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INTRODUCTION

Soil salinity of agricultural land has led to the breakdown of ancient civilizations.
Even today it threatens agricultural productivity in 77 mha of agricultural land, of which
45 mha (20% of irrigated area) is irrigated and 32 mha (2.1% of dry land) is unirrigated
(1). Salinization is further spreading in irrigated land because of improper management of
irrigation and drainage. Rain, cyclones and wind also add NaCl into the coastal
agricultural land. Soil salinity often leads to the development of other problems in soils
such as soil sodicity and alkalinity. Soil sodicity is the result of the binding of Na* to the
negatively charged clay particles, which leads to clay swelling and dispersal. Hydrolysis
of the Na-clay complex results in soil alkalinity. Thus, soil salinity is a major factor
limiting sustainable agriculture.

The USDA salinity laboratory defines saline soil as having electrical conductivity
of the saturated paste extract (EC.) of 4 dS m™ (1 dS m™ is approximately equal to 10
mM NaCl) or more. High concentrations of soluble salts such as chlorides of sodium,
calcium and magnesium contribute to the high electrical conductivity of saline soils.
NaCl contributes to most of the soluble salts in saline soil.

The development of salinity-tolerant crops is the need of the hour to sustain
agricultural production. Conventional breeding programs aimed at improving crop
tolerance to salinity have limited success because of the complexity of the trait (2). Slow
progress in breeding for salt-tolerant crops can be attributed to the poor understanding of
the molecular mechanisms of salt tolerance. Understanding the molecular basis of plant
salt tolerance will also help improve drought and extreme-temperature-stress tolerance,
since osmotic and oxidative stresses are common to these abiotic stresses. The salt-
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tolerant mechanisms of plants can be broadly described as ion homeostasis, osmotic
homeostasis, stress damage control and repair, and growth regulation (3). This chapter
reviews recent progress in understanding salt-stress signaling and breeding/genetic

engineering for salt -tolerant crops.

EFFECT OF SALINITY ON PLANT DEVELOPMENT

Salinity affects almost all aspects of plant development, including germination,
vegetative growth and reproductive development. Soil salinity imposes ion toxicity,
osmotic stress, nutrient (N, Ca, K, P, Fe, Zn) deficiency and oxidative stress on plants.
Salinity also indirectly limits plant productivity through its adverse effects on the growth
of beneficial and symbiotic microbes. High salt concentrations in soil impose osmotic
stress and thus limit water uptake from soil. Sodium accumulation in cell walls can
rapidly lead to osmotic stress and cell death (1). lon toxicity is the result of replacement
of K" by Na* in biochemical reactions, and Na" and CI -induced conformational changes
in proteins. For several enzymes, K" acts as cofactor and cannot be substituted by Na*.
High K* concentration is also required for binding tRNA to ribosomes and thus protein
synthesis (3, 4). lon toxicity and osmotic stress cause metabolic imbalance, which in turn
leads to oxidative stress (5).

In terms of plant tolerance to salinity, plants are classified as halophytes, which
can grow and reproduce under high salinity (>400mM NacCl), and glycophytes, which
cannot survive high salinity. Most of the grain crops and vegetables are natrophobic
(glycophytes) and are highly susceptible to soil salinity, even when the soil EC, is < 4 dS
m™. Crops such as bean (Phaseolus vulgaris), eggplant (Solanum melongena), corn (Zea
mays), potato (Solanum tuberosum), and sugarcane (Saccharum officinarum) are highly
susceptible, with a threshold EC. of <2 dS m™, whereas sugar beet (Beta vulgaris) and
barley (Hordeum vulgare) can tolerate an EC of up to 7 dS m™. Sugar beets and barley
are highly sensitive to salinity during germination but are highly tolerant during the later
phases of crop development (6; http://www.ussl.ars.usda.gov/saltoler.htm). Soil type
(particularly Ca?* and clay content), rate of transpiration (which determines the amount
of salt transported to the shoot for any given rate of salt uptake and loading to the xylem
by roots) and radiation may further alter the salt tolerance of crops.



Salinity affects photosynthesis mainly through a reduction in leaf area,
chlorophyll content and stomatal conductance, and to a lesser extent through a decrease
in photosystem Il efficiency (7). The adverse effects of salinity on plant development are
more profound during the reproductive phase. Figure 1 shows the adverse effect of
salinity on vegetative and reproductive development and the differential sensitivity of
yield components to different intensities of salt stress in rice (8). Wheat plants stressed at
100 to 175 mM NaCl showed a significant reduction in spikelets per spike, delayed spike
emergence and reduced fertility, which results in poor grain yield. However, Na" and CI’
concentrations in the shoot apex of these wheat plants were below 50 and 30 mM,
respectively, which is too low to limit metabolic reactions (9). Hence, the adverse effects
of salinity may be attributed to the salt-stress effect on the cell cycle and differentiation.

Salinity arrests the cell cycle transiently by reducing the expression and activity of
cyclins and cyclin-dependent kinases that results in fewer cells in the meristem, thus
limiting growth (10). In Arabidopsis, the reduction in root meristem size and root growth
during salt stress is correlated with the downregulation of CDC2a (cyclin-dependent
kinase), CycA2;1 and CycB1;1 (mitotic cyclins) (11). The activity of cyclin-dependent
kinase is diminished also by post-translational inhibition during salt stress (10). Salt
stress-induced abscisic acid (ABA) may also mediate cell cycle regulation. ABA
upregulates the expression of the inhibitor of cyclin-dependent kinase ICK1, which is a
negative regulator of CDC2a (12). Salinity adversely affects reproductive development
by inhibiting microsporogenesis and stamen filament elongation, enhancing programmed
cell death in some tissue types, ovule abortion and senescence of fertilized embryos. In
Arabidopsis, 200 mM NaCl stress causes as high as 90% ovule abortion (13).

