Molecular aspects of abiotic stress in plants
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ABSTRACT

Drought, salinity and extreme temperature are major adverse environmental factors that limit plant productivity.
Sensors initiate a signaling cascade to transmit the signal and activate nuclear transcription factors to induce the
expression of specific sets of genes. lonic and osmotic stress signal transduction triggers the ionic and osmotic
homeostasis signaling pathways, detoxification response pathways, and pathways for growth regulation. The ionic
stress is signaled via the SOS pathway where an SOS3-SOS2 complex controls the expression and activity of ion
transporters. Osmotic stress activates several protein kinases which mediate osmotic homeostasis and/or detoxifica-
tion responses. Understanding the mechanisms by which plants perceive and transduce the stress signals to initiate
adaptive responses is essential for engineering stress-tolerant crop plants. Genetic engineering strategies rely on
the transfer of one or several genes that are either involved in signaling and regulatory pathways, or that encode
enzymes present in pathways leading to the synthesis of functional and structural protectants, or that encode stress-
tolerance-conferring proteins. Certain techniques have been described to identify the gene whose expression is
differentially regulated in response to various environmental stresses in higher plants. Such methods include diffe-
rential display- polymerase chain reaction, suppression subtractive hybridization, serial analysis of gene expression,
DNA microarray and cDNA-amplified fragment length polymorphism.
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RESUMEN

Aspectos moleculares del estrés abiético en plantas. Los factores ambientales tales como sequia, salinidad y
temperaturas extremas afectan significativamente la productividad de los cultivos. Los receptores inician la cascada
de senales para transmitir la sefal y activar a los factores de trascripcién nucleares e inducir la expresion de grupos
especificos de genes. Las sefales de transduccién del estrés idnico y osmético conducen a las vias de sefalizacion
de lao homeostasis iénica y osmética, vias de destoxificacion y vias de regulacién del crecimiento. El estrés iénico se
sefaliza a través de la via del SOS donde el complejo SOS3-SOS2 controla la expresién y la actividad de los
transportadores i6nicos. El estrés osmético activa un conjunto de proteinas kinasas que conducen a la homeostasis
osmética y/o a respuestas de destoxificacién. La comprension de los mecanismos por los cuales las plantas perciben
y transducen las sefales del estrés para iniciar la respuesta de adaptacion es esencial para la obtencién de plantas
transgénicas tolerantes al estrés. Las estrategias de ingenieria genética se basan en la transferencia de uno o
varios genes que estdn involucrados en las vias de senalizacién y regulaciéon, que codifican enzimas de las vias que
guian la sintesis de protectores funcionales y estructurales o que codifican proteinas que confieren tolerancia al
estrés. Se describen algunas técnicas empleadas para identificar los genes cuya expresién es diferencialmente
regulada en respuesta a varios estreses en plantas superiores. Tales métodos incluyen expresién diferencial-reaccién
en cadena de la polimerasa, supresién por hibridacién substractiva, andlisis seriado de la expresiéon génica,

microarreglos de ADN y polimorfismo de la longitud de los fragmentos de ADNc amplificados.

Palabras claves: estrés abiético, estrés idnico y osmético, expresion génica, transduccién de sefales, genes
inducibles por estrés, factores de transcripcion, plantas transgénicas

Introduction

Environmental stresses, such as drought, salinity, cold
and heat cause adverse effects on the growth of plants
and the productivity of crops. Abiotic stress is the
primary cause of crop loss worldwide, reducing ave-
rage yields for most major crop plants by more than
50%. Among the abiotic factors that have shaped and
continue shaping plant evolution, water availability is
the most important. Water stressin its broadest sense
encompasses both drought and salt stress. Drought
and salinity are becoming particularly widespread in
many regions, and may cause serious salinization of
morethan 50% of all arablelandsby theyear 2050 [1].

Drought and salt stress, together with low tem-
perature, are the major problems for agriculture be-
cause these adverse environmental factors prevent
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plantsfrom realizing their full genetic potential. Abio-
tic stress leads to a series of morphological, physio-
logical, biochemical and molecular changes that ad-
versely affect plant growth and productivity [2].
Drought, salinity, extreme temperatures and oxida-
tive stress are often interconnected, and may induce
similar cellular damage. They arevery complex stimuli
that possess many different yet related attributes,
each of which may provide the plant cell with quite
different information. For example, low temperature
may immediately result in mechanical constraints,
changes in the activities of macromolecules, and re-
duced osmotic potential in the cellular milieu [3].
High salt stress disrupts homeostasis in water po-
tential (osmotic homeostasis) and ion distribution (ionic
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homeostasis). This disruption of homeostasis occurs
at both the cellular and the whole plant levels. Drastic
changesinion and water homeostasislead to molecular
damage, growth arrest and even death. To achieve salt
tolerance, three interconnected aspects of plant activi-
tiesareimportant. First, damage must be prevented or
alleviated. Second, homeostatic conditions must bere-
established in the new, stressful environment. Third,
growth must resume, abeit at areduced rate [4].

Signaling pathways are induced in responseto en-
vironmental stress and recent molecular and genetic
studies have revealed that these pathways involve
many components. The multiplicity of information
embedded in abiotic stress signals underlies one as-
pect of the complexity of stresssignaling [5]. Never-
theless, most studies on water stress signaling have
focused on primarily salt stress because plant res-
ponsesto salt and drought are closely related and the
mechanisms overlap [6, 7]. Responses to stress are
not linear pathways, but are complicated integrated
circuits involving multiple pathways and specific
cellular compartments, tissues, and the interaction of
additional cofactorsand/or signaling moleculesto coor-
dinate a specified response to a given stimulus [8].
Plants respond to these stresses at molecular and ce-
llular levelsaswell asphysiological level. Expression
of a variety of genes has been demonstrated to be
induced by these stresses. The products of these genes
are thought to function not only in stress tolerance
but also in the regul ation of gene expression and sig-
nal transduction in stress response [9, 10].

Salt- and drought-tolerant plants maintain their tur-
gor at low water potentials by increasing the number
of solute moleculesinthe cell. The active transport of
solutes depends on the proton gradients established
by proton pumps. In plants, three distinct proton
pumps generate proton electrochemical gradients
across cell membranes. Plant vacuol es constitute 40-
90% of thetotal intracellular volume of amature plant
cell and, in concert with the cytosol, generate the cell
turgor responsible for growth and plant rigidity. Cell
turgor depends on the activity of vacuolar H* pumps
that maintain the H* electrochemical gradient across
the vacuolar membrane, which permitsthe secondary
active transport of inorganic ions, organic acids, su-
gars, and other compounds. The accumulation of these
solutes is required to maintain the internal water ba-
lance. In principle, increased vacuol ar solute accumu-
lation could confer salt and drought tolerance. The
sequestration of ions such as sodium could increase
the osmotic pressure of the plant and at the sametime
reduce the toxic effects of this cation. Exposure to
NaCl has been shown to induce the H* transport ac-
tivity of vacuolar pumps in both salt-tolerant and
salt-sensitive plants. In principle, enhanced expres-
sion of either one of the vacuolar proton pumps should
increase the sequestration of ions in the vacuole by
increasing the availability of protons[11].

