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An insight into the drought stress induced alterations in plants
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Abstract

Plants are subjected to several abiotic stresses that adversely affect growth, metabolism and yield. The dynamic
research in plant genetics complemented by genome sequencing has opened up avenues to address multiple problems
caused by abiotic stresses. Though many drought-induced genes have been phytoengineered in a wide range of plants,
the drought signal transduction pathways, and the alteration of plant sensing and signaling systems to adverse
environments still remain an intriguing subject for comprehensive investigation. To impart enhanced drought tolerance
in plants, a thorough perception of physiological, biochemical and gene regulatory networks is essential. Recent
functional genomics tools have facilitated the progress in our understanding of stress signaling and of the linked
molecular regulatory networks. This has revealed several stress-inducible genes and various transcription and signaling
factors that regulate the drought stress-inducible systems. Translational genomics of these drought specific genes using
model plants have provided encouraging outcomes, but the in-depth knowledge of the specific roles of various
metabolites in plant stress tolerance will lead to evolvement of strategies for the phytoengineering of drought tolerance
in plants in future.
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Introduction

Plants are exposed to abiotic and biotic stresses that  drought-tolerant cultivars will become increasingly

influence their growth and development. Water deficit is
a major abiotic factor affecting global crop yield
(Manavalan et al. 2009). Drought stress has been known
to induce a sequence of morphological, biochemical and
molecular alterations that negatively affect plant growth
and productivity (Wang ef al. 2001). The occurrence of
drought is widespread across many parts of the world
(Ludlow and Muchow 1990). It seems the worldwide
losses in crop yields from water deficit probably exceed
the cumulative loss of all other stresses (Kramer 1983).
With ever increasing water limitation, the development of
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important. Thus, understanding of the genetic and
molecular mechanisms controlling drought response has
become vital in evolving strategies to enhance drought
tolerance in crop plants.

Although the universal effects of drought on plant growth
are fairly understood, the primary effects of water deficit
at the biochemical and molecular level are not well
characterized (Zhu 2002, Chaitanya et al. 2003, Chaves
et al. 2003). The net photosynthetic rate decreases with
the reduction in the relative water content (RWC) and
leaf water potential (y) (Lawlor and Cornic 2002).
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OA - osmotic adjustment; P5CS - Al—pyrroline-S-carboxylate synthase; PEPC - phosphoenolpyruvate carboxylase; Py - net
photosynthetic rate; Rubisco - ribulose-1,5-bisphosphate carboxylase/oxygenase; RWC - relative water content; TPP - trehalose-6-
phosphate phosphatase; y,, - pressure potential; y, - osmotic potential; ,, - water potential.
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However, the debate continues as to whether drought
mainly confines photosynthesis by stomatal closure or
through metabolic impairment (Tezara et al. 1999,
Lawson et al. 2003). The stomatal limitation is generally
accepted to be the main determinant of reduced
photosynthesis under mild drought stress (Cornic 2000).
It is also reported that drought and salt tolerant plants
maintain their pressure potential at low y,, by increasing
the quantity of solutes in the cells (Johnson et al. 1987).
In principle, the increased vacuolar solute accumulation
could confer salt and drought tolerance. The sequestration
of ions such as Na" may decrease the osmotic potential of
the plant cell and simultaneously also mitigates the
toxicity of this cation. The changes in the electrical
potential difference across plasma membrane have been
shown to be the most rapid alterations induced by abiotic
stresses (Assmann et al. 1985, Serrano et al. 1988). This
suggests that the transport of ions across the plasma
membrane may act as a signal. Transport of Ca*" into the
cell could mediate the induction of several biochemical
pathways and signaling networks leading to plant stress
response (Ebel and Cosio 1994). Furthermore, in recent
times there has been various transcriptome studies
(Markandeya et al. 2007, Clement et al. 2008, Guo et al.
2009, Lata et al. 2010, Zheng et al. 2010) and proteomic
analysis (Hajheidari et al. 2005, Urano ef al. 2009) in
plants exposed to drought/dehydration stress which

revealed involvement of drought-responsive genes or
proteins in cell cycle, translation/post translation
modification, transport, redox and oxidative response,
glutamate and aspartate family amino acids synthesis,
TCA cycle and signal transduction. This suggests the
numerous alterations in gene expression and in signaling
network along with physiological changes occurring in
plants due to drought stress which need extensive