GeneChip microarray transcriptome analysis of salt-stressed (100 mM NacCl stress
for 3 hours) Arabidopsis plants revealed approximately 424 and 128 genes were
upregulated (>2 fold) in roots and leaves, respectively (14). In Arabidopsis, cDNA
microarray analysis showed that about 194 genes were upregulated and about 89 were
downregulated by salt stress (15). In rice, of 1700 cDNAs analysed, approximately 57
genes were upregulated by NaCl stress (16). Many of the NaCl upregulated genes were
also upregulated by dehydration, cold and ABA (14-16), which suggests that some of the
stress responses are common to all these abiotic stresses. These results show that plant



responses to salt stress are controlled by several genes and salt tolerance is a complex

phenomenon.

PERCEPTION OF SALT STRESS

The ability of the plant to combat environmental stress is determined by the
efficiency of the plant to sense the environmental stress and activate its defense
machinery. Salt stress is perceived by plants as ionic and osmotic stresses. Excess Na'-
and Cl-induced conformational changes in protein structure and membrane
depolarization can lead to the perception of ion toxicity. Plasma membrane proteins, ion
transporters and/or Na'-sensitive enzymes have been hypothesized as sensors of toxic
Na" concentrations in extracellular and intracellular sites. Many transporters with long
cytoplasmic tails similar to that of SOS1 (Salt Overly Sensitive 1, the plasma membrane
Na'/H" antiporter) have been implicated as being sensors of the molecule transported by
that transporter. Similar to the sugar permease BgIF in E. coli and the ammonium
transporter Mep2p in yeast, SOS1 has been proposed to be one of the potential sensors of
Na® ions in plants (17). Another potential candidate sensor is a Na*-K" co-transporter of
Eucalyptus camaldulensis. This transporter showed increased ion uptake under hypo-
osmotic conditions when expressed in Xenopus laevis oocytes (18).

Salinity-imposed osmotic stress leads to cell turgor loss and cell volume change.
Hence, the potential sensors of osmotic stress include membrane-associated stretch-
activated channels, cytoskeleton (microtubules and microfilaments), and transmembrane
protein Kinases, such as two-component histidine kinases. One of the putative sensors of
osmotic stress in Arabidopsis is the hybrid two-component histidine kinase ATHK1 (19).

The proposed role of AtHK1 in salt tolerance is discussed later in this chapter.

SECOND MESSENGERS
The ameliorative effects of Ca?* in maintaining plant growth under salinity (20)
and Ca®*-induced ion channel discrimination against Na* (21) have been well known for
a long time. In addition to its effect on preventing Na* entry into cells, Ca®" acts as a
signaling molecule in salt stress signaling (22, 23). Cytosolic Ca?* oscillations during salt

stress are regulated through the activities of mechanosensitive and ligand-gated Ca®*



channels on the plasma membrane, endoplasmic reticulum and vacuole (3, 17). Excess
Na'-induced membrane depolarization may activate mechanosensitive Ca®* channels to
generate Ca®* signature under salt stress (4, 17). Pharmacological studies and genetic
analysis have shown the involvement of inositol 1,4,5-tris phosphate (IPs)-gated Ca®*
channels in the regulation of Ca*" signature during salt stress (24-26). The FRY1 locus of
Arabidopsis encodes an inositol polyphosphate 1-phosphatase, which catabolizes IP3. The
Arabidopsis fryl mutant is impaired in inositol polyphosphate 1-phosphatase and thus
exhibits impaired ABA-induced IP3 transients. The fryl mutation leads to sustained
accumulation of IP3 and hypersensitivity to ABA, cold and salt stress. Thus, IP; plays a
crucial role in cytosolic Ca®" oscillations during ABA, salt and cold stress signaling (26).
Salinity stress also leads to synthesis of the plant stress hormone ABA (27-29) and
accumulation of reactive oxygen species (ROS) (5). Calcium and/or H,O; act as second
messengers of ABA-induced stomatal closure and gene expression under abiotic stresses
(30, 31). Transient expression analysis revealed that IP; and cyclic ADP ribose (CADPR)-
gated calcium channels are involved in ABA-induced cytosolic Ca®* oscillations (32).
ABA induces the expression and activity of ADP-ribosyl (ADPR) cyclase, which
synthesizes cADPR (33). Involvement of a heterotrimeric GTP-binding (G)-protein has
been demonstrated in ABA signal transduction during guard cell regulation (34). Since
ABA synthesis is induced under salinity, the G-protein-associated receptors may also
elicit Ca?* signatures during salinity stress. Salt stress-induced Ca®" signatures are then
sensed and transduced by calcium sensor proteins, namely SOS3 and SOS3-like calcium
binding proteins (SCaBPs), calcium-dependent protein kinases (CDPKSs), and
calmodulins (CaMs).

ION HOMEOSTASIS
Plants achieve ion homeostasis by restricting the uptake of toxic ions, maintaining
the uptake of essential ions and compartmentalization of toxic ions into the vacuole of
specific tissue types. In most crop plants, Na* is the primary cause of ion toxicity, and
hence, management of cellular Na* concentration is critical for salt tolerance (4). Sodium
ions can be kept below the toxic level in the cytosol by i) restricting Na* entry at the root

cortex cells, ii) excreting Na" from root cells into soil, iii) retrieving Na* from the



transpirational xylem stream to recirculate it to the roots, iv) storing Na* in the vacuole of
mature cells, and v) excreting Na* through salt glands (3). Among these mechanisms, Na*
excretion through salt glands is important only in halophytes. Biochemical,
electrophysiological and molecular genetic evidence show that the SOS pathway plays a

crucial role in the regulation of cellular and whole plant ion homeostasis (Fig. 2) (17).

