxicity, osmotic imbal-
ance, ROS generation, or due to the degradation 
of plant cellular proteins and enzymes. To avoid 
stress- related damages, plants activate certain 
detoxifying processes, which consist of changes 
in enzymes, chaperones, molecular proteinases, 
gene synthesis of LEA/dehydrin for ROS 
scavenging, and other metabolites (Table  11.1 ). 
These processes control and restore stress-induced 
damages and enhance plant stress tolerance. 
Plant plasma membrane directly or indirectly 
perceives environmental stress and plays a vital 
role in the conduction of peripheral signals in 
plant protection responses to initiate stress 
 signaling pathway. It is reported that physical 
properties of cell membranes such as lipid and 
fatty acid composition have the potential to sense 
external stress (   López-Pérez et al.  2009 ). Rapid 
advancement of molecular, transgenic, and func-
tional genomics, technologies collectively with the 
accessibility of cDNA sequencing and gene 
knockout mutants (Chinnusamy et al.  2004 ; 
Yamaguchi-Shinozaki and Shinozaki  2006 ) have 
facilitated signifi cant progress in analyzing 
molecular aspects of the drought and high salin-
ity responses in plants. Many profi cient protec-
tion responses exist in plants that allow them to 
perceive and adapt appropriately to a range of 
stress signal. A number of stress-responsive genes 
and gene products have been acknowledged 
against drought and salinity stress. Recently, sev-
eral hundred genes have been identifi ed that are 
induced or subdued at the transcriptional as well 
as proteomic levels when plants or plant parts are 
subjected to drought and salinity (Mahajan and 
Tuteja  2005 ; Miller et al.  2010 ; Hakeem et al. 
 2012a ,  2013 ). It has been reported that under 
multiple stresses, plants elicit distinctive and 
complex responses regarding respiration, photo-
synthesis (Mittler  2006 ; Rizhsky et al.  2002 ; 
Hakeem et al.  2012b ), and signaling stress 
(   Okamoto et al.  2009 ). Therefore, the need to 
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study such interactions under conditions mim-
icking nature is emphasized (Cimato et al.  2010 ). 
   Studies showed at molecular level, co-occurrence 
of different stresses can generate the coactivation 
of different response signaling pathways 
(abscisic acid, ethylene, jasmonic acid, etc.) 
(Mittler  2006 ). Nature has acquired different pro-
tective ways for avoiding and resisting unfavor-
able conditions, although some of the changes in 
plants are clearly adaptive, others may have cross 

talk with each other in response to the stress sig-
nals. These signaling pathways act in cooperation 
to alleviate environmental stress. Knowledge of 
these pathways is important because they may 
provide suitable candidate which can be geneti-
cally exploit through plant breeding to advance 
drought and salinity tolerance. In this chapter 
several abiotic stress signaling pathways are 
described with the latest research advances in 
drought and salt stress signaling.

  Fig. 11.1    Signaling pathway for plant response to salt 
and drought stress. The stress signal is sensed by the cell 
membrane triggering the complex signaling cascade in 

plants. The signaling transduction induces stress-respon-
sive genes to provide stress resistance       
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11.2         Stress Signaling Pathways 

    To study stress adaptive responses, to study 
adaptive responses, drought and salt signaling 
transduction can be functionally grouped into 
three categories: fi rst, ion homeostasis, which is 
generally signifi cant to salinity and osmotic 
adjustment; second, controlling stress damage 
and toxic radical scavenging; and third, to 
manage cell division and development against 
stress conditions (Zhu  2001 ).  