Changesintheelectrical potential difference across
the plasma membrane of higher plants have been
shown to be among the most rapid alterations in-
duced by abiotic and biotic stresses. The sensitivity
of the electrical membrane potential to different
stimuli suggeststhat the el ectrogenic exchange of ions
acrossthe plasmamembrane could servefor thetrans-

duction of signals perceived at the plasmamembrane.
Thus a hyperpol arization-activated influx of Ca?* into
the host cell could provide a pathway for the eleva-
tion of cytosolic free Ca?* concentrations that media-
tetheinduction of several biochemical pathwaysthat
are part of the plant defense response. Biochemical
responses associated with plant defense mechanisms
areinhibited by the depletion of extracellular Ca?* or
stimulated in the presence of ionophores that per-
mitted the entry of Ca®* into the cells suggesting that
fluctuations in cytosolic Ca?* are required for an e-
ffective defense response by the cell [12].

The objective of thisreview isto report recent ad-
vances in the stress-response mechanisms and their
biotechnological applications in plants. The main
mechanisms such assignal transduction pathways, regu-
lation of gene expression, ion transport, and detoxifi-
cation mechanismsare described. Emphasisisgivento
transgenic plantsthat were engineered for stresstoleran-
ce, based on different mechanisms of stress response.

Multiplicity of signaling pathways

Sensors

Sensors are molecules that perceive the initial stress
signal. Sensorswill initiate (or suppress) a cascade to
transmit the signal intracellularly and in many cases,
activate nuclear transcription factorsto induce the ex-
pression of specific setsof genes. A single sensor might
only regulate branches of the signaling cascadethat are
initiated by one aspect of the stress condition. For
example, a sensor detecting low temperature would
initiate a signaling cascade responsive to membrane
fluidity but would not necessarily control signaling
initiated by an intracellular protein whose conforma-
tion/activity isdirectly altered by low temperature [3].

Drought, salt and cold stresses have been shown to
induce transient Ca?" influx into the cell cytoplasm
derived from either influx from the apopl astic space or
release from internal stores. Channels responsible for
the Ca?" influx represent one type of sensor for the
stress signals. Internal Ca?* release is controlled by
ligand-sensitive Ca?* channels. These ligands are se-
cond messengers. An important feature of the role of
Ca* asasignal isthe presence of repetitive Ca?* tran-
sients. Thesetransients may be generated both by first
round second messengers and by signaling molecules
such as abscisic acid (ABA) that may themselves be
produced as aresult of cascades of early Ca?* signals.

Receptor-like kinases (RLK s) are found in both ani-
malsand plants. Structurally, they consist of an extra-
cellular domain that may functionin ligand binding or
protein-protein interactions, atransmembrane domain
and an intracellular kinase domain. The two-compo-
nent sensor-response regulator systemsinvolving his-
tidine kinasesthat wereinitialy found in prokaryotes
for the perception of various environmental signals
also exist in eukaryotes, including plants. When the
extracellular sensor domain perceivesasignal, thecy-
toplasmic histidine residue is autophosphorylated and
the phosphoryl moiety is then passed to an aspartate
receiver in aresponse regulator, which may constitute
part of the sensor protein or a separate protein. The
sensors may couple with a downstream mitogen-acti-
vated protein kinase (MAPK) cascade or directly phos-
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phorylate specific targetsto initiate cellular responses.
Uponreceiving asigna from membranereceptors, cells
often utilize multiple phosphoprotein cascades to
transduce and amplify the information. Protein phos-
phorylation and dephosphorylation are perhaps the
most common intracellular signaling modes. They regu-
late awiderange of cellular processes such asenzyme
activation, assembly of macromolecules, protein lo-
calization and degradation. Secondary signas|i.e., hor-
mones and second messengers: inositol phosphates
and reactive oxygen species (ROS)] can initiate ano-
ther cascade of signaling events, which can differ from
the primary signaling in time and space[13].

Signal transduction pathways

Signal transduction networks for cold, drought, and
salt stress can be divided into three mgjor signaling

types (Figure 1): (1) osmotic/oxidative stresssignaling
that uses MAPK modules, involves the generation of
ROS scavenging enzymes and antioxidant compounds
as well as osmolytes; (1) Ca* dependent signaling
that lead to the activation of late embryogenesis abun-
dant (LEA)-type genes (such as the DRE/CRT class
of genes), involves the production of stress-respon-
sive proteins mostly of undefined functions and (I11)
Ca?* dependent salt overlay sensitive (SOS) signaling
that regulates ion homeostasis. It involves the SOS
pathway which is specific to ionic stress [14].

Osmotic/oxidative stress signaling

Salt, drought, heat, cold stressand oxidative stressare
accompanied by the formation of ROS such as super-
oxide, hydrogen peroxide, and hydroxyl radicals, cau-
sing extensive cellular damage and inhibition of pho-
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Figure 1. Schematic pathway for the transduction of osmotic and ionic stress in plants. A signal transduction pathway starts with signal
perception, followed by the generation of second messengers (e.g., inositol phosphates and reactive oxygen species [ROS]). Second
messengers can modulate intracellular Ca?* levels, often initiating a protein phosphorylation cascade that finally targets proteins
directly involved in cellular protection or transcription factors controlling specific sets of stress-regulated genes.
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tosynthesis. This phenomenoniscalled oxidative stress
and isknown as one of the mgjor causes of plant dama-
ge as aresult of environmental stresses[15].

These ROS may be signals inducing ROS scaven-
gers and other protective mechanisms, as well as da-
maging agents contributing to stress injury in plants.
Plants have devel oped several antioxidation strategies
to scavenge these toxic compounds. Enhancement of
antioxidant defense in plants can thus increase tole-
ranceto different stressfactor antioxidants (ROS sca-
vengers) and include enzymes such as catal ase, super-
oxide dismutase (SOD), ascorbate peroxidase (APX)
and glutathione reductase, aswell as non-enzyme mo-
lecules such as ascorbate, glutathione, carotenoids, and
anthocyanins. Additional compounds, such as osmo-
lytes, proteins and amphiphylic molecules (e.g. toco-
pherol), can also function as ROS scavengers [14].