SODIUM UPTAKE

Restricting Na" entry into the root cells and then into the transpirational stream is
critical to prevent a buildup of toxic levels of salt in the shoot. Both glycophytes and
halophytes must exclude about 97% of the Na* present in the soil at the root surface to
prevent toxic levels of Na® accumulation in the shoots (35). Sodium entry into the
transpirational stream depends upon the amount of Na" uptake by Na" and nonspecific
cation transporters and the proportion of water entry in the apoplastic/bypass pathway
into the xylem. Na* from the soil gains the initial entry into the cells of the root epidermis
and cortex. The casparian strip in the endodermis plays a crucial role in preventing
apoplastic Na" influx into the root stele. Compared with Arabidopsis, halophytes such as
salt cress (Thellungiella halophila) develop both an extra endodermis and a cortex cell
layer in roots (36). In maize seedlings stressed at 200 mM NaCl, the casparian strip radial
width was increased by 47% compared with control seedlings (37). This feature may help
to reduce the Na* entry into the transpirational stream. In crops such as rice, water entry
into the xylem through the bypass pathway accounts for all the Na* buildup in the shoots,
whereas in crops such as wheat, transport protein-mediated Na* uptake accounts for most
of the Na" buildup in the shoots (38). Silica deposition and polymerization of silicate in
the endodermis and rhizodermis blocks Na* influx through the apoplastic pathway in the
roots of rice (39). Regulation of these anatomical and morphological changes in root
development during salt stress needs further understanding.

Sodium uptake is mediated by both voltage-dependent and -independent cation
channels. The role of voltage-independent cation channels in Na* uptake is poorly
understood. Voltage-dependent cation channels such as K" inward rectifiers (HKT, HAK
and KUP) mediate Na* uptake into root cells. Sodium competes with K* uptake through
Na*-K" cotransporters and may also block the K*-specific transporters of root cells (17).



Expression studies in yeast cells revealed that high-affinity K*-uptake activity of both
Arabidopsis AtKUP1 and barley HYHAKZ1 is inhibited by millimolar concentrations of
Na® (40, 41). Cellular K concentration can be maintained by the activity/expression of
inward-rectifying K*-specific transporters under high salinity. Salt stress, as well as K*
starvation, upregulates the expression of Mesembryanthemum crystallinum high-affinity
K" transporter genes (McHAKS). McHAKS specifically mediate K* uptake and show high
discrimination for Na* at high salinity (42). In contrast, high-affinity K" transporters
(HKTSs) of wheat (43, 44), Arabidopsis (45) and Eucalyptus (18) act as low-affinity Na*
transporters when expressed in Xenopus oocytes. HKT transporters of Eucalyptus
camaldulensis and wheat possess Na":K" symport activity but mediate mainly Na®
transport under high salinity (18, 43). The expression of OsHKT1 is significantly
downregulated in salt-tolerant rice cv. Pokkali as compared with salt-sensitive rice cv.
IR29 during 150 mM NaCl stress (46). Transgenic wheat plants expressing antisense
wheat HKT1 showed significantly less ?Na* uptake and enhanced growth under high
salinity as compared with control plants (47). This evidence suggests that HKT1
homologs contribute to Na* influx during salt stress and downregulation of HKT1 may
help limit Na* influx to roots.

In yeast, HAL1 and HAL3 regulate the expression of P-type ATPase, Na" efflux
and K* uptake. Transgenic overexpression of the yeast HAL1 gene enhanced salt
tolerance of melon shoots in vitro (48), tomato (49, 50) and watermelons (51). Transgenic
tomato plants overexpressing yeast HAL1 showed increased K* accumulation. Irrigation
with 35 mM NacCl to plants till maturity decreased the control plant fruit yield by 57.5%,
whereas transgenic plants showed 24-42% decreased fruit yield. However, under normal
growing conditions, the transgenic lines were less productive than the wild type (50).
Overexpression of the Arabidopsis HAL3a gene also enhanced the salt tolerance of
transgenic Arabidopsis (52).

Electrophysiological evidence suggests that cyclic nucleotides (CAMP and cGMP)
may minimize Na® influx into the cell by downregulating voltage-independent cation
channels in Arabidopsis (53). Exposure of Arabidopsis plants to salt and osmotic stress
results in increased cytosolic cGMP concentration within 5 seconds (54). Pyrridoxal-5-

phosphate is a cofactor for transaminases involved in the biosynthesis of aminoacids that



are precursors for nucleotide biosynthesis. The Arabidopsis sos4 mutant defective in a
pyridoxal kinase gene showed hypersensitive root growth under NaCl and KCI stress and
derivatives act as ligands for P2X receptor ion channels in animals (55). Pyridoxal-5-
phosphate may regulate Na® efflux by SOS1, because SOS1 contains a putative
pyridoxal-5-phosphate binding domain (3). Thus, regulation of K* and Na * uptake by
pyridoxal-5-phosphate and cyclic nucleotides may help in plant salt tolerance. Signaling
pathways(s) that regulate Na* and K" uptake by higher plants during salinity need further
study.