11.3     Ion Homeostasis 

 Homeostasis is defi ned as the tendency of a cell 
or an organism to maintain internal steady state 
in response to any environmental perturbation or 
stimulus tending to disturb normality. Hypersaline 
environment, mostly mediated by high level of 
NaCl, causing perturbation of steady ionic 
state for NaCl and Cl −  along with K +  and Ca 2+  
(Niu et al.  1995 ). Plant cells regulate water rela-
tion imbalance through osmotic adjustment by 
synthesizing compatible organic solutes and ion 
accumulation. High NaCl concentration causes 

the disturbance in the steady transport of Na +  and 
C1 −  ion and other ions, such as Ca 2+  and K +  
(Hasegawa et al.  2000 ). High concentration of 
Na +  and Cl −  disturbs ionic equilibrium and ther-
modynamics of plant tissue resulting in ionic 
imbalance hyperosmotic stress and toxicity. 
Excess of Na +  negatively affects intracellular 
infl ux of K +  ion and attenuates the acquisition of 
this vital element. Intracellular K +  and Na +  
homeostasis is important for the actions of sev-
eral cytosolic enzymes and for maintaining 
appropriate membrane potential across the cell 
wall. Ion homeostasis is regulated by transmem-
brane proteins that mediate ion fl uxes. It includes 
H + -translocating ATPase and pyrophosphatases, 
Ca 2+  ATPases, and secondary transporters (Sze 
et al.  1999 ). Several transport proteins that medi-
ate K + , Na + , and Cl −  transport have been reported 
on the basis of molecular studied. Dreyer et al. 
( 1999 ) identifi ed functional complementation of 
transport-defi cient in yeast mutants. Excess NaCl 
enhances the cytosolic Ca 2+  accumulation which 
consequently triggers stress responses. Thus, in 
salinity and drought it is important for the plant 
to maintain cellular ion homeostasis for normal 
growth and metabolic functioning. 

   Table 11.1    Response to the salt stress accumulating osmoprotectants and metabolites and there function(s) in 
conferring tolerance   

 Product group  Specifi c compound  Suggested functions  References 

 Ions  Sodium chloride  Osmotic adjustment  Blumwald et al. ( 2000 ) 
 Potassium exclusion  Hasegawa et al. ( 2000 ) 

 Protein  Osmotin  Radical detoxifi cation  Bohnert and Jensen 
( 1996 ), Allen ( 1995 ), 
Hernandez et al. ( 2000 ) 

 SOD, catalase 

 Amino acid  Proline, ectoine  Osmotic adjustment  Khatkar and Kuhad ( 2000 ) 
 osmoprotectant 

 Sugars  Glucose, fructose, sucrose  Osmotic adjustment  Kerepesi and Galiba 
( 2000 ) 

 Carbon storage  Bohnert and Jensen ( 1996 ) 
 Polyols  Mannitol and pinitol  Carbon storage, osmotic 

adjustment, osmoprotectant 
 Bohnert et al. ( 1995 ) 

 Radical scavenging 
 Quaternary amines  Glycine betaine  Osmoprotectant  Khan et al. ( 2002 ) 
 Pigments  Carotenoids, anthocyanin, 

betaines 
 Protection against photoinhibition  Foyer and Noctor ( 2005 ) 

 Adam et al. ( 1992 ) 
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11.3.1     Sodium Homeostasis and Ion 
Compartmentation 