Osmotic/oxidative stress signaling is a phospho-
protein module used in plants for abiotic stress sig-
naling. MAPK pathways also mediate ROS signa-
ling. The MAPK pathway is activated by receptors/
sensors such as protein tyrosine kinases, G-protein-
coupled receptors, and two-component histidine ki-
nases in response to osmotic stress and is respon-
sible for increased production of osmolytes that are
important for osmotic adjustment. The primary func-
tion of osmolytesisto maintain cell turgor and thus
the driving gradient for water uptake. Recent studies
indicate that compatible solutes can also act as free-
radical scavengersor chemical chaperonesby directly
stabilizing membranes and/or proteins Compatible
solutesfall into three major groups: amino acids (e.g.
proline), quaternary amines (e.g. glycine betaine,
dimethylsulfoniopropionate) and polyol/sugars (e.g.
mannitol, trehal ose) [16].

Parts of severa MAPK modules that may be in-
volved in osmotic stresssignaling have been identified
in alfalfaand tobacco. Salt stress can activate different
MAPKSs at different times after the onset of stress,
and the activities of these MAPKs also last for diffe-
rent timeperiods. A common observation both in plants
and in other organismsisthat one MAPK module can
be used for the transmission of multiple signals. The
MAP kinase pathways are intracellular signal modu-
lesthat mediate signal transduction from the cell sur-
face to the nucleus. MAPK cascades are likely con-
served in all eukaryotes. They seem to bewidely used
asosmolarity signaling modules. The core MAPK cas-
cades consist of 3 kinases that are activated sequen-
tially by an upstream kinase. The MAP kinase kinase
kinase (MAPKKK), upon activation, phosphorylates
aMAP kinase kinase (MAPKK) on serine and threo-
nine residues. This dual-specificity MAPKK in turn
phosphorylatesaMAP kinase (MAPK) on conserved
tyrosine and threonineresidues. The activated MAPK
can then either migrate to the nucleus to activate the
transcription factor directly, or activate additional sig-
nal componentsto regulate gene expression, cytoske-
leton-associated proteins or enzyme activities, or tar-
get certain signal proteinsfor degradation [14].

Osmotic stress activates several protein kinases
including mitogen-activated kinases, which may me-
diate osmotic homeostasis and/or detoxification res-
ponses. A number of phospholipid systems are acti-
vated by osmotic stress, generating a diverse array of

messenger molecules, some of which may function
upstream of the osmotic stress-activated protein ki-
nases. Abscisic acid biosynthesisis regulated by os-
motic stress at multiple steps. Both ABA -depen-
dent and -independent osmotic stress signaling first
modify constitutively expressed transcription fac-
tors, leading to the expression of early responsetrans-
criptional activators, which then activate downstream
stress tolerance effector genes[6].

Ca?*-dependent signaling that lead
to the activation of LEA-type genes

Ca**isinvolvedinvariousintracellular signaling pro-
cesses, both in animals and plants. As such, the con-
centration of intracellular Ca?* is carefully tuned. Ca?*
concentration in the cytosol islow, and upon stimu-
lation, Ca®* is released from intracellular storage or
entersthecell viavarious Ca?* channels. Cold, drought
and salinity have been shown to induce transient
Ca?" influx into the cell cytoplasm. Channels respon-
sible for this Ca?" influx represent one type of sen-
sor for these stress signals. Cal cium-dependent pro-
tein kinases (CDPKs) are implicated as important
sensors of Ca?" influx in plants in response to these
stresses. CDPK s are serine/threonine protein kinases
with aC-terminal calmodulin-like domain with up to
4 EF-hand motifsthat can directly bind Ca?*. CDPKs
are encoded by multigene families, and the expre-
ssion levels of these genes are spatially and tempo-
raly controlled throughout development. In addi-
tion, a subset of CDPK genes responds to external
stimuli. The CDPK pathway seems more connected
toincreasing the expression of LEA proteinsfor anti-
desiccation protection [17].

Pathways leading to the activation of LEA-type
genes including the dehydration-responsive element
(DRE)/C-repeat (CRT) class of stress-responsive
genes may be different from the pathways regulating
osmolyte production. The activation of LEA-type
genesmay actually represent damage repair pathways
[18]. During devel opment and maturation, when natu-
ral desiccation takes place, seeds accumulate trans-
criptsand proteins at arelatively high concentration;
for thisreason, when first found, proteinswere named
LEA proteins. LEA proteins accumul ate under condi-
tions of extreme desiccation in higher plants [19].
Water deficit, high osmolarity, and low temperature
stress results in the accumul ation of a group of LEA
proteins. Such proteins may preserve protein struc-
ture and membrane integrity by binding water, pre-
venting protein denaturation or renaturing unfolded
proteins, and sequestering ions in stressed tissues.
LEA proteins and chaperones have shown to be in-
volved in protecting macromolecules like enzymes,
lipids and mRNASs from dehydration [9]. LEA pro-
teins have been grouped into at least six families on
the basis of sequence similarity [20, 21].

Three biological systems seemto act in concert to
achieve desiccation tolerance: enzymes involved in
osmolyte synthesis; proteinsspecialized in desicca
tion protection of membranes and proteins(LEA pro-
teins), and antioxidant enzymes and molecules. Both
osmolytes and LEA proteins contribute to stabiliza-
tion of membrane and protein structures by confe-
rring preferential hydration at moderate desiccation
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and replacing water at extreme desi ccation. Osmolytes
also contribute to osmotic adjustment and act as hy-
droxyl radical scavengers[22].

Ca?* dependent SOS signaling
that regulates ion homeostasis

SOS signaling appearsto berelatively specific for the
ionic aspect of salt stress and is calcium-dependent.
The targets of this type of signaling are ion transpor-
ters that control ion homeostasis under salt stress.

The input of the SOS pathway is likely excess ex-
tracellular or intracellular Na*, which somehow trig-
gers a cytoplasmic Ca®* signal. The outputs are ex-
pression and activity changes of transporters for ions
such asNa', K*, and H*. The input for osmotic stress
signalingislikely achangeinturgor. Salt stresssignal
transduction consists of ionic and osmotic homeos-
tasis signaling pathways, detoxification (e.g. damage
control and repair) response pathways, and pathways
for growth regulation. The ionic aspect of salt stress
is signaled via the SOS pathway where a calcium-
responsive SOS3-SOS2 protein kinase complex con-
trols the expression and activity of ion transporters
such as SOS1 [6].