understanding.
In view of the fact that drought is one of the major
global environmental constraints (Boyer 1982),

engineering of drought tolerance in plants has gained
utmost attention and significance. Although a plethora of
approaches have been employed to alleviate the problem
of drought, plant breeding in conjunction with genetic
engineering seems to be an efficient and durable means of
tailoring crops to grow successfully in drought-prone
environment (Ashraf 2010). To develop strategies for this
purpose, one of the primary research goals is to
understand the molecular mechanisms underlying drought
induced changes and to identify the functional genes that
are directly involved in these events. This review focuses
on recent advances in the understanding of the drought
induced changes at physiological, biochemical and
molecular level and signaling pathways. We emphasize
on the recently identified milestones in drought tolerance
and genetic engineering approaches.

Drought induced physiological and biochemical responses

Plants respond to drought stress through physiological,
biochemical and metabolic adjustments occurring in all
plant organs. These cellular alterations include decrease
in pressure potential and membrane fluidity, changes in
solute concentrations and protein-protein and protein-
lipid interactions (Valliyodan and Nguyen 2006). The
plants have a lot of typical physiological and biochemical
responses to stress such as accumulation of osmolytes,
amino acids and some hormones, modulation of sugar
metabolism and loss of photosynthetic activity. It has
been reported that drought stress inhibits cell division and
expansion owing to reduced pressure potential leading to
decreased plant growth. Relative water content (RWC)
and water potential (y,) and its components, pressure
potential (y,) and osmotic potential (y), are used as
indicators of plant water status (Kiani e al. 2007). During
drought stress, plants follow important physiological
mechanisms of maintaining pressure potential by means
of increased cell solute concentration (so called osmotic
adjustment, OA; Morgan 1984, Ober et al. 2005). The
lowering vy, due to the accumulation of compatible
solutes allows rapid water intake from rather dry soil,
thus mitigating water stress effects (Kumar et al. 2003).
There have been reports of proline accumulation during
extreme temperatures and drought (e.g. Sairam et al.
2002). Further, accumulation of proline has been
implicated as standard for selection for stress tolerance
(Yancy et al. 1982). In plants, proline biosynthesis and its

604

accumulation during drought stress is also involved in
detoxification of ROS (Gong et al. 2002, Hrabak et al.
2003). Transgenic tobacco overexpressing proline
biosynthesis enzyme, Al—pyrroline-S-carboxylate synthase
(P5CS), was found to survive better in response to water
deficits (Posas and Saito 1997, Park et al. 2003).
Furthermore, the transgenic tobacco line with suppression
of proline synthesis resulted in increased sensitivity to
water deficit (Nakagami et al. 2005). It was also reported
that transgenic Petunia plants that co-overexpressed the
AtP5CS and OsP5CS genes from Arabidopsis and rice,
respectively, can withstand drought conditions for longer
durations than wild type plants (Yamaguchi-Shinozaki
and Shinozaki 2005). The increased proline accumulation
due to enhanced P5CS activity in tolerant safflower has
been considered as an index for water stress tolerance
(Thippeswamy et al. 2010).

It has been reported that mannitol plays a role of
osmolyte and it is being produced as major biochemical
product in algae and higher plants during water deficit
(Wang et al. 2005). The introduction of a mannitol
dehydrogenase gene (mtID) into wheat (Davies et al.
1999) has resulted in a considerable increase in water
stress tolerance. The E. coli mt[D gene when transformed
in sorghum has resulted in an enhanced tolerance to water
deficit and salinity (Maheswari et al. 2010). Further in
tobacco, there is report of mannitol protecting
thioredoxin, ferredoxin, and glutathione from the