 High Na +  in the environment is of pronounced 
agricultural signifi cance as saline solutions impose 
both ionic and osmotic stresses on plants. Na +  ions 
disturb K +  uptake by root cells (Hasegawa 
et al.  2000 ). Externally Na +  is sensed by a cell 
membrane receptor, while intracellular Na +  is 
perceived by membrane proteins or either by one, 
from the several known Na + -sensitive cytoplasmic 
enzymes. It has been reported that a plasma 
membrane Na + /H +  antiport activity of  SOS1  
(SALT OVERLY SENSITIVE1   ) stimulates 
effl ux of excess Na +  ions and maintains Na +  ion 
homeostasis (Turkan and Demiral  2009 ). High 
Na +  accumulation in the leaf cell becomes toxic 
to enzyme production (Hasegawa et al.  2000 ). 
Excess of Na +  results leaf necrosis in older leaves, 
shortening the life time of individual leaves thus 
resulting low productivity (Munns  2002 ). To pre-
vent tissue injuries, plant cell death and growth 
retardation of unwanted Na +  has to be removed or 
follow ion compartmentation (Hasegawa et al. 
 2000 ). The pumping of the Na +  ions in the 
vacuole involves energy-dependent transportation 
which alters vacuolar alkalization (Apse et al. 
 1999 ). Na +  compartmentation in vacuole reduces 
cytosolic levels of Na +  ions and further facilitates 
the energetically downhill infl ux across the plasma 
membrane. A wide range of membrane transporters 
assists plants with adaptable approaches to combat 
external stresses. Phylogenetic study of full genome 
sequence has shown a large number of putative 
cation/H +  antiporters in  Arabidopsis  (Maser et al. 
 2002 ). The fi nest examples of the cation exchangers 
are the Ca 2+/ H +  and Na + /H + ; they help in retaining 
the cytosolic concentration of the cell by extruding 
Ca 2+  and Na + , respectively (Hepler  2005 ). Analogous 
transport actions are found in plasma membrane 
and cell organelles (Hepler  2005 ). In plants 
the fi rst cation exchanger for Na + /H +  was found 
in  Arabidopsis  (Gaxiola et al.  1999 ); these 
exchanger include NHXs, AtNHXl, and AtNHX2 
protein. Yokoi et al. ( 2002 ) observed the upregu-
lation of these protein exchangers under salt stress. 
AtNHXNa + /H +  antiporters also play a vital role in 
Na +  compartmentation (Blumwald et al.  2000 ). 

AtNHX1 and AtNHX2 are localized in tonoplast, 
the expression of these transcripts was found 
upregulated under osmotic stress and ABA 
(Yokoi et al.  2002 ). High salt level increases the 
transcripts of vacuolar H + -ATPase components in 
response to salt tolerance (Dietz et al.  2001 ). 
Moreover, AtNHXl also plays an important 
role in Na +  storage in the vacuoles of root hair. 
Since NHX is identifi ed, the number of similar 
transporters has massively increased. The large 
number of DNA sequence-encoding NHX-like 
proteins from more than 60 species including 
dicot and monocots has been acknowledged in 
the database of different gene banks.  

11.3.2     Ca 2+  Homeostasis and 
Secondary Messengers 

 During abiotic stress the mechanism of signal 
perception remains unknown and may involve a 
complex protein-protein interaction and molecule 
signaling that usually increase or decrease in a 
temporary, e.g., hormones, ROS, sugars, and Ca +    . 
Calcium functions as a secondary messenger 
under various stress conditions and initiates cross 
talk. Various studies have reported that drought 
and high salt rapidly raise calcium levels in cells 
(Pardo  2010 ). The resulting signaling pathway 
activates numerous genes that play critical role 
to sustain cellular homeostasis. Several Ca 2+  
sensors were implicated to be involved in drought 
signaling. Sequential dynamics of Ca 2+  transients 
in response to drought were studied revealing 
increase in cytosolic Ca 2+  due to release of Ca 2+  
from the vacuole and cell-type specifi city of (Ca 2+ ) 
transients (Kiegle et al.  2000 ). Study showed 
increased intracellular Ca 2+  levels under salinity 
stress. Zhu et al. ( 1998 ) have identifi ed the deter-
minants of salt tolerance in  Arabidopsis  mutants 
by applying molecular approach. This approach 
was helpful in determining the genetic locus 
which is essential for salt resistance.  Arabidopsis  
overexpress the ionotropic glutamate receptor 
AtGluR2, which decreases the effi ciency of Ca 2+  
utilization, those plants become hypersensitive to 
Na +  and K +  ionic stresses (Kim et al.  2001 ). One 
of the Ca 2+  sensor is calcium- dependent protein 
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kinases (CDPKs) which was reported to be drought 
induced and the importance of CDPK isoforms in 
facilitating the stress was demonstrated (Ozturk 
et al.  2002 ). Another Ca 2+  sensor is calmodulin 
which is Ca 2+ -binding protein stimulated by 
increased calcium level. Calmodulin-binding 
transcription factors were fi rst reported in drought-
stressed  Brassica napus  (Bouche et al.  2002 ). 
In  Arabidopsis  and rice ( O. sativa ), ABA-activated 
calmodulins were observed and suggested as 
harmful regulator of osmotic stress (Perruc et al. 
 2004 ). One more Ca 2+ -binding protein is calcineurin 
B-like protein (CBLs), and CBL1 was shown to be 
the only drought-induced CBL (Kudla et al.  1999 ). 
The studies have been conducted on annexins 
which are a family of Ca 2+ -dependent membrane- 
binding proteins. It is evident that certain annexins 
induced cytoplasmic Ca 2+  under abiotic stress and 
their upregulation to tolerate osmotic stress is 
also well recognized. Thus, abiotic stress excites the 
Ca 2+  infl ux from the apoplast and cell vacuoles, 
thus enhancing the level of cytosolic Ca 2+ . The Ca 2+  
ions then function as secondary messenger to 
control K + /Na 2+  selectivity and increases K +  infl ux 
(Xiong and Zhu  2001 ).   