Genetic analysis indicated that SOS1, SOS2 and
SOS3 function in acommon pathway in controlling
salt tolerance. Animportant group of Ca?* sensorsin
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 neuronal calcium sensors. A loss
of function mutation in the Arabidopsis SOS3 gene
renders the mutant plants hypersensitive to NaCl.
Interestingly, the salt-hypersensitive phenotype of
SOS3 mutant plants can be partially rescued by in-
creased concentrations of Ca?* in growth media. Thus,
SOS3 may underlie part of the molecular basis for
the long-observed phenomenon that higher external
Ca®" can alleviate salt toxicity in plants. There is
genetic evidence for regulation of the Arabidopsis
SOSL transporter by a calcium-activated protein ki-
nase complex composed of the SOS2 kinase subunit
and of the SOS3 calcium-binding subunit. This sig-
naling pathway mediates salt induction of the SOS1
genein Arabidopsis. In addition, the SOS2-SOS3 ki-
nase directly phosphorylates and activates the SOS1
transporter [14, 17].

Studies comparing the growth of wild-type and
mutant plantsin responseto NaCl, and sequence analy-
sisof the predicted SOS1 protein suggested that SOS1
encodesaNa'/H" exchanger (antiporter) on the plasma
membrane [23]. Because the SOS pathway operates
during ionic stress, it isthought that homol ogs of SOS3
and SOS2 may also function in the transduction of
other stress or hormonal signals. Including SOS2 and
SOS3, Arabidopsis has eight SOS3-like Ca* binding
proteins and 22 SOS2-like protein kinases [24].

Transient increases in cytosolic Ca?* are perceived
by various Ca?* binding proteins. In the case of abio-
tic stress signaling, evidence suggests that Ca®*-de-
pendent protein kinases (CDPK's) and the SOS3 fami-
ly of Ca?* sensors are major players in coupling this
universal inorganic signal to specific protein phos-
phorylation cascades. It seemsthat calcium signaling
iscrucial for salt tolerancein plants[14].

Second messengers can modul ate intracel lular Ca'
levels, often initiating a protein phosphorylation cas-
cade that finally targets proteins directly involved in
cellular protection or transcription factors controlling
specific sets of stress-regulated genes. The products
of these genes may participate in the generation of
regulatory molecules like the plant hormones ABA,
ethylene, and salicylic acid (SA).

During biotic or abiotic stress, plants produce in-
creased amounts of hormones such as ABA and ethy-
lene. In addition, SA and perhaps jasmonic acid may
be involved in some parts of stress responses. These
hormones may interact with one another in regulating
stresssignaling and plant stresstol erance. Salt, drought,
and to some extent, cold stress cause an increased
biosynthesis and accumulation of ABA by activating
genes coding for ABA biosynthetic enzymes, which
can berapidly catabolized following therelief of stress
Many stress-responsive genes are upregulated by
ABA. In addition, ABA can feedback stimulate the
expression of ABA biosynthetic genes, also likely
through a Ca?*-dependent phosphoprotein cascade.
The observation that ROS may mediate both ABA
signaling and ABA biosynthesis suggeststhat the feed-
back regulation of ABA biosynthetic genes by ABA
may be mediated in part by ROS through a protein
phosphorylation cascade [25].

These regulatory molecules can, in turn, initiate a
second round of signaling that may follow the above
generic pathway, although different components are
often involved. The secondary signals may also dif-
fer in specificity from primary stimuli, may be shared
by different stress pathways, and may underlie the
interaction among signaling pathways for different
stresses and stress cross-protection. Therefore, one
primary stress condition may activate multiple sig-
naling pathways differing in time, space, and out-
puts. These pathways may connect or interact with
one another using shared components generating in-
tertwined networks [3, 16, 26, 27].

Possible outputs of osmotic signaling pathways
include gene expression and/or activation of osmolyte
biosynthesis enzymes aswell as water and osmolyte
transport systems. Most of the other changes in-
duced by salt or drought stress can be considered as
part of detoxification signaling. These include (&)
phospholipid hydrolysis; (b) changesin the expres-
sion of LEA/dehydrin-type genes, molecular cha-
perones, and proteinases that remove denatured pro-
teins; and (c) activation of enzymes involved in the
generation and removal of reactive oxygen species
and other detoxification proteins[6].

Abiotic stress-inducible genes

The complex plant response to abiotic stressinvolves
many genes and biochemical-molecular mechanisms.
Various genes respond to drought-stress in various
species, and functions of their gene products have
been predicted from sequence homology with known
proteins. Many drought-inducible genes are also in-
duced by salt stress and low temperature, which sug-
gests the existence of similar mechanisms of stress
responses. Genes induced during drought-stress con-
ditions are thought to function not only in protecting
cells from water deficit by the production of impor-
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tant metabolic proteins but also in the regulation of
genesfor signal transduction in the drought stressres-
ponse[9, 10, 28]. Thus, these gene products are clas-
sified into three major groups. (1) those that encode
products that directly protect plant cells against
stresses such as heat stress proteins (HSPs) or cha-
perones, LEA proteins, osmoprotec-tants, antifreeze
proteins, detoxification enzymes and free-radical sca-
vengers[1, 26]; (2) thosethat areinvolved in signaling
cascadesand intranscriptional control, suchasMAPK,
CDPK [29] and SOSkinase[30], phospholipases[31],
and transcriptional factors[32, 33]; (3) those that are
involved in water and ion uptake and transport such
as aquaporins and ion transporters [34].

Stress-inducibl e genes have been used to improve
the stress tolerance of plants by gene transfer. It is
important to analyze the functions of stress-indu-
cible genes not only to understand the molecular
mechanisms of stress tolerance and the responses of
higher plants, but also to improve the stress tole-
rance of crops by gene manipulation. Hundreds of
genes are thought to be involved in abiotic stress
responses [35].

Regulation of gene expression
by transcription factors

Transcription factors (TFs) are small molecules that
attach to specific siteson aDNA moleculein order to
activate or deactivate the expression of certain genes.
Plant genomes contain alarge number of transcription
factors; for example, Arabidopsisdedicates about 5.9%
of its genome coding for more than 1 500 TFs [36].
Most of these TFs belong to a few large multigene
families. Individual members of the same family often
respond differently to various stress stimuli; on the
other hand, some stress responsive genes may share
the same TFs, as indicated by the significant overlap
of the gene-expression profiles that are induced in
response to different stresses [37-40]. As a conse-
guence, these diverse environmental stresses often
activate similar cell signaling pathways and cellular
responses, such as the production of stress proteins,
up-regulation of anti-oxidants and accumulation of
compatible solutes [41].

Transcription-factor genes were found among the
stress-inducible genes, suggesting that various trans-
criptional regulatory mechanisms function in the
drought, cold or high-salinity stress signal transduc-
tion pathways. Molecular and genomic analyses have
shown that several different transcriptional regulatory
systemsareinvolved in stress-responsive geneinduc-
tion. Several different setsof cis- and trans-acting fac-
tors are known to be involved in stress-responsive
transcription. Some of them are controlled by ABA
but others are not, indicating the involvement of both
ABA-dependent and -independent regulatory systems
for stress-responsive gene expression [6, 42].