SODIUM EFFLUX

Sodium efflux from root cells is a frontline defense that prevents the accumulation
of toxic levels of Na* in the cytosol and Na* transport to the shoot. Plasma membrane
Na'/H" antiporters pump out Na* from root cells. In Arabidopsis, the plasma membrane
Na'/H" antiporter SOS1 mediates Na* efflux, and its activity is regulated by the SOS3-
SOS2 kinase complex during salt stress (Fig. 2) (17). Salt stress-induced Ca?* signatures
are sensed by SOS3. SOS3 has 3 calcium-binding EF hands and an N-myristoylation
motif and shows sequence similarity to the calcineurin B subunit of yeast and neuronal
Ca?" sensors of animals (56, 57). Calcineurin is a protein phosphatase (PP2B) that
regulates salt tolerance in yeast. SOS3 and SOS3-like calcium-binding proteins (SCaBPs)
identified in Arabidopsis differ from yeast calcineurin structurally and functionally.
SCaBPs do not have a calcineurin A subunit catalytic domain. Unlike calcineurin, which
activates protein phosphatases, SOS3 activates the Ser/Thr protein kinase during salt
stress. Thus, SOS3 and SCaBPs are a new class of Ca®" sensor proteins in higher plants.
Mutations that disrupt either Ca®* binding (s0s3-1) or myristoylation (G2A) of SOS3
as compared with other Ca**-binding proteins such as caltractin and calmodulin (57). The
differences in the affinity of these Ca®* sensors may be employed by cells to distinguish
various Ca?* signals. SOS3 transduces the salt stress signal by activating SOS2, a Ser/Thr
protein Kinase with an N-terminal kinase catalytic domain that is similar to that of yeast
sucrose nonfermenting 1 (SNF1) and animal AMP-activated kinase (AMPK), and has a

[ Comment [G1]: Your phrase “....and
more Na but less K” is highly obscure.
What are you really trying to say?

L Comment [G2]:




unique C-terminal regulatory domain. The C-terminal regulatory domain of SOS2
consists of an autoinhibitory FISL motif (58). Under normal cellular conditions, the
catalytic and regulatory domains of SOS2 interact with each other, likely preventing
substrate phosphorylation by blocking substrate access. Yeast two-hybrid and in vitro
binding assay have shown that in the presence of Ca**, SOS3 binds to and activates the
SOS2 kinase (59). The FISL motif in the regulatory domain of SOS2 is necessary and
sufficient for interacting with SOS3, and deletion of this FISL motif constitutively

activates SOS2. Replacing Thr'®

in the kinase domain by Asp also results in a
constitutively active SOS2 kinase (60).

Molecular genetic analyses led to the identification of targets of the SOS3-S0OS2
regulatory pathway. One of the targets of the SOS pathway is SOS1. SOS1 has
significant protein sequence homology and conserved domains similar to that of the
plasma membrane Na'/H" antiporter from bacteria, fungi and animals. The expression of
SOS1 is ubiquitous but stronger in epidermal cells surrounding the root tip and in
parenchyma cells bordering the xylem. The expression of the SOS1::GFP fusion protein
and anti-SOS1 antibody confirmed that SOS1 is localized in the plasma membrane of
root and leaf cells (61-63). sos1 mutant plants show hypersensitivity to salt stress (100
mM NaCl) and accumulate more Na* in shoots than do wild-type plants (61). Isolated
plasma membrane vesicles from sos1 mutants showed significantly less inherent as well
as salt stress-induced Na*/H" antiporter activity than did vesicles from the wild type (64).
This evidence shows that SOS1 functions as a Na'/H" antiporter on the plasma membrane
and plays a crucial role in sodium efflux from the root cells. Indeed, transgenic
Arabidopsis plants overexpressing SOS1 exhibited lower levels of Na* in the xylem
transpirational stream and in the shoot than wild-type plants and enhanced salt tolerance.
Transgenic plants grew, bolted and flowered with increasing concentrations of salt stress
(50 to 200 mM NacCl), whereas control plants become necrotic and did not bolt (65). The
expression level of SOS1 is also significantly higher in salt cress (T. halophila) than in
Arabidopsis, even in the absence of salt stress (66).

The Na'/H" exchange activity of SOS1 is regulated by the SOS3-SOS2 complex
under salt stress. Isolated plasma membrane vesicles from sos3 and sos2 mutants showed
significantly less Na'/H" exchange activity than that of wild-type plants. Consistent with



this finding, these mutants also accumulate higher levels of Na', similar to those
accumulated by the sos1 mutant. However, the addition of activated SOS2 is sufficient to
rescue the Na'/H" exchange activity of plasma membrane vesicles from sos3 and sos2
mutants (64, 67). The SOS3-SOS2 kinase complex phosphorylates the SOS1 protein and
activates SOS1 Na'/H" antiporter activity (67). SOS1 upregulation during salt stress is
also under the regulatory control of the SOS pathway, as shown by the impaired
expression of SOS1 in salt-stressed sos2 and sos3 mutants (60). Overexpression of the
active form (Thrl68 to Asp mutation) of SOS2 under the control of the CaMV 35S
promoter (35S::T/DSOS2) rescued the sos2 and sos3 mutants under salinity conditions.
Transgenic Arabidopsis expressing 35S::T/DSOS2 showed enhanced SOS1 transporter
activity and better vegetative and reproductive growth than wild-type plants when grown
in soil irrigated with 200 mM NaCl (68). Co-expression of SOS1, SOS2 and SOS3
rescued yeast cells deficient in Na’ exchangers. Co-expression of SOS2 and SOS3
significantly increased SOS1-dependent Na* tolerance in the yeast mutant (67). This
evidence demonstrates that SOS3 senses the salt-stress induced Ca®* signals and activates
SOS2 kinase, which in turn regulates the Na'/H* exchange activity and expression of
SOS1 (Fig. 2) (17).