11.4     ROS Signaling and 
Antioxidants 

 In plants reactive oxygen species (ROS) are 
constantly produced as a result of different 
metabolic pathways localized in different cell 
compartments (Foyer and Harbinson  1994 ). ROS 
is a collective term that describes the chemical 
species that are generated upon incomplete 
reduction of oxygen. Main ROS molecules are 
hydroxyl radicals, singlet oxygen, superoxide 
anion radicals, and hydrogen peroxide. ROS are 
commonly generated during aerobic period of 
photorespiration and photosynthesis (Kotchoni 
et al.  2006 ). Under abiotic stress increase in these 
molecules can also be noticed in peroxisomes 
(Mittler  2002 ). During physiologically balanced 
conditions, the ROS molecules are scavenged by 
various components of antioxidative defense system 
(Alscher et al.  1997 ). The balance among generation 
and scavenging of ROS may be disturbed by a 

number of environmental conditions which 
rapidly increases the intracellular levels of these 
molecules (Tsugane et al.  1999 ). ROS function as 
intracellular signaling molecules and control 
stress damage, as showed by a number of studies. 
It is investigated that transgenic plants with 
higher ROS generation or mutants with more 
ROS- scavenging capacity showed better stress 
tolerance (Hasegawa et al.  2000 ; Kocsy et al.  2001 ). 
The ROS molecules are extremely reactive and 
highly energetic compound, they can perform 
catalytic functions in the lack of cellular enzymes. 
This property makes ROS molecule appropriate 
to activate plant stress signaling (Foyer and 
Noctor  2005 ). The major electron carriers such as 
plastoquinone (PQ) or the electron acceptors 
such as ferredoxin/thioredoxin along with ROS 
are involved in the redox signaling. To eliminate 
ROS, plants intrinsically develop different types 
of antioxidants which can reduce oxidative 
damage and confer drought and salt tolerance. 
The ROS-scavenging mechanisms comprise of 
enzymatic and nonenzymatic molecules. 
Antioxidative enzymes such as SOD, CAT, POX, 
GR, and APX are produced in subcellular organ-
elles with a highly oxidizing metabolic activity such 
as mitochondria, chloroplasts, and peroxisomes to 
overcome ROS toxicity (Mittler  2006 ; Foyer and 
Noctor  2003 ; Miller et al.  2008 ; Ahmad et al. 
 2012 ). ABA accumulation induced by drought 
stress activates the generation of ROS, which 
leads to the upregulation of the antioxidant 
defense mechanism in plants (Hu et al.  2005 ). 
Free radical-mediated lipid peroxidation (MDA) 
results in highly reactive and toxic aldehydes, 
which are scavenged by either aldehyde dehydro-
genases or aldehyde reductases. There are several 
studies evident of the involvement of these 
enzymes in drought stress response (Sunkar et al. 
 2003 ). ROS are known as second messengers in 
redox signaling and also involved in hormonal- 
mediated actions (Foyer and Noctor  2003 ). It has 
been reported that ABA induces the gene expres-
sion of some antioxidant enzymes such as 
CAT, SOD, and APX (Park et al.  2004 ) and 
also enhances the activities of these enzymes 
in cell (Zhang  2003 ). Recently, it was demon-
strated that changes in the auxin substrate of a 
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H 2 O 2 -responsive enzyme involved in anthocy-
anin production facilitate drought resistance 
(Tognetti et al.  2010 ). In another study, mutants 