An understanding of gene regulation is particu-
larly important in the case of a multigenic trait like
desiccation tolerance because different regulatory
pathways determine the expression of awhole set of
genes. Knowledge of regulatory circuitsisscarce; in-
dividual factors have been characterized, but their
interaction with other molecules within the network
is for the most part unknown. Several experimental

approaches have been followed to identify molecules
involved in the activation of gene expression in res-
ponse to stress. Most information is derived from
promoter analyses and from differential screening
procedures [32]. The regulation of gene expression
by dehydration and ABA involves several signaling
pathways and different cis-acting elements in the
stress-responsive genes. In genes regulated by ABA
and osmotic stress, one or more ABA-response ele-
ments (ABRES) play akey rolein promoter activity.
The ABREs have a core ACGT-containing G-box
motif. Proteins binding to this ABRE contain basic
region leucine zipper (bZ1P) motifs[13, 43, 44]. The
ABRE and the dehydration response element (DRE)
are promoters that play an important role in regula-
ting gene expression in response to drought stress.
The DRE is also involved in low-temperature and
salt responsive gene expression [14, 45].

These stress-inducibl e transcription factorsinclude
members of the DRE-binding protein (DREB) family,
the ethylene-responsive el ement binding factor (ERF)
family, the zinc-finger family, the basic helix-loop-
helix (bHLH) family, the basic-domain leucine zipper
(bZIP) family and the homeodomain transcription
factor family. These transcription factors could regu-
late various stress inducible genes cooperatively or
separately, and may constitute gene networks. The
transcription factor DREB1A specifically interacts
with the DRE and induces the expression of stress
tolerance genes. Overexpression of the cDNA enco-
ding DREB1A in transgenic Arabidopsis plants acti-
vated the expression of stress tolerance genes under
normal growing conditions and resulted in improved
toleranceto drought, salt loading, and freezing [9, 46].
Functional analysis of these stress-inducible transcrip-
tion factors should provide more information on the
complex regulatory gene networks that are involved
in responsesto drought, cold and high salinity stresses.
ABRE isamagjor cis-acting element in ABA-respon-
sive gene expression [47]. Similar transcription fac-
tors DREB2A and DREB2B are activated by osmotic
stress and may confer osmotic stress induction of
target stress-responsive genes [14].

Plants al so have some transcriptional factors with
unique DNA binding domains such as the AP2:
EREBP domain. In the activation of abiotic stress-
responsive genes, it seems that there is no general
rule regarding which class of transcriptional factors
activates which class of stress-responsive genes. Ins-
tead, there could be several kinds of transcriptional
factors regulating one group of stress-responsive
genes, or even several transcriptional factorsthat can
cooperatively activate the same gene. Proteins bin-
ding to this ABA-responsive complex contain bZIP
motifs. These bZIP proteins include, for example,
wheat EmBP1, the tobacco TAF-1, rice OSBZ8 and
0sZIP-1a. Some of these transcriptional activators
arethemselvesinduced at the transcriptional level by
ABA or stress treatments [13].

All organisms respond to supraoptimal tempera-
tures by synthesizing a specific set of HSP. They are
needed to protect cells from heat damage, and they
assist in the normalization of functions during recove-
ry. Heat stress proteins can be assigned to families of
proteins conserved among bacteria, plantsand animals.
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HSPs are molecular chaperones essential for mainte-
nance and/or restoration of protein homeostasis. As
molecular chaperonesthey assistin folding, intracellu-
lar distribution, assembly and degradation of proteins,
mainly by stabilizing partially unfolded states. Dena-
turation of proteins and problemsin the processing of
newly synthesized proteins du-ring stress are assumed
to result in a decrease of the pool of free chaperones.
Thetranscription of HSP encoding genesis controlled
by regulatory proteins called heat stress transcription
factors (Hsfs). They exist as inactive proteins mostly
found in the cytoplasm.

Theability to examinethe expression of many genes
simultaneously has led to major advances in the un-
derstanding of gene regulatory networks. More than
half of the drought inducible genes are also induced by
high salinity and/or by ABA but only 10% are in-
duced by cold stress. The control of gene expression
by TFsis being dissected using a genomic approach.
There are various possibilities for decreasing TF ex-
pression: using knockout mutants or RNAi constructs,
or for increasing TF levels by overexpression, either
constitutively or with the use of an inducible pro-
moter. Changing the expression of a number of TFs
affectssignaling, particularly the responsesto disease
and abiotic stress [48].

Isolation of strees-responsive genes

Expression profiling has become an important tool to
investigate how an organism responds to environmen-
tal changes. Plants have the ability to alter their gene
expression patterns in response to environmental
changes such astemperature, water availability or the
presence of deleteriouslevelsof ions. Sometimesthese
transcriptional changes are successful adaptationslea-
ding to tolerance while at other times the plant ulti-
mately fails to adapt to the new environment and is
considered to be sensitive to that condition. Expres-
sion profiling can define both tolerant and sensitive
responses. These profiles of plant response to envi-
ronmental extremes are expected to lead to regulators
that will be useful in biotechnological approachesto
improve stress tolerance as well as to new tools for
studying regulatory genetic circuitry [49].

Geneisolation and cloning through molecular bio-
logy research can be based on RNA or protein expres-
sion, differential screening, differential display tech-
nique, DNA insertions such as transposon or T-DNA
insertions, map based cloning and methods of random
cDNA sequencing and genome sequencing. Therecent
upsurgein activities concerned with identifying genes
with unknown functionsthrough research on expressed
sequence tags (ESTs) and sequencing of total genomes
isaboon for stress work. However, genes identified,
isolated and cloned by such approaches would need
to be functionally-characterized [50].

Certain techniques have been employed to iden-
tify the gene whose expression isdifferentially regu-
lated in response to various environmental stresses
in higher plants. Such methods include differential
display polymerase chain reaction (DDPCR), sup-
pression subtractive hybridization (SSH), serial
analysis of gene expression (SAGE), DNA-chip and
microarray, and cDNA-amplified fragment length
polymorphism (AFLP).