SODIUM COMPARTMENTATION

Soil salinity decreases soil water potential, which leads to osmotic stress. To
maintain water uptake during osmotic stress, plants have evolved a mechanism known as
osmotic adjustment. Osmotic adjustment is active accumulation of solutes such as
inorganic ions (Na* and K*) and organic solutes (proline, betaine, polyols and soluble
sugars). Vacuolar sequestration of Na' is an important and cost-effective strategy for
osmotic adjustment and at the same time reduces the cytosolic Na* concentration during
salinity. Vacuolar Na'/H" antiporters use the proton gradient generated by vacuolar H'-
adenosine triphosphatase (H*-ATPase) and H*-inorganic pyrophosphatase (H*-PPase) for
Na® sequestration into the vacuole. Hence, coordinated regulation of the Na'/H"
antiporters, H*-ATPase and H*-PPase is crucial for salt tolerance. Salt stress induces
tonoplast H'-ATPase and H*-PPase activities (69). Transgenic Arabidopsis plants
overexpressing AVP1 (H*-PPase) showed enhanced sequestration of Na* into the vacuole
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and maintained higher relative leaf water content and enhanced salt and drought stress
tolerance as compared with the wild type (70). NO-mediated signaling is implicated in
the activation of plasma membrane H*-ATPase (71), but the regulators of tonoplast H'-
ATPases and H'-PPase are yet to be identified.

Vacuolar Na* sequestration is further regulated at the level of expression and
activity of tonoplast Na'/H" antiporters (NHXs). Expression of NHX1 is induced by
salinity and ABA in Arabidopsis (72, 73), rice (74) and cotton (75). The expression level
of NHX1 is correlated with genotypic differences in salt tolerance in cotton (75).
Complementation studies showed that AINHX1 (72) and OsNHX1 (69) could complement
the yeast nhx1 mutant. Transgenic Arabidopsis plants overexpressing AtNHX1 showed
significantly higher salt (200 mM NaCl) tolerance than wild-type plants (76). Transgenic
tomato plants overexpressing AtNHX1 were able to grow and produce fruits in the
presence of very high salt concentrations (200 mM NaCl) at which wild-type plants did
not survive. The yield and fruit quality of transgenic tomato plants under salt stress were
equivalent to that of control plants under non-stress conditions (77). Similar results were
obtained with transgenic canola (B. napus) overexpressing AtNHX1 (78). These tomato
and canola plants accumulated high concentrations of Na* in older leaves but not in
reproductive parts (77, 78). Inspired by these results, transgenic rice plants
overexpressing Atriplex gmelini NHX1 (79), rice overexpressing OsNHX1 (69) and
tobacco overexpressing Gossipium hirsutum NHX1 (75) were engineered. These
transgenic plants showed better salt tolerance than control plants in the vegetative stage.
However, transgenic rice plants overexpressing OsNHX1 did not show a K*-to-Na" ratio
significantly different from that of control plants (69). Analysis of salt tolerance of the
osnhx1 null mutant of rice (69) may shed further light on the role of NHX1 in salt
tolerance.

The SOS pathway and ABA regulate AtNHX1 gene expression and its antiporter
activity under salt stress. The promoter of AtNHX1 contains putative ABA responsive
elements (ABRE) between —736 to —728 from the initiation codon. AtNHX1 expression
under salt stress depends in part on ABA biosynthesis and ABA signaling through ABI1,
because the salt stress-induced upregulation was reduced in ABA-deficient mutants
(aba2-1 and aba3-1) and the ABA-insensitive mutant, abil-1 (73). In G. hirsutum,
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GhHNX1 expression is induced by ABA and appears to be regulated by MYB/MY C-type
transcription factors (75). Analysis of the tonoplast Na*/H"-exchange activity in wild type
and sos mutants (sos1, sos2 and sos3) revealed that SOS2 also regulates tonoplast Na'/H*-
exchange activity. The impaired tonoplast Na'/H*-exchange activity from isolated sos2
tonoplasts could be restored to the wild-type level by the addition of activated SOS2
protein. Since the Na*/H"-exchange activity is unaffected in the soss mutant, regulation of
tonoplast Na'/H*-exchange activity by SOS2 is independent of SOS3 (80). SOS2 has
been found to interact with plant calcium sensor proteins such as SOS3, SCaBP1,
SCaBP3, SCaBP5 and SCaBP6 (81). One of these SCaBPs may signal SOS2 to regulate
tonoplast Na'/H"-exchange activity (Fig 2) (80). SOS2 also has an additional SOS3-
independent role in regulating the vacuolar H*/Ca?* antiporter VCX1, which plays a

crucial role in regulating the duration and amplitude of cytosolic Ca?* oscillations (82).