with decrease anthocyanin levels were more 
drought tolerant (Huang et al.  2010 ). These data 
support a role of anthocyanins, which are anti-
oxidants, in drought tolerance along with ROS 
and phytohormones. The implicated molecules 
include glutathione peroxidase and cellulase-
synthase-like protein (Zhu et al.  2010 ). Moreover, 
squalene epoxidase implicated in sterol biosyn-
thesis was also reported to have a role in the 
localization of NADPH oxidases essential for 
regulation of ROS (Pose et al.  2009 ). Under high 
salt environment, regulation of NaCl responses is 
controlled by ROS. In  Arabidopsis  cells NaCl 
stress comprising both ionic and osmotic stresses 
has recently exhibit to induce development of 
endosomes having high level of hydrogen perox-
ide (Leshem et al.  2007 ). ROS production has 
been triggered within endosomes of  Arabidopsis  
root cells (Leshem et al.  2007 ). The recent studies 
also suggest new vital regulatory roles of ROS in 
intracellular traffi cking through vesicles in addi-
tion to their role in retrograde stress signaling in 
plants under abiotic stress (Miller et al.  2010 ). 
ROS-scavenging enzymes have been involved in 
signaling as well as their more customary role in 
protection from oxidative stress in recent years 
(Miller et al.  2010 ). In transgenic plants overpro-
duction of antioxidant enzymes has improved 
drought and salt tolerance (Eltayeb et al.  2007 ; 
Lu et al.  2007 ; Tseng et al.  2007 ). It seems that 
integrated signaling networks are accountable for 
the stimulation of transduction pathways. 
Moreover, it has been also reported that while 
some changes in ROS metabolism enhanced 
resistance to stress, other changes caused 
enhanced sensitivity (Miller et al.  2010 ).  

11.5     SOS Regulatory Pathway 

    To combat abiotic stresses, numbers of signaling 
path ways have been suggested, although not any is 
recognized in terms of signaling proteins inputs 
and outputs. Recently SOS pathway emerged as an 
exception from the result of biochemical, genetic, 

and molecular analysis (Zhu  2001 ). Gene analysis 
associated in salt resistance was commenced in 
1998, by Liu and Zhu where numbers of mutants 
were checked and through cloning SOS (salt 
overly sensitive) genes were identifi ed. SOS 
pathway helps in eliminating excess Na +  ions via 
plasma membrane and Na + /H +  antiporter which 
assist in maintaining ion homeostasis in the cell. 
Identifi cation of SOS genes has broadened the 
way for revelation of a unique pathway associated 
with Ca 2+  signaling in response to salt fl uctuations 
(Liu et al.  1998 ). SOS pathway consists of a 
calcium-binding protein known as SOS3 which 
senses cytosolic fl uctuations in calcium, stimulated 
by high salt. SOS3 also activates the protein 
kinase, SOS2. SOS1, SOS3/SOS2 kinase complex 
activates together and phosphorylates the transport 
action of the plasma membrane. Besides the 
transport function, SOS1 may also play a vital role 
in regulating and sensing Na +  ions. SOS2 gene 
was isolated from  Arabidopsis  by the genetic 
selection of hypersensitive salt mutants. High salt 
concentration showed elevated SOS2 transcripts in 
response to stress tolerance in  Arabidopsis  roots 
(Liu et al.  2000 ). Moreover, SOS2 interacts with 
vacuolar Na + /H +  antiporter and considerably 
controls the cationic (Na + /H + ) exchange activity 
(Qiu et al.  2002 ).  