Differential display-polymerase chain reaction
(DD-PCR) isone of several methods designed toiden-
tify differentially induced or expressed genes and has
been used successfully in many studies to identify
new genesin varioustissuesor cells. Differential dis-
play polymerase chainreactionisasimple, sensitive
and powerful method for screening cDNAS, and is
useful in characterizing tissue-, organ- or develop-
ment-specific cDNAs. Differential display was de-
veloped as a method to identify differences in gene
expression among eukaryotic cells. Different primer
combinations are used in areversetranscriptase (RT)-
PCR to generate cDNAsfrom mRNAsexpressedin a
given cell. By comparing the cDNAs derived from
multiple cell types, or from a single cell type under
different conditions, it is possible to detect diffe-
rences in transcription products derived from the di-
verse conditions. These differentially expressed pro-
ducts are identified on an acrylamide gel, excised,
eluted, re-amplified, and eventually sequenced. Liu
and Baird [51] reported that 17 cDNA clones were
isolated from sunflower by means of DD-PCR. Genes
corresponding to 13 of these cDNAswere confirmed
by quantitative RT-PCR to be expressed differen-
tially in response to osmotic stress. Their expression
patterns were analyzed in leaves of drought-stressed
plants, and in roots and shoots of drought- or sali-
nity- stressed seedlings.

To understand the molecul ar regulation of the stress
response, the relevant subsets of differentially ex-
pressed genes of interest must be identified, cloned,
and studied in detail. Suppression subtractive hy-
bridization (SSH) has been a powerful approach to
identify and isolate cDNAs of differentially ex-
pressed genes. In general, they involve hybridiza-
tion of cDNA from one population (tester) to an
excess of mMRNA (cDNA) from other population
(driver) and then the separation of the unhybridized
fraction (target) from hybridized common sequences.
These subtraction techniques often requiremorethan
20 mg of poly(A)RNA, involve multiple or repeated
subtraction steps, and are labor intensive [52].

Serial analysis of gene expression (SAGE) isapo-
werful tool that allows the analysis of overall gene
expression patterns with digital analysis. Because
SAGE does not require a preexisting clone, it can be
used to identify and quantitate new, aswell as known
genes. SAGE isamethod for the comprehensive analy-
sis of gene expression patterns. Three principles un-
derlie the SAGE methodology: a short sequence tag
(10-14bp) that contains sufficient information to
uniquely identify atranscript provided that thetag is
obtained from a unique position within each transcript;
sequencetags can belinked together to form long serial
molecules that can be cloned and sequenced; and the
guantitation of the number of times a particular tag is
observed provides the expression level of the corres-
ponding transcript. Large-scal eidentification of genes
expressed in roots of the model plant Arabidopsiswas
performed by SAGE, on atotal of 144 083 sequenced
tags, representing at least 15 964 different mRNAS.
This new resource enabled the characterization of the
expression of more than 3 000 genes[53].

The use of DNA microarrays providesinsight into
tissue- and developmental-specific expression of
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genes and the response of gene expression to envi-
ronmental stimuli. DNA microarray technology has
given rise to the study of functional genomics. The
entire set of genes of an organism can be microarrayed
on an areaas small asafingernail and the expression
levels of thousands of genes are simultaneously stu-
died in a single experiment. DNA microarray tech-
nology allows comparisons of gene expression le-
velson agenomic scalein al kinds of combinations
of samples derived from normal and diseased tis-
sues, treated and non-treated time courses, and dif-
ferent stages of differentiation or development. Fur-
ther computational analysis of microarray data
provides the classification of known or unknown
genes by their mMRNA expression patterns. Gene ex-
pression profiling using cDNA microarrays or gene
chipsisauseful approach for analyzing the expres-
sion pat-terns of genes under conditions of drought,
cold and high salinity [54-56].

The cDNA-AFLP is a RNA finger printing tech-
nique used to analyze genes that are differentially ex-
pressed in genotypes with contrasting stress toleran-
ce grown under normal and stress conditions. In this
technology, double stranded cDNA is digested with
two restriction enzymes, adapter moleculesareligated
to the cDNA’s and PCR amplification is performed
with a primer that is complementary to the adapter,
but has an additional 1-3 selective bases. The pro-
ducts are separated on a sequencing gel [57, 58].

cDNA-AFLP was used to anayze differentially
expressed genes in wheat RH8706-49, a salt-stress
resistant line (SR) and H8706-34, a salt-stress sensi-
tive line (SSY with or without NaCl stress. A large
number of gene fragments related to salt stress were
found. Among them, acDNA encoding glycogen syn-
thase kinase-shaggy kinase (TaGSK 1) showed to be
induced by NaCl stress, and expressed more strongly
in SR than in SS. These results suggest that TaGSK1
isinvolved in wheat response to salt stress as a part
of the signal transduction component [59].

Functional genomics

In the devel opment of genomic technol ogiesthat pro-
vide structural and functional information, gene cha-
racterization has received a significant boost during
the last few years. The recent discovery of promoter
regulatory elements, like DRE or ABRE involved in
both dehydration- and low-temperature-induced gene
expression in Arabidopsis, as well as the identifica-
tion of transcriptional factors interacting with those
promoters, are exciting developments. The characte-
rization of the genesinvolved in theinitiation phase of
the stress response should be alogical priority, since
they represent the“ upstream keys” to global genomic
responsesthat might involve hundreds of genes. More-
over, oncethey have been identified, the expression of
these key genes should serve asa*“timing reference” to
identify expression products from downstream genes
involved in stress responses [60].

The new field of functional genomicswill provide
useful information through profiling experiments and/
or through the candidate gene approach based on the
genomic location or function of interest. The candi-
date gene approach is facilitated by looking at the
large number of sequences and freely available gene

information found in plant genetic databases to iden-
tify potential candidate genes and pathwaysinvolved
in drought tolerance[38].

There are two different approaches to study the
function of stress proteins. One, called theinducible
approach, considers stress proteins as those induced
in cells during stress. The other, the functional ap-
proach, considers stress proteins as those crucial for
cellular defense against a particul ar stress. Theindu-
cible approach is based on differential screening, di-
fferential display, and modern microarray metho-
dologies. The functional approach implies that
mutational gain or loss of function of genesencoding
functional stress proteins should result in altered
stress tolerance. Functional stress proteins may be
constitutive and become activated during stress by
modification instead of synthesis. Therefore, itisthe
functional approach that may provide the tools for
genetic engineering of improved stresstolerance. The
genes encoding proteins which act as positive crucial
factorsin salt tolerance are called hal otol erance genes
and arerecognized by their capability toimprove salt
tolerance upon overexpression [17].

Genetic engineering

The application of transgenic technol ogy, through ei-
ther over- or under-expression of the transgenes, isa
powerful way of finding the role(s) of these disco-
vered genes. Molecular analysis of transgenic plants
should provideinformation on the relationship of dif-
ferent gene products with stress tolerance and it will
be interesting to see how these transgenic plants per-
form under real stresssituationsin thefield, and thus
contribute to sustainable agriculture.