oxidative stress (Mikolajczyk et al. 2000). Another
example of the protection of sensitive enzymes and
membranes is provided by D-ononitol and myo-inositol
in the cytoplasm. The transgenic tobacco plants,
overexpressing inositol methyl transferase gene (Imtl)
from the Mesembryanthemum crystallinum, have shown
increased accumulation of the methylated form of
inositol, D-ononitol, leading to enhanced tolerance to
drought and salt stress (Li et al. 2000). Galactinol also
plays important roles in the desiccation tolerance of
plants. Arabidopsis plants that overexpressed the AtGolS1
and/or AtGolS2 genes show enhanced tolerance to
drought stress owing to the accumulation of galactinol
and raffinose and a reduced transpiration rate (Taji et al.
2002). Hence, galactinol and raffinose act as
osmoprotectants rather than as osmoregulants (Kobayashi
et al. 2004). Further, fructans play a significant role in
drought- and cold-stress tolerance in plants (Boudsocq
et al. 2004). There are reports of tobacco and sugar beet
plants engineered with the bacterial fructan gene showing
enhanced tolerance to drought stress (Mustilli ez al. 2002,
Yoshida et al. 2002). Similarly, trehalose functions as
reserve sugar and stress protectant, stabilizing proteins
and membranes against denaturation (Yoshida et al.
2006). Transgenic plants that expressed the trehalose
biosynthesis genes resulted in an elevated drought-stress
tolerance even though phenotypic abnormalities were
noticed in some cases (Cheong et al. 2003, Gong et al.
2004, Batistic and Kudla 2004, Kolukisaoglu et al. 2004).
The Arabidopsis trehalose-6-phosphate synthase 1
(AtTPS1) plays a significant role in sugar and ABA
signaling and its overexpression resulted in enhanced
drought tolerance (Kolukisaoglu et al. 2004). The
trehalose accumulation in transgenic Arabidopsis plants
that overexpressed A¢tTPSI was slightly altered without
morphological abnormalities. Even the overexpression of
this gene in rice has resulted in elevated contents of
glucose, fructose, and sucrose and improved drought
stress response (Yoshida et al. 2006). These facts clearly
suggest that modulation of the key enzymes involved in
production of crucial osmoprotectants may help in
rendering drought tolerance in crop plants.

Apart from osmolytes, there have been reports of
stress hormone abscisic acid (ABA) increased
concentration and transportation to shoots via xylem
during drought stress (Zeevaart and Creelman 1988).

Furthermore, there have been reports of decreased gas
exchange parameters, transpiration rate (E) and net

Drought stress responsive proteins

Plants survive different stresses with the help of
multifunctional genes which enable the cross-talk among
the various abiotic stress resistance systems (Hu et al
2010b). The plants behave differentially and specifically
in response to various abiotic stresses with the help of
stress responsive regulatory proteins. The gene
expression and metabolite analysis of drought-tolerant
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photosynthetic rate (Py), both regulated by stomatal
conductance (g;) (Tezara et al. 2002). Furthermore, the
stomatal opening rather than stomata density seems to
play crucial role in water loss during drought stress
(Zhang et al. 2005). In higher plants, Py is a function of
the activity of ribulose-1,5-bisphosphate carboxylase/
oxygenase (Rubisco) as well as regeneration of RuBP
(Ramachandra Reddy 1996, Chaitanya et al. 2002, Parry
et al. 2002). Under drought, reduction in chloroplast
volume due to desiccation may lead to conformational
changes in Rubisco (Sengupta and Berkowitz 1988).
Recently, increased mesophyll CO, diffusion
conductance, Chl a/b ratio, leaf nitrogen partitioning in
Rubisco and bioenergetics have been reported in
Incarvillea delavayi plants as an acclimation to long-term
water stress, indicating physiological plasticity of this
species (Cai et al. 2010). Drought stress is also known to
acidify the chloroplast stroma, resulting in inhibited
Rubisco activity (Meyer and Genty 1999). However, Cy4
plants have better water use efficiency than C; plants but
even there Rubisco plays a crucial role in achievement of
higher photosynthesis rate (Parry ez al. 2002). In addition,
the primary carboxylating enzyme of C, plants,
phosphoenol pyruvate carboxylase (PEPC), is also
inhibited under drought (Boyer et al. 1997). Drought
generally reduces the biochemical capacity for carbon
assimilation and utilization and also seems to alter the
ratio of the end products of photosynthesis, starch and
sucrose. There are reports that the activities of fructose
1,6 bis-phosphatase and sucrose phosphate synthase
decline with reduced vy, indicating that the sucrose
synthesis is strongly influenced by drought stress (Haupt-
Herting and Fock 2002). Hu et al. (2010a) showed
reduction not only in Py but also cytochrome respiratory
pathway activity in pepper leaves during drought stress.