11.6     Protein Kinase Pathways 
for Osmotic Stress Signaling 

 The role of protein phosphorylation in response 
to osmotic has been proved experimentally 
(Zhu  2001 ). Many protein kinases in plants have 
been found activated in response to osmotic 
stress. The illustrated osmosensing pathway 
found in yeast (Gustin et al.  1988 ) created much 
attention to investigate a similar pathway in 
plants. In yeast the osmoregulatory pathways 
initiate with SH3 domain having membrane 
proteins which further activate MAP kinase 
cascade and elevate the osmolyte accumulation in 
the cell (Gustin et al.  1988 ). Under osmotic stress 
the plant synthesizes and accumulates compatible 
solutes for cellular adjustment. For synthesizing 
osmolyte it is indistinct whether they utilize similar 
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membrane sensors and MAP kinase cascades. 
In plants several MAPKs (mitogen-activated 
protein kinase) are stimulated against osmotic 
stress. MAP kinase (46 kDa) named SIMK 
(salt stress- inducible MAPK) found increased 
in response to adequate osmotic stress in alfalfa 
(Munnik et al.  1999 ). Hyperosmotic stress 
activated a SIMK- like MAP kinase named SIPK 
(salicylic acid- induced protein kinase) in tobacco 
cells (Mikolajczyk et al.  2000 ). MAPK cascade 
includes three protein kinases (MAPK, MAPKK, 
and MAPKKK) which are activated by serial 
phosphorylation. They result in specifi c localization 
of the module in cell compartments, phosphory-
lation, and regulating transcription factors and 
other proteins. A number of MAP kinases were 
identifi ed using sequence information in 
 Arabidopsis  (Ichimura et al.  2002 ). Interestingly, 
during hyperosmotic stress SIMK was not stimu-
lated and as an alternative a smaller kinase got 
triggered which suggest that the two kinases 
activated at different salt concentrations. Taking 
into consideration the different studies showed that 
one MAP kinase can respond to different stress 
conditions and there are different numbers of 
proposed and identifi ed MAP kinases. From each 
of the three categories, there should be a conver-
gence in the signaling of MAPK cascade, and it is 
possible that different stress factors activate MAP 
kinases to different levels (Bartels and Sunkar  2005 ). 
SNF-1-like kinases, divided into three families, 
SnRK1, SnRK2, and SnRK3, are another family 
of protein kinases which are activated by the 
phosphorylation of their serine or threonines 
(Halford and Hardie  1998 ). In various plant species, 
several SNF-1-like kinases were predicted and shown 
to be expressed in response to dehydration or ABA, 
including  Arabidopsis  OPEN STOMATA1 (OST1) 
protein kinase (Bartels and Sunkar  2005 ).  

11.7     Phospholipid Signaling 

 In plants phospholipid membrane plays an important 
structural role. Environmental stress creates a 
dynamic system that produces a number of signal 
molecules, e.g., PA, IP3, and DAG. The signaling 
of phospholipids is grouped on the basis of 
phospholipases that catalyzes lipid production. 