The genetically complex responsesto abiotic stress
conditions are very difficult to control and engineer.
Present engineering strategies rely on the transfer of
oneor several genesthat are either involved in signa-
ling and regulatory pathways, or that encode enzymes
present in pathways leading to the synthesis of func-
tional and structural protectants, such as osmolytes
and antioxidants, or that encode stress-tol erance-con-
ferring proteins. The current efforts to improve plant
stress tolerance by gene transformation have resulted
in important achievements; however, the nature of
the genetically complex mechanisms of abiotic stress
tolerance, and the potential detrimental side effects,
make this task extremely difficult [16].

The use of transgene as areporter in genetic analy-
sis signal transduction has many advantages, espe-
cially wherevisible phenotypesfall short. A chimeric
gene consisting of the promoter of a stress-respon-
sive gene and a convenient reporter gene is intro-
duced into plants and transgenics are used as starting
material for mutagenesis. The main objective is to
generate transgenic plantsthat synthesizeahigh level
of an osmoprotectant or a protein only under stress
conditions[13, 30].

Strong and constitutive promoters are beneficial for
ahigh-level expression of selectable marker genes, which
is necessary for efficient selection and generation of
transgenic plants. However, constitutively active pro-
motersare not always desirable for plant genetic engi-
neering because the constitutive overexpression of a
transgene may compete for energy and building blocks
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for synthesis of proteins, RNA, etc, which are also
required for plant growth under normal conditions[47].

Bioengineering stress-signaling pathways to pro-
duce stress-tolerant cropsis one of the major goals of
agricultural research. Recent developments in desig-
ning transgenic rice plants with genes such as choline
oxidase (codA), D-pyrroline-5-corboxylate synthase
(P5CS), LEA protein group 3 (HVAZ1), alcohol dehy-
drogenase (ADH) and pyruvate decarboxylase (PDC)
have shown that abiotic stress tolerance can be im-
provedinrice[61, 62].

Transgenic Arabidopsis carrying the codA gene
showed tolerance for light stress and increased the
accumulation of H,O, and several other stressrelated
chemicals. Rice does not accumulate glycine betaine
unlike other plants, but Sakamoto, et al. [63] reported
transgenic rice expressing thecodA genein the chloro-
plast and the cytosol recovered to normal growth at a
faster rate than the wild type after an initial growth
inhibition under salt and low-temperature stress.

A novel strategy wasreported by Wu and Garg[11]
which use the stress-inducible promoter to drive the
overexpression of Escherichia coli trehal ose biosyn-
thetic genes (otsA and otsB) as a fusion gene (TPSP)
for providing abiotic stresstoleranceinrice. The TPSP
fusion gene has the dual advantages of needing only a
single transformation event to introduce both genes
simultaneously into therice genome, while at the same
time increasing the catalytic efficiency for trehalose
formation by the bifunctional enzyme [64, 65].

Transgenic tobacco plants overexpressing chloro-
plastic Cu/Zn-SOD showed increased resistance to oxi-
dative stress caused by high light and low tempera-
tures. Transgenic alfalfa (Medicago sativa) plants
expressing Mn-SOD evidenced reduced injury from
water-deficit stress, as determined by chlorophyll fluo-
rescence, electrolyte leakage and re-growth. In Arabi-
dopsis, overexpression of the chyB gene that encodes
b-carotene hydroxylase (an enzyme activein the zeax-
anthin biosynthetic pathway) resulted in a 2-fold in-
crease in the pool of the xanthophyll cycle. These
transgenic plants showed greater toleranceto high light
and increased temperatures, and it was suggested that
stress protection was most likely due to the action of
zeaxanthin in preventing oxidative damage to mem-
branes. Transgenic tobacco plants expressing alfalfa
aldoseal dehyde reductase, a stress-activated enzyme,
showed reduced damage when exposed to oxidative
stress and increased tolerance to heavy metals, salt
and dehydration stress. Targeting detoxification path-
ways are an appropriate approach for obtaining plants
with multiple stress-tolerance traits. Accumulation of
compatible solutes may also protect plants against
damage by scavenging reactive oxygen species, and by
their chaperone-like activities in maintaining protein
structures and functions. Engineered overproduction
of these compatible solutes provides an opportunity
to generate more tolerant plants [26, 66-68].

MAPK cascades play an important role in media-
ting stress responses in eukaryotic organisms. Os-
MAPKS5isasingle-copy gene but can generate at | east
two differentially spliced transcripts. The OsMAPK5
gene, its protein, and kinase activity wereinducible by
abscisic acid aswell asvarious biotic (pathogen infec-
tion) and abiotic (wounding, drought, salt, and cold)

stresses. Interestingly, suppression of OsMAPK5
expression and its kinase activity resulted in the cons-
titutive expression of pathogenesis-related (PR) genes
such asPR1 and PR10 inthe dsRNAI transgenic plants
and significantly enhanced resistance to fungal and
bacterial pathogens. However, these same dsRNAI
lines showed significant reductions in drought, salt,
and cold tolerance. In contrast, overexpression lines
exhibited increased OsMAPKS5 kinase activity and in-
creased tolerance to drought, salt, and cold stresses.
These results strongly suggest that OsMAPKS5 can
positively regulate drought, salt, and cold tolerance
and negatively modulate PR gene expression and a
broad-spectrum disease resistance. Such an opposite
effect could be explained by the potential antagonism
between distinct MAPK cascades [69, 70].

The transcription factors play an important rolein
the acquisition of stress tolerance, which may ulti-
mately contribute to agricultural and environmental
practices. Although plant transformation with stress
responsive TFs permits overexpression of downstream
stress-associated multiple genes, it may also activate
additional non-stress genes that adversely affect the
normal agronomic characteristics of acrop. Onecom-
mon negative effect of TF-modified plants is the
growth retardation in transgenic plants that constitu-
tively express TFs. These negative effects can be par-
tially prevented by the use of stress-inducible pro-
motersthat control the expression of the TF [71, 72].

Engineering salt tolerance in plants

Plant hal otol erance geneshave beenidentified by again
of functions in transgenic plants and by loss of func-
tionsin Arabidopsis mutant collections, followed by
the identification of the mutated gene by either map-
based cloning or tagging with T-DNA or transposons.
Overexpression in transgenic plants of osmolyte syn-
thesisenzymes, LEA proteins, and antioxidant defenses
has resulted in improved salt tolerance [27].