In Camellia sinensis, reduction of chlorophyll (Chl),
carotenoids, ascorbate and glutathione contents and the
activities of guaiacol peroxidase (POX) and glutathione
reductase (GR) upon imposition of drought stress
whereas increase in proline, H,O, and superoxide anion
contents, lipid peroxidation and activities of catalase
(CAT) and superoxide dismutase (SOD) was observed
(Upadhyay and Panda 2004). Furthermore, the
comparatively less decrease in antioxidants, higher
activities of POX, GR, CAT and higher phenolic contents
in tolerant tea clones were found in comparison to
susceptible ones (Upadhyay et al. 2008).

native Andean potato clones pinpointed upregulation of
genes involved in osmotic adjustment, changes in sugar
metabolism, membrane modifications, detoxification of
oxygen radicals and protein stabilization (Schafleitner
et al. 2007). It has been reported that stress-responsive
proteins, e.g., the late-embryogenesis-abundant (LEA)
proteins were involved in the alleviation of cell damage
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during dehydration although the precise mechanism is
still to be explored (Bartels and Sunkar 2005, Vinocur
and Altman 2005). The biochemical analysis has further
demonstrated that LEA proteins can prevent protein
aggregation induced by desiccation as well as by freezing
(Goyal et al. 2005). The recent studies (Wise 2003, Wise
and Tunnacliffe 2004) proposed that LEA proteins
function as chaperone-like protective molecules and act
against cellular damage. There has been a report of oat
acclimation during drought stress by enhanced
phosphatidylserine decarboxylase activity in root cells
altering membrane phospholipid composition (Larsson
et al. 2006). Thus, unraveling the mechanisms underlying
the action of metabolites and proteins involved in drought
tolerance could facilitate the development of stress-
tolerant plants.

Numerous genes induced by water deficit stress have
been identified in drought tolerant rice cultivar and most
of them were related to metabolism, energy, protein
biosynthesis, cell defense, signal transduction, and
transport (Rodriguez ef al. 2006). A novel gene W89
encoding dehydration-responsive protein was isolated
from wheat. This protein showed homology with
methyltransferase and contained sterile alpha motif
(SAM)-binding protein, suggesting its role in network
with other proteins or transcription factors (TFs) to
regulate the expression of stress-responsive genes during
an early stage of drought stress (Zhang et al. 2007).

Drought responsive transcription factors

The integration of advanced molecular biology
techniques with functional genomics, aided by the
availability of genome sequence information, has
unraveled the transcriptional regulation of drought
response. Transcriptome analyses using microarray
technology, together with conventional approaches, have
revealed that numerous transcription factors (TFs) are
involved in the plant response to drought stress (Bartels
and Sunkar 2005, Vinocur and Altman 2005). Most of
these TFs fall into several large TF families, such as
APETALA type 2 / ethylene responsive factors (AP2/
ERF), basic region/leucine zipper motif (bZIP),
NAM/ATAF/CUC transcription factor (NAC), myelo-
blastosis (MYB), myelocytomatosis (MYC), Cys2His2
zinc-finger proteins (ZFP) and WRKY domain binding
transcription factors (WRKY) (Umezawa et al. 2006).
The ABA-dependent and -independent stress signaling
pathway leading to gene expression involve different TFs
such as drought responsive element binding proteins
(DREB), MYC/MYB, ABA responsive element binding
protein (AREB)/ ABA responsive element binding factor
(ABF), (no apical meristem)-like protein (NAM),
Arabidopsis transcription factor 1 or 2 like family
(ATAF1 and ATAF2), cup-shaped cotyledon trans-
cription factor (CUC), and their respective cis-elements
DRE, MYCRS/MYBRS, ABRE and NACRS (Agarwal
and Jha 2010). The analysis of ABA mutants has thrown
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Recently, the transcriptional analysis of drought tolerant
and sensitive tomato cultivars revealed that drought stress
specifically affects the key enzymes of gluconeogenesis
(fructose-bisphosphate aldolase), purine and pyrimidine
nucleotide biosynthesis (adenylate kinase), tryptophan
degradation (aldehyde oxidase), starch degradation
(B-amylase), methionine biosynthesis (cystathionine-
B-lyase), and the removal of superoxide radicals
(catalase) (Gong et al. 2010). This suggests a different
mechanisms of plant adaptation to drought conditions,
e.g., by lessening energy dissipation, conserving ATP and
reducing oxidative damage. In addition, the recent
progress of metabolome analysis should also contribute
to the discovery of novel stress resistance systems that
can be utilized for stress tolerance engineering (Oksman-
Caldentey and Saito 2005).