SODIUM TRANSPORT FROM SHOOTS TO ROOTS

Many of the glycophytes have limited ability to sequester Na* in leaf vacuoles.
Therefore, these plants recirculate excess Na* from the leaf to the root. Sodium transport
from shoots to roots is probably mediated by SOS1 and HKT1 in Arabidopsis. Under salt
stress (100 mM NaCl), Na" accumulation in shoots of sos1 mutant plants was greater than
that of the wild type. Strong expression of SOS1 in cells bordering the xylem suggests
that SOS1 mediates either Na* release into or Na* retrieval from the xylem stream,
depending on salt stress intensity, and thus is critical for controlling long-distance Na*
transport from roots to shoots (62). Comparison of the expression pattern of HKTL1 in
wheat and Arabidopsis revealed that AtHKT and wheat HKT1 might have different
functions. AtHKT1 is mainly expressed in phloem tissues but not in root peripheral cells,
whereas wheat HKT1 is localized to the root epidermis and leaf vasculature. The sodium
overaccumulation in shoots 2-1 (sas2-1) mutant of Arabidopsis showed significantly
higher shoot Na* content but lower root Na* content and Na* concentration in the phloem
sap exuding from leaves than the wild type. sas2-1 mutation impaired AtHKT1 and thus
its Na* transport activity in Xenopus oocytes (83). T-DNA mutation in the AtHKT1 gene
has resulted in higher shoot Na* content and lower root Na* content than that in the wild
type (84). Moreover AtHKT1 does not show significant K* transport activity in Xenopus
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oocytes. A single-point mutation, Ser-68 to glycine, was sufficient to restore K*
permeability to AtHKT1 (84). These results show that AtHKT1 probably mediates Na*
loading into the phloem sap in shoots and unloading in roots and thus helps to maintain a
low Na* concentration in shoots (83). The Arabidopsis athktlA mutation suppresses the
salt hypersensitivity and K*-deficient phenotype of sos3 (85). Hence, the SOS pathway
may regulate and coordinate the activities of AtHKT1 and SOS1 to control Na* transport
from shoots to roots.

Salt stress-induced ABA accumulation, in addition to cytosolic ca*, may also
regulate the SOS pathway through the ABI2 protein phosphatase 2C. ABI2 interacts with
the protein phosphatase interaction motif of SOS2. This interaction is abolished by the
abi2-1 mutation, which enhances the tolerance of seedlings to salt shock (150 mM NacCl)
and causes ABA insensitivity. Hence the wild-type ABI2 may negatively regulate salt
tolerance by inactivating SOS2 or the SOS2-regulated ion channels such as HKTL,
Na'/H" antiporters, SOS1 and NHX1 (Fig 2; 86).

Transgenic manipulations of ion homeostasis have demonstrated the possibilities
of genetic engineering salt-tolerant crop plants. Although multiple genes govern salt-
stress tolerance, significant increases in salt tolerance has been achieved by single-gene
manipulations, as revealed by SOS1- (65) and NHX1- (76, 77, 78) overexpressing
transgenics. These transgenics were able to grow and flower at a salt concentration of 200
mM NaCl (~20 dS m™), which is lethal to wild-type plants. Most crop plants are
susceptible to this concentration of salinity (6). In addition, these transgenics do not
produce any obvious growth abnormalities or change in the quality of the consumable
product, as shown by NHX1-overexpressed transgenic tomato and Brassica (77, 78).
Hence, genetic engineering for ion homeostasis by tissue-specific overexpression of
SOS1, NHX1 and their positive regulator, the active form of SOS2, will help improve the

salt tolerance of crop plants.

STRESS DAMAGE PREVENTION AND REPAIR
Stress damage prevention and repair pathways are necessary for cell survival at
metabolically inhibitory levels of ionic or osmotic stresses. These strategies may include

osmotic adjustment, osmoprotectant accumulation, oxidative stress management,
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induction of stress proteins (LEA-type proteins, chaperonin, etc.) and other physiological
adaptations such as modifications in root and shoot growth and transpiration.

OSMOPROTECTANTS

Plants accumulate organic osmolytes such as proline, betaine, polyols, sugar
alcohols and soluble sugars to tolerate osmotic stress. These organic solutes protect
plants from abiotic stress by i) osmotic adjustment, which helps in turgor maintenance; ii)
detoxification of reactive oxygen species; and iii) stabilization of the quaternary structure
of proteins (87). Polyols and proline act as antioxidants (88). Proline also stabilizes
subcellular structures (membranes and proteins) and buffers cellular redox potential
under stress. Glycine betaine and trehalose stabilize the quaternary structures of proteins
and highly ordered state of membranes. Glycine betaine also reduces lipid peroxidation
during salinity stress. Hence, these organic osmolytes are known as osmoprotectants (3,
87-89). In addition to these organic osmoprotectants, polyamines also play a significant
role in salt-stress tolerance. Mutations that impair arginine decarboxylase (ADC catalyzes
the first committed step in polyamine biosynthesis) results in salt hypersensitivity (90,
91). Genes involved in osmoprotectant biosynthesis are upregulated under salt stress, and
the concentrations of accumulated osmoprotectants correlates with osmotic stress
tolerance (3, 89). Halophytes such as T. halophila accumulate significantly higher
concentrations of proline than Arabidopsis, even under nonstress conditions (66). Genetic
analysis of the Arabidopsis t365 mutant impaired in the S-adenosyl-L-
methionine:phosphoethanolamine N-methyltransferase (PEAMT) gene involved in
glycine betaine biosynthesis (Fig. 3) showed hypersensitivity to salt stress (92). Thus,
glycine betaine accumulation is critical for salt tolerance. Several efforts have been made
to engineer salt and other abiotic stress resistance in plants through genetic manipulation
of osmoprotectant metabolism in plant. The pathways of various osmoprotectant
biosynthesis are shown in Fig. 3. Genes of these pathways that are employed in genetic
engineering for salt tolerance are briefly reviewed in Table 1.