Studies suggest that some novel signaling 
pathways are involved in the production of lipid 
messengers which are not the direct yields of 
phospholipases. Examples of such lipid messen-
gers are phosphatidylinositol 3,5-bisphosphate 
[PI(3,5)P2] and diacylglycerol pyrophosphate 
(DGPP) (Munnik  2001 ). Acting as a secondary 
messenger, phospholipase C (PLC) catalyzes the 
hydrolysis of phosphatidylinositol 4, 5-bisphosphate 
(PIP2) into IP3 and DAG. Under hyperosmotic 
stress condition, the level of IP3 found increased 
(DeWald et al.  2001 ). It is observed that osmotic 
stress enhances the activity of phospholipase D 
(PLD) in tomato and alfalfa (Frank et al. 
 2000 ). Phospholipase D found activated under 
drought stress in  Craterostigma plantagineum  and 
 Arabidopsis  (Katagiri et al.  2001 ). Plant PLD 
activity was analyzed in drought-tolerant and 
drought-sensitive cowpea cultivars; higher PLD 
activity was found in the drought-sensitive culti-
vars (Maarouf et al.  1999 ). In response to hyperos-
motic stress, various plant systems showed rapid 
increase of 1,4,5-trisphosphate (IP3) (   Takahashi 
et al.  2001 ; DeWald et al.  2001 ). According 
to current hypothesis drought activation of 
PLC leads to higher IP3 levels. A subsequent pH 
release of Ca 2+  to cytoplasm and triggering of K +  
ion channels result in stomatal closure (Takahashi 
et al.  2001 ). In  Arabidopsis  SAL1 belongs to the 
latter group, and recently studies have supported 
drought-tolerant SAL1 mutants as a negative 
regulator in drought signaling pathways (Wilson 
et al.  2009 ). In another recent study, an inositol 
phosphate- lacking transgenic plant was gener-
ated by the expression of inositol polyphosphate 
5-phosphatase (Perera et al.  2008 ) which showed 
higher drought resistance. Several plant species 
showed increase PLDs in response to induced 
ABA and drought stress (El-Maarouf et al.  2001 ; 
Frank et al.  2000 ; Katagiri et al.  2001 ).  

11.8     ABA and Osmotic Stress 
Signaling 

 In plants ABA is needed for various stress res-
ponses, comprising stomatal closure, metabolic 
changes, and stress-responsive gene regulation. 
During unfavorable conditions the endogenous 
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ABA plays a vital role in stress- induced ABA-
dependent activities. ABA level varies widely 
in response to environmental stress, especially 
under drought and salinity. The level of ABA 
synthesis and catabolic activities measured the 
level of endogenous ABA. Lately, the molecular 
source of ABA biosynthesis was determined by 
genetic and biochemical approaches (Nambara 
and Marion-Poll  2005 ).    Another precursor of 
ABA is xanthoxin which results from a direct 
cleavage of C40 carotenoids; this reaction is con-
sidered as a vital step in ABA biosynthesis. ABA 
is an important phytohormone and has wide 
range of action including plant growth and devel-
opment. One of the main functions of ABA is to 
regulate osmotic stress plant maintain water bal-
ance. This role can be best justifi ed by plant 
mutants that are unable to synthesize ABA. In 
 Arabidopsis  a number of ABA defi cient mutants 
have been identifi ed such as aba1, aba2, and aba3 
(Koornneef et al.  1998 ). ABA produced in the 
roots is further carried to the shoots which cause 
the stomatal closure and ultimately restricts cel-
lular growth of the plant (Wilkinson and Davies 
 2002 ).    Drought and high salinity might cause 
higher pH in xylem sap (Jia and Davies  2007 ), 
resulting in modulation of stomata in response 
to abiotic stresses. Several genes which can 
synthesize ABA have now been reported, e.g., in 
tobacco zeathanxin epoxidase known as ABA2 
and in  Arabidopsis  ABA1: they catalyzes the 
zeaxanthin and antheraxanthin to violaxanthin 
(Marin et al.  1996 ). It has been studied that 
induced ABA stomatal closure is moderately 
dependant on activity of NADPH oxidase (Kwak 
et al.  2003 ; Torres and Dangl  2005 ). It has been 
studied that osmotic stress caused by salinity 
or drought is conducted via two pathways. One 
is dependent on ABA and the other is ABA 
independent; genetic investigation found no 
clear difference between ABA-dependent and 
ABA-nondependent pathways, and therefore, the 
mechanisms of this signaling may often have 
cross talks (Xiong and Zhu   2001 ). Ca 2+  which is 
one of the essential elements and conferred to act 
as a second messenger for several stress responses 
mediates such cross talk. Studies have proved 
that high salt, drought, and ABA increase intra-
cellular calcium in plants (Sanders et al.  2002 ).  