Therefore, a detailed understanding of the various
alterations in physiological parameters during drought
stress in plants will provide a way how to coordinate
abiotic stress response networks at biochemical,
molecular and signaling level to formulate strategies to
impart drought tolerance in plants. Although a large
number of drought-induced genes have been identified, a
molecular basis for plant tolerance to water stress remains
far from being completely understood (Ingram and
Bartels 1996).

light into the ABA-dependent and ABA-independent
pathways for osmotic and cold stresses interactions
(Kobayashi et al. 2008). Further, SNAC2/OsNAC6
transgenic rice plants had improved drought tolerance
because of the enhanced expression of a large number of
genes encoding proteins with predicted stress tolerance
functions such as detoxification, redox homeostasis and
proteolytic degradation (Nakashima et al. 2007, Hu ef al.
2008). When an AtDREB homologous gene GmDREB?2
from soybean was overexpressed constitutively, it
increased the survival rate of transgenic plants without
growth retardation under drought and salinity stress
(Chen et al. 2007). The overexpression of a GmERF TF
family member, the GmERF089 gene, and a chilling
inducible GmCHI gene promoted enhanced tolerance to
drought stress in tobacco and Arabidopsis, respectively
(Zhang et al. 2008, Cheng et al. 2009). The plant Q-type
C,H, zinc finger proteins subfamily of TFs in Triticum
aestivum was found to be involved in modulating the
drought adaptation in roots (Kam et al. 2008). The
expression of TFs regulates the expression of downstream
target genes that are involved in the drought stress
response and tolerance. The recent progress in TF study
has led to the engineering of drought tolerance using both
transcriptional activators and repressors.

Transcriptional activators that upregulate stress-
responsive genes have been widely used to impart



drought tolerance to transgenic plants (Muoma et al.
2010). The overexpression of the DREB1/CBF3 TF in
Arabidopsis was found to control many stress inducible
target genes (Seki et al. 2001, Fowler and Thomashow
2002, Maruyama et al. 2004) apart from increasing
tolerance to freezing and salinity (Kasuga et al. 1999).
Transgenic plants expressing a drought-responsive
AP2-type TF, SHINE transcription factorl-3(SHN1-3) or
WAX inducible protein 1(WXP1), induced wax-related
genes leading to enhanced cuticular wax accumulation
and increased drought tolerance (Aharoni et al. 2004,
Zhang et al. 2005). Transgenic rice plants overexpressing
rice NAC transcription factor 45 (OsNAC045) were
reported to have enhanced tolerance to drought and salt
treatments and thus can be a potential tool for rice genetic
engineering for better stress response (Zheng et al. 2009).
Recently, drought induced ABA-responsive element
(ABRE)-binding basic region/leucine zipper (bZIP) TF
rice ABA responsive element binding factor (OsABF2) as
a positive regulator of abiotic stress and ABA signaling
genes expression in transgenic rice was reported (Hossain
et al. 2010). Consequently, the increasing use of point
mutations in TFs is also holding a platform for evolving
an important strategy to produce active forms of
transcriptional activators for tailoring drought tolerance.
A point mutation at the phosphorylation site of a rice
bZIP transcription factor (TRABI), from serine to
aspartic acid has resulted in significant upregulation of
transcriptional activation even in the absence of the
inducer ABA in the protoplast transient assay. (Kagaya
et al. 2002). Recently, transgenic plants expressing a
phosphorylated active form of AREB1(ABA responsive
element binding protein) with multisite mutations also

Drought induced signal transduction pathways

With the bulk of information generated by recent studies,
it has been demonstrated that the signal transduction for
drought and salt stress can be divided into three major
signaling pathways: /) oxidative stress signaling —
MAPK modulates based generation of ROS scavengers
and antioxidant compounds, 2) Ca*'-dependent signaling
— activation of a LEA-type genes involved in the
expression ~ of  stress-responsive  proteins  and
3) Ca*"-dependent salt overlay sensitive (SOS) signaling
that regulates ion homeostasis. Recently, there has been a
report of CaCl, mediated increase in dry mass, proline
and phenolic contents of leaf with a decrease in H,O, and
lipid peroxidation and increased activities of SOD, CAT,
POX and GR during post drought recovery of Camellia
sinensis (Upadhyay et al. 2011). This suggests the

Ocxidative stress signaling

Apparently all abiotic stresses including drought lead to
formation of reactive oxygen species (ROS) such as

PLANT RESPONSES TO DROUGHT STRESS

resulted in the induction of many ABA-responsive genes
without exogenous ABA application suggesting that
altered TFs activation by point mutations may have the
potential to enhance drought tolerance ability (Furihata
et al. 20006).