Table 1. Metabolic engineering of osmoprotectant accumulation for salt-stress
tolerance in plants
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Gene Plant Stress tolerance Reference
Glycine Betaine
Arthrobacter Arabidopsis | Germination in 300 mM NaCl; 93
globiformis Seedling growth in 200 mM NacCl,
choline oxidase Retention of PSII activity at 400 mM
(CodA) NaCl
A. globiformis Arabidopsis | Exposure of 40-day-old plants to 100 94
CodA under mM NacCl stress for 3 days resulted in
CaMV 35S flower bud abortion and a decrease in
promoter number of seeds per silique in control

plants. These adverse effects were less

in transgenic plants
A. globiformis Rice Transgenic plants in which CodA is 95
CodA targeted to the chloroplasts were more

tolerant to photo inhibition under 150

mM NaCl salt stress and cold stress

than CodA expression in cytosol.
A. globiformis Brassica Better germination in 100-150 mM 96
CodA juncea NaCl and seedling growth in 200 mM

NaCl
Arthrobacter Arabidopsis, | No significant differences in osmotic 97
pascens choline B. napus, potential between transgenic and non-
oxidase (COX) and tobacco | transgenic plants.
E. coli choline | Tobacco Biomass production of greenhouse 98
dehydrogenase grown transgenic plants was greater
(betA) and betaine than that of wild-type plants under salt
aldehyde stress; Faster recovery from photo
dehydrogenase inhibition under high light, salt stress
(betB) genes and cold stress
Atriplex hortensis | Triticum Seedling growth in 0.7 % NaCl 99
BADH driven by | aestivum
maize  ubiquitin
promoter
Peroxisomal Rice Stability in chlorophyll fluorescence; 100
BADH of barley accumulation of fewer Na" and Cl~ions

and more K* ions in shoots under 100

mM NaCl stress
Proline
Vigna aconitifolia | Tobacco Better root growth and flower 101
L. P5CS (A'- development under salt stress
pyrroline-5-
carboxylate
synthetase) gene
V. aconitifoliaL. | Tobacco Improved seedling tolerance and low 102

P5CS that lacks
end product

free radical levels at 200 mM NaCl
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(proline) inhibition

V. aconitifoliaL. | Rice Faster recovery after a short period of 103
P5CS gene under salt stress to seedlings
barley HVA22
promoter
Antisense proline | Arabidopsis | Tolerant to high salinity (600 mM 104
dehydrogenase NaCl); constitutive freezing tolerance
gene (-7°C) at vegetative stage
Antisense A’- Soybean Antisense transgenic plants (vegetative 105
pyrroline-5- stage) accumulate less proline and
carboxylate failed to survive 6 days of drought at
reductase gene 37°C, whereas control plants survived
under heat stress
inducible promoter
Trehalose
E. coli OstA Rice Higher survival rate and K*/Na" ratio, 106
(Trehalose 6P low Na“ accumulation in the shoot,
synthase) & OstB high PSII activity, high root & shoot
(Trehalose 6P growth under 100mM NaCl stress at
Phosphatase) vegetative stage
driven by ABA
responsive
promoter
E. coli OstA & Rice Enhanced seedling growth and PSII 107
OstB driven by yield under salt, drought and cold
maize ubiquitin stress
promoter
Mannitol
E. coli mt1D Tobacco Better fresh weight, plant height and 108
(Mannitol-1- flowering under 250 mM NaCl for 30
phosphate dehydro days
genase) driven by
CaMV 35S
promoter
E. coli mt1D Arabidopsis | Transgenic seeds were able to 109
germinate in up to 400 mM NacCl,
whereas control seeds ceased to
germinate at 100 mM NaCl.
E. coli mt1D Tobacco Better salt stress tolerance. Non- 110
stressed transgenic plants were 20-25%
smaller; Mannitol contributed only to
30-40% of the osmotic adjustment
E. coli mt1D Triticum Only 8% biomass reduction as 111
aestivum L. | compared to 56% reduction in control

plants under 150 mM NaCl stress.
High level of mannitol accumulation
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causes stunted growth and sterility
Celery mannose 6- | Arabidopsis | Enhanced salt tolerance in terms of | 112
P reductase driven growth, flowering and seed production
by CaMV 35S in soil irrigated with 300 mm NaCl
promoter
D-Ononitol
Ice plant Myo- Tobacco Photosynthetic CO, fixation was | 113
inositol O-methyl slightly better under drought and
transferase (IMT1) salinity stress; faster recovery
Sorbitol
Apple Stpdl Japanese Tolerance in Fv/Fm ratio under NaCl | 114
(sorbitol-6- persimmon, | stress
phosphate Diospyros
dehydrogenase) kaki Thunb.
driven by CaMV
35S promoter

Genetically engineered overproduction of compatible osmolytes in transgenic
plants such as Arabidopsis, tobacco, rice, wheat and Brassica has also been shown to
enhance stress tolerance at the vegetative stage, as measured by germination, seedling
growth, survival, recovery, and photosystem Il yield (Table 1). Only in a few cases was
salinity-stress tolerance of transgenics examined at the reproductive stage of the plant
(94, 101, 108, 111, 112). In most cases, the contribution of the engineered
osmoprotectant concentration to osmotic adjustment was not measured, or its
contribution to osmotic adjustment was low. Abiotic stress tolerance of these transgenics
was attributed to the osmoprotectant effect of these solutes (Table 1). Further,
compartmentation of these osmoprotectants may also be required for enhanced tolerance.
For example, transgenic rice plants that overexpress choline oxidase targeted to
chloroplasts showed better tolerance to photoinhibition under salt and low-temperature
stress than did plants overexpressing choline oxidase targeted to the cytosol (95). Often,
engineered osmoprotectant overaccumulation results in impaired plant growth and
development even under the nonstress environment. Transgenic tobacco plants
overaccumulating mannitol (110), sorbitol (115) or trehalose (116), showed stunted
growth. Often, engineered alterations in osmoprotectant accumulation results in
infertility, depending on the concentration of osmoprotectant (111, 115). The use of a
stress-inducible promoter to overexpress osmoprotectant biosynthesis helps in