Genetic engineering of sdt tolerance hasbeen achieved
via different strategies. Transgenic improvements
through the detoxification strategy triggers transgenic
plants overexpressing enzymes involved in oxidative
protection, such as glutathione peroxidase, superoxide
dismutase, ascorbate peroxidases and glutathione re-
ductases. More recent engineering with the regul atory
protein NPK 1, a mitogen-activated protein (MAP) ki-
nase, is another good example; this protein kinase ap-
pears to mediate oxidative stress responses. Enginee-
ring with osmolytes such as mannitol, fructans,
trehalose, ononitol, proline, glycinebetaineand ectoine
also works through oxidative detoxification. These
osmolytes are active in scavenging ROS. In addition,
targeted production of the osmolytes in the chloro-
plast by placing asignal sequencein front of the engi-
neered enzymes, results in better protection. The
osmolyte-producing transgenic plants are improved in
their tolerance not only to salts but also to various
other stressessuch aschilling, freezing, heat and drought,
which also generate ROS. Thisis demonstrated clearly
in glycinebetaine-producing plants[4].

The protecting mechanism of osmolytes engineered
in transgenic plants cannot be explained by osmotic
adjustment because the concentrations achieved arein
the modest range of 1-50mM. More subtle effects of
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the osmolytes such as the scavenging of hydroxyl
radicals and the protection of membrane and protein
structures during desiccation may beinvolved. Water
stress increases the formation of ROS through mem-
brane perturbation of electron transport chains. The
loss of catalase the function and the gain of the glu-
tathione S-transferase/peroxidase function implicate
defenses agai nst oxidative damage ascrucial factorsin
plant salt tolerance [17].

Another strategy for achieving greater toleranceis
to help plants re-establish homeostasis in stressful
environments. Both ionic and osmotic homeostasis
must be restored. Variousion transporters are the ter-
minal determinants of ionic homeostasis. Because Na*
inhibits many enzymes, it is important to prevent
Na" accumulatingto ahigh level inthe cytoplasmorin
organelles other than the vacuole [4].

Concerning plant ion transporters involved in salt
tolerance, none of them wereisolated as hal otolerance
genesupon their expression in yeast. However, gain or
loss of functions in plants demonstrated their crucial
role in ion homeostasis [9]. Increased expression of
the vacuolar H*/Na" antiporter encoded by the NHX 1
gene has improved salt tolerance in Arabidopsis, to-
mato [ 73], and Brassica [ 74] plants. Another vacuolar
transporter, the AVP1 H*-pumping pyrophosphatase,
also improves salt tolerance upon overexpression in
Arabidopsis. Presumably, both NHX1 and AVP1 me-
diate sequestration of sodium in the vacuole, reducing
itstoxic effect at the cytosol [17].

The SOS1 gene encodes a putative plasma mem-
brane Na'-H* antiporter. Mutations in SOS1 render
Arabidopsis plants extremely sensitive to Na' stress.
Overexpression of SOS1 lowers shoot Na* content and
improves salt tolerancein Arabidopsisplantsand callus
tissues. As this antiporter is mostly expressed in pa
renchymacellsat the xylem/symplast boundary of roots,
it has been proposed that it functions in retrieving so-
dium from the xylem stream, providing the molecular
basis of «sodium exclusion» from the shoots[4, 9, 17].

A transport protein called AtNHX 1 of Arabidopsis
thalianaislocated in membranesof cell vacuoleswhere
it can protect the plant from the drying effect of salt
by transporting sodium ions from the cell cytoplasm
into the vacuole. Vacuoles function as large storage
compartments of sodium. In the vacuoles, sodium has
no toxic effect. Overexpression of the AtNHX1 gene
(increased production of AtNHX1) resulted in en-
hanced salt-tolerance of Arabidopsisthaliana. Other
finding also showed that overexpression of the
AtNHX1 gene al so protects greenhouse-grown toma-
toes from high salt concentrations. Fruit sodium con-
tent of the genetically modified tomatoes was low
because the plants store the sodium in the | eaf vacuo-
les. This trait prevents the plants from a quality loss
aswell asfrom toxic effectsof sodiumin cellsand the
salt impaired nutrient acquisition. Fruits of the
transgenic plants were somewhat smaller but in other
respects no significant differences to non-transgenic
plants were observed [73].
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Ruiz and Blumwald [75] showed that S-assimila-
tion and the synthesis of cysteine and reduced glu-
tathione (GSH) increased significantly when wild-type
Brassica napus was exposed to salt stress. On the
other hand, these changes were minimal in transgenic
salt tolerant B. napus plants, overexpressing a vacuo-
lar Na'/H" antiporter. These results suggest that the
processes |eading to the biosynthesis of GSH are salt-
stress-elicited and that the active accumulation of ex-
cess Na' in the vacuole of the transgenic plants mini-
mizes the stress response. The authors concluded that
in wild-type Brassica plants, salt stress induced an
increase in the assimilation of S and the biosynthesis
of cysteine, and GSH was aimed to mitigate the salt-
induced oxidative stress. The small changesseeninthe
salt-tolerant transgenic Brassica plants overexpressing
the vacuolar Na'/H" antiporter suggest that the accu-
mulation of excess Na" in the vacuoles greatly dimi-
nished the salt-induced oxidative stress, highlighting
theimportant role of Na" homeostasisduring salt stress.

The halotolerance genes already identified indi-
catethat the crucial factorsfor salt tolerancein plants
include Na" transport and Na' toxicity targets. In
addition, plant hal otol erance genesinclude defenses
against osmotic and oxidative stresses. The genetic
analysisindicatesthat enzymesinvolved in osmolyte
synthesis, osmoprotecting LEA proteins and anti-
oxidant enzymes such as catalases, and glutathione
S-transferase/peroxidades are crucial factorsfor plant
salt tolerance[17].

Conclusions

Signaling pathways have to be regarded as complex
networks. The signal transduction network is cha-
racterized by multiple points of convergence and di-
vergence that enable signal integration at different le-
vels, and providethe molecular basisfor the appropriate
downstream responses that characterize them.

Molecular analyses of the signaling factors providea
better understanding of the signal-transduction cascades
during abiotic stress. Growth is limited predominantly
by osmotic stress, but in speciesthat have ahigh rate of
salt uptake, or cannot compartmentalize salt effectively
invacuoles, salt-specific effectsthat develop withtime,
impose an additional stresson the plant and giveriseto
the categories of ‘salt-sensitive’ and ‘ salt-tolerant’
plants. This implies that any improvement in drought
resistance would make a plant more adapted to saline
soil. However, the processes that adapt a plant specifi-
caly to saline sail involve the regulation of the uptake
and how they compartmentalize salt, to delay as long
as possible the time it takes to accumulate toxic levels
inleavesthat are actively photosynthesizing. Breeding
or genetic engineering of plants better adapted to saline
soils should focus on these processes.

Transgenic plants have been analyzed to reveal
the function of stress-responsive loci in plants. The
reverse genetic approach will be even more impor-
tant in extending the understanding of regulatory fac-
torsin stress signaling.
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