Transcriptional repressors that down regulate gene
expression under stress have also been used to engineer
drought tolerance (Zhang 2003). AtMYBG60, an
R2R3-MYB transcriptional repressor in Arabidopsis,
functioned in the regulation of stomatal movements. This
gene was specifically expressed in guard cells and its
expression was negatively regulated during drought stress
(Cominelli et al. 2005). A null, T-DNA insertion
mutation in AtMYB60 resulted in the constitutive
reduction of stomatal opening and minimized wilting
under water stress. Interestingly, the Atmyb60-1 mutation
resulted in guard-cell-specific defects with no apparent
deleterious effects on other developmental and
physiological processes (Cominelli ef al. 2005). This was
very important when considering the yield of agricultural
crops, because most transgenic plants that constitutively
express TFs showed growth retardation and alterations in
basic metabolism (Vinocur and Altman 2005). Although
such undesirable traits can be improved to some extent
through the use of stress inducible promoters that regulate
the expression of TFs (Kasuga et al. 1999, 2004), the
engineering of stomatal response as a means to reduce
water loss is an attractive approach to confer drought
tolerance in crops (Schroeder er al. 2001). Thus, the
knowledge of drought inducible TFs will open up
avenues for development of the drought tolerant crop
plants which will survive well in acute field condition.

involvement of Ca’" mediated stress response signaling
pathways. The advanced serial analysis of gene
expression (SuperSAGE) analysis of drought responsive
transcriptome of chickpea roots has revealed a network of
genes involved in Ca’’-dependent signaling, general
signal transduction, transcription regulation, protein-
protein interactions, stress induced ABA-dependent
signaling, damage and repair responses, and chromatin
organization (Molina et al. 2008). Furthermore, the
transcriptome analysis of wheat revealed multilevel
regulation, including transcriptional regulation, RNA
binding, kinase activity and Ca and ABA signaling
implicated in stomatal closure signifies an interrelated
signaling network during drought stress (Krugman et al.
2010).

superoxide, hydrogen peroxide and hydroxyl radical that
hamper photosynthesis and cause oxidative damage to
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proteins, DNA and lipids (Apel and Hirt 2004). Thus,
oxidative stress is one of the major causes of cellular
damage in plants during stresses (Miller et al. 2010).
Oxidative stress signaling includes a MAPK cascade
(Tuteja and Mahajan 2007) leading to enhanced
production of osmolytes by activating the protein tyrosine
kinases, G-protein receptors, two-component histidine
kinases, efc. (Hasegawa et al. 2000). The highly
conserved MAPK pathways in eukaryotes are
intracellular signals that mediate signal transduction from
the cell surface to the nucleus. The MAP kinase kinase
kinase (MAPKKK), upon activation, phosphorylates a
MAP kinase kinase (MAPKK) on serine and threonine
residues. This MAPKK in turn phosphorylates a MAP
kinase (MAPK) on conserved tyrosine and threonine
residues (Nadarajah and Sidek 2010). The activated

MAPK can then either migrate to the nucleus to activate
the transcription factor directly, or phosphorylates the
activators and sensors which carry on the downstream
signals (Xiong et al. 2002). The MAPK can also remain
in the cytoplasm to mediate cytoplasmic events such as
phosphorylation of protein kinases, phospholipases and
cytoskeleton associated proteins (Reiser et al. 1999). This
information provides a clue that modulating MAPK will
lead to altered expression of specific regulatory TFs and
protein kinases towards enhanced drought tolerance in
plants. Compatible solutes of three major types: amino
acids (e.g., proline), quaternary amines (e.g. glycine-
betaine and dimethyl-sulfoniopropionate) and sugars
(e.g., mannitol and trehalose) were also reported to act as
free radical scavengers (Wang et al. 2003).