11.9     Transcriptional Signaling 

 Transcriptome profi ling has acknowledged 
number of gene-encoding transcription factors 
that are either upregulated or downregulated by 
multiple stresses. The expression of these tran-
scription factors provides us deeper insight in 
understanding the stress tolerance mechanism. 
Cheng et al. ( 2002 ) reported numbers of stress- 
induced transcription factors for biotic and abi-
otic stresses in  Arabidopsis . Among this group 
approximately 20 genes were found upregulated 
in response to osmotic stress and salinity. 
Recently, gene expression profi ling using gene 
chips and cDNA microarrays has identifi ed num-
ber of potential genes that are either upregulated 
or downregulated under drought and salinity 
(Bohnert and Cushman  2001 ; Seki et al.  2001 ). 
Alterations in gene expression, in response to 
drought and salinity, varies to the type and degree 
of stress.  Arabidopsis  provided profound insights 
of functional genomics related to multiple stress 
response. Using 1,300 full-length clones (Seki 
et al.  2001 ) and 7,000 full-length clone inserts 
(Seki et al.  2002 ), multi-stress interactions in 
response to abiotic stress were studied. The 
study provided potential stress-induced genes in 
response to salinity and drought stress. To study 
abiotic stress treatments, multi-stress interactions 
were studied by Kreps et al. ( 2002 ) in  Arabidopsis . 
The study provided the alterations in gene expres-
sion more than twofold over control for 2,409 out 
of 8,100 genes in response to drought and high 
salt. Under drought stress in chickpea roots, tran-
scripts were found twofold (STCa-8875; arginine 
decarboxylase) and threefold (STCa-611; sper-
midine synthase) upregulated (Molina et al. 
 2008 ). The study showed a different infl uence of 
drought stress on mechanisms of osmolyte accu-
mulation as an early stress response in chickpea 
roots. Numbers of transcription factors which 
belong to the EREBP/AP2 family bind to 
DRE/CRT were identifi ed and group as CBF1/
DREB1B, CBF2/DREBC, and CBF3/DREB1A 
(Liu et al.  1998 ). Analogous transcription factors 
DREB2A and DREB2B that are induced under 
hyperosmotic condition were also reported as 
stress-responsive genes (Liu et al.  1998 ).  
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11.10     Conclusion and 
Perspectives 

 Salinity and drought stress signal transduction 
has remained a major agriculture ambiguity until 
now and regarded as complex network. Recently, 
molecular biology has paved a way in identifying 
some stress-related signaling element which widens 
the knowledge of plant stress response. There are 
several views of convergence and divergence 
that facilitate stress signaling cascades. From this 
chapter, we know that to overcome drought 
and salinity, plants have stress-specifi c signaling 
pathways. Plant stress conditions enhance the 
production of ROS along with ABA accumulation, 
which has been suggested to be key constituents 
of cross tolerance to multiple types of stresses. 
The oxidative stress was used to be considered 
as a negative activity, but now observed as funda-
mental stress response which induces tolerance 
mechanism. Signaling pathway such as SOS found 
to play a critical function in regulating osmotic 
stress, whereas there are cross talks between 
MAPK cascade and ABA signaling pathway. 
Though latest progresses have acknowledged 
numerous transduction factors involved in stress 
tolerance, there is an urgent need to fi ll the gaps 
through wider application genetic engineering in 
model plants. With the emerging powerful tools 
such as genomics, transcriptomics, and proteomics, 
advancement in understanding plant stress signal-
ing will positively increase and may provide better 
insight of stress tolerance mechanism.     
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