overcoming the growth defects while protecting the plants during osmotic stress (106).
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Although transgenic tobacco overexpressing the myo-inositol O-methyl transferase gene
accumulated D-ononitol in the cytosol up to 600 mM during salt stress, D-ononitol did
not enter the vacuole (113). Hence, further understanding of the metabolic flux and
compartmentation of osmoprotectants will help in precisely engineering osmoprotectant

metabolism in plants for salt-stress tolerance.

REGULATION OF OSMOPROTECTANT METABOLISM

Evidence from genetic analysis, gene expression and transgenic studies show that
osmoprotectant biosynthesis and accumulation in appropriate cellular organelles is
critical for plant salt tolerance. However, the signaling cascades that regulate the
osmoprotectant biosynthesis and catabolism during salt and other osmotic stress in higher
plants are poorly understood. A signaling cascade similar to that of the yeast mitogen-
activated protein kinase-high osmotic glycerol 1 (MAPK-HOG1) pathway may be
involved in regulation of osmoprotectant biosynthesis (3, 19). Arabidopsis AtHK1, a
putative osmosensory two-component hybrid histidine kinase is implicated in
osmosensing during salt stress. AtHK1 expression is induced by salt stress, and it
complements the yeast double mutant sin1A shola, which lacks osmosensors. Similar to
the SLN1 osmosensor of yeast, AtHK1 is probably active at low osmolarity and may
inactivate a response regulator by phosphorylation. High osmolarity caused by salt stress
may inactivate AtHK1, which results in the accumulation of the active form of the
nonphosphorylated response regulator and may activate osmolyte biosynthesis in plants
by activating the MAPK pathways (19). Moreover, constitutive overexpression of a
dominant-negative mutated form of AtHK1 in transgenic Arabidopsis resulted in
enhanced tolerance to salt and drought stress (117). Results from complementation
analysis in yeast and transgenic Arabidopsis suggest that AtHK1 may act as an
osmosensor in Arabidopsis. Determination of the in vivo role of higher plant putative
sensory kinases and the identification of signaling intermediates and targets will shed
more light on salt-stress signaling.

Genetic analysis of ABA-deficient mutants los6/abal and los5/aba3 of
Arabidopsis revealed that proline biosynthesis during osmotic stress is regulated by ABA,
because salt and other abiotic stress induction of P5CS gene expression is either

18



diminished or blocked in these mutants (118, 119). In Arabidopsis and Medicago
truncatula, of the 2 P5CS genes, the expression of only one gene is regulated by NaCl
and osmotic stress (120, 121), which suggests that the promoters of these genes are
differentially activated by developmental and osmotic stress cues. Biochemical analysis
implicates phospholipase D (PLD) as a negative regulator of proline biosynthesis in
Arabidopsis (122). Recent studies have shown that proline can act as signaling molecule
to autoregulate the proline concentration and induce salt-stress-responsive proteins. In the
desert plant Pancratium maritimum L., severe salt stress resulted in an inhibition of
antioxidative enzymes such as catalase and peroxidase. Exogenous application of proline
helped to maintain the activities of these enzymes and also upregulated several salt-
stress-responsive dehydrin proteins (123). Microarray and RNA gel blot analyses have
shown that 21 proline inducible genes have the proline- or hypo-osmolarity-responsive
element (PRE, ACTCAT) in their promoter (124, 125). Transient activation analysis of a
PRE-containing promoter led to the identification of 4 bZIP transcription factors that may
regulate proline dehydrogenase and other proline- or hypo-osmolarity-responsive genes in
Arabidopsis (126). Understanding the signaling events that regulate osmoprotectant
metabolism during stress and recovery will be useful in improving salt and osmotic stress

tolerance of crop plants.

LEA-TYPE PROTEINS

Late-embryogenesis-abundant (LEA) proteins are synthesized and stored in
maturing seeds and are necessary for the desiccation tolerance of seeds. LEA-type
proteins coding genes are called dehydrins, RD (responsive to dehydration), ERD (early
responsive to dehydration), KIN (cold inducible), COR (cold regulated) and RAB
(responsive to ABA) genes in different plant species (3, 127). LEA proteins are induced
at higher levels by salt or ABA in salt-tolerant indica rice varieties than in salt-sensitive
rice varieties (128). In higher plants, osmotic stress and ABA induce several LEA-type
proteins in vegetative tissues. The expression levels of LEA proteins are correlated with
desiccation tolerance in vegetative tissues, pollen and seeds (129, 130). LEA proteins are
rich in hydrophilic amino acids and are vary stable. The proposed functions of LEA
proteins under stress are to i) protect the cellular structure by acting as a hydration buffer,
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ii) protect proteins and membranes, and iii) renature denatured proteins (129, 130).
Genetically engineered rice plants constitutively overexpressing a barley LEA gene
(HVAL) driven by rice actin-1 promoter showed better salt (200 mM NaCl) and drought
stress tolerance and faster recovery once the stress was removed. Wilting, dying of old
leaves and necrosis of young leaves were delayed in transgenic rice as compared with

control plants under both salt and water stress (131).

Transcriptional Regulation of LEA/COR Genes