Ca**-dependent signaling that activate LEA-type genes

Various intercellular signaling processes in both plants
and animals are Ca®" dependent. Drought and salinity
have been shown to induce transient Ca®" influx into the
cell cytoplasm. Calcium dependent protein kinases
(CDPKs) are implicated as important sensors of Ca®’
influx in plants in response to these stresses (Tuteja and
Mahajan 2007). CDPKs are serine or threonine protein
kinases with a C-terminal calmodulin-like domain with
up to 4EF-hand motifs that can directly bind Ca®"
(Harmon et al. 2001). The CDPK pathway seems more
connected to increasing the expression of LEA proteins
(Serrano et al. 2003). The pathways leading to the
activation of LEA-type genes including the DRE/C-repeat

(CRT) class of stress-responsive genes may be different
from the pathways regulating osmolyte production. The
activation of LEA-type genes may actually mean for
development of stress tolerance through damage repair
pathways (Xiong et al. 2002). In higher plants, LEA
proteins have been reported to accumulate under extreme
desiccation condition (Garay-Arroyo et al. 2000). LEA
proteins were reported to act as chaperones in protection
of macromolecules like lipids, enzymes and mRNA from
degradation (Campos-Alvarez et al. 2002). Hence the
modification of the expression levels of CDPKs can be a
mode to achieve drought tolerance in plants.

Ca’*-dependent SOS signaling that regulate ion homeostasis

In plants, it is well known that Ca*" dependent salt overly
sensitive (SOS) signaling governs ion transporters that
control ion homeostasis under salt stress and drought.
The SOS pathway is likely to be associated with excess
extracellular or intracellular Na', which somehow
triggers a cytoplasmic Ca®" signal (Zhu 2002). The ionic
aspect of salt stress is signaled via the SOS pathway
where a calcium responsive SOS3-SOS2 protein kinase
complex controls the expression and activity of ion
transporters such as SOS1 (Boudsocq and Lauriere 2005).
The genetic analysis indicated that SOS1, SOS2 and
SOS3 function in a common pathway in controlling salt
tolerance. An important group of Ca®'sensors in plants is
the SOS3 family of Ca®" binding proteins. The amino
acid sequence of SOS3 is most closely related to the
regulatory subunit of yeast calcineurin (CNB) and animal

neural calcium sensors. A loss-of-function mutation in
the Arabidopsis SOS3 gene renders the mutant
hypersensitive to NaCl. In addition, the SOS2-SOS3
kinase directly phosphorylates and activates the SOS1
transporter (Xiong et al. 2002, Wise and Tunnacliffe
2004). Furthermore, the elevated intracellular Ca*
content due to drought stress may activates several
protein kinases and phospholipid systems generating a
diverse array of messenger molecules which may
function upstream of the osmotic stress-activated protein
kinases to mediate osmotic homeostasis and/or
detoxification responses (Shao et al. 2008). Thus,
in-depth understanding of the SOS signaling pathway and
alterations of key kinases will pave ways for the
development of drought tolerant plants.

Signaling factors as prospects for engineering drought tolerance

Various signal transduction systems function in plants
underlying abiotic stress responses, involving protein
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phosphorylation and dephosphorylation, phospholipid
metabolism, calcium sensing and protein degradation



(Vinocur and Altman 2005, Goyal et al. 2005, Boudsocq
and Lauriere 2005). Although these complex signaling
processes are not yet fully understood, several genes
encoding signaling factors that function in the drought
response have been identified (Shinozaki et al. 2003,
Chinnusamy et al. 2004). An added advantage of
signaling factors engineering is that they can control the
signal output involved in stress resistance. In many cases,
signaling factors may get activated or inactivated in
response to specific stress stimuli. An Suc nonfermenting 1
(SNF1)-related protein kinase 2 (SnRK2) was shown to
be activated by ABA or osmotic stress, suggesting that
SnRK?2 might be important for signal transduction in the
stress response (Wang et al. 2005, Mikolajczyk et al.
2000). There are reports of ten members of the SnRK2
family in Arabidopsis (SRK2A-J/SnRK2.1-10) and rice
genome (SAPK1-10). Almost all SnRK2s were found to
be specifically activated by ABA or hyper-osmolarity
(Kobayashi et al. 2004, Boudsocq ef al. 2004). The most
crucial finding in SnRK2 function was established in
guard cells: ABA-activated protein kinase (AAPK) in
fava bean was essential for ABA-dependent stomatal
closure (Li et al. 2000). In Arabidopsis, the physiological
function of SRK2E/OST1 (SnRK2.6), an ortholog of
AAPK, has been established: srk2e or ost/ mutants
showed hypersensitivity to drought because of their lack
of control of transpiration (Mustilli et al. 2002, Yoshida
et al. 2006). These data suggest that SnRK2 serves as a
central hub to mediate ABA signaling in guard cells
(Fujii et al. 2007). In addition, one of the Arabidopsis
SnRK2s, SRK2C (SnRK2.8), is an osmotic stress-
activated protein kinase and its overexpression
significantly improves drought tolerance in Arabidopsis
(Umezawa et al. 2004). The stress-dependent activation
or deactivation of signal components might function as a
molecular switch for the biotechnological manipulation
of the stress response in plants. Calcineurin B-like
protein/SOS3-like calcium-binding protein (CBL/SCaBP)
and its interacting partner calcineurin B-like protein
(CBL)-interacting protein kinases/salt overly sensitive 2
(SOS2)-like protein kinases (CIPK/PKS), which is

Conclusions and future prospects

The rapid development in transcriptome, proteome and
metabolome studies has been the guiding force to identify
and characterize crucial genes that are induced by
drought stress, and the coupled signaling and regulatory
networks in plants. Recent efforts to dissect the key
abiotic stress signaling pathways have also provided
potential target genes for stress tolerance. However, the
majority of these studies have been conducted using
model plants, and engineering for drought tolerance in
crop plants is still in its infancy. Although transgenic
approaches have been shown to be powerful tools to
manipulate the responses of plants to stress and develop
drought tolerant plants, this can be achieved only when
supported by precise physiological and biochemical
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identical to SnRK3, form a complex that is known to be
an important regulator of signal transduction in the
presence of ABA and under drought, salt or cold stress
(Cheong et al. 2003, Hrabak et al. 2003, Kolukisaoglu
et al. 2004). Plants overexpressing CBL1 exhibited
elevated drought and salt tolerance and upregulated
expression of stress responsive genes (Cheong et al.
2003). Although SnRK3 seems to be important for
engineering drought tolerance, it is not a simple case. The
manipulation of SnRK3 is complicated because its kinase
activity is regulated by a Ca”’-dependent interaction of
CBL/SCaBP proteins which sense internal or external
stimuli. The PKS kinases were reported to have FISL
motif in regulatory domain responsible for binding to
CBL/SCaBPs and has a consensus sequence XL (or M, I,
F,Y)N (or T)AFD (or E, Q) I (or L, F, M)IS (or A, T, G,
L,L)L(orM,F,Y,S, T, GSXG (or F, D, E, S) F (or L,
S)D (or N, S, G)LS (or A, E,G) G (or N, S, T, P) L (or
F)FE (or D, G, A) (where X represents amino acid
residue and residues in bold are absolutely conserved.
(Guo et al. 2001). As demonstrated in the case of SOS2
or PKS18 kinases, mutations in the activation loop of the
catalytic domain or deletion of the FISL motif enables the
production of a constitutively active form of SnRK3
(Park et al. 2003). These findings also highlight the
complexity of the signal transduction network with cross-
talk, feedback and physical interactions delivering
appropriate signals to suitable targets at the correct time.
As with the yeast ‘scaffold’ hypothesis, signaling protein
may have several signal outputs which may probably
explain the different functions of the MAPKKK, Stellp
(Zhang 2003, Cominelli et al. 2005). For example,
AtMPK6 functions in at least two different MAPK
cascades MKK2-MPK6 and MKK4/MKK5-MPK6, and
each combination transduces different signals from cold
or salt stress, and bacterial pathogens, respectively
(Nakagami et al. 2005). Further functional or biochemical
analyses will be required to gain a precise understanding
of the functions of various signaling factors in plants,
which can then be used to promote the engineering of
drought tolerance using signaling factors.

validation under field conditions. A thorough analysis
needs to be made while combining genes and priority
may be given to pyramid a set of genes contributing to
the whole regulatory pathway. For this, the foremost
challenge is to identify molecular events for better
understanding of how to improve drought tolerance. This
demands a thorough understanding of the target genes at
transcriptional and translational level and signal
transduction cascades under drought stress. Conse-
quently, the value of any genes or pathways for drought
tolerance in crop plants can only be judged by their
precise field performance. Apart from tedious phyto-
engineering efforts, researchers have to be familiar with
the actual field conditions and the present species and
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cultivars favored by farmers. Hence, an endeavor has to
be made to establish linkages and collaboration along
basic and applied research to release drought tolerant
crop plants at the field level.

In the development of tolerant plants, the
co-incidence of several abiotic stresses rather than a
single stress in the field condition will always exist. Since
the response of the plants to concurrent occurrence of
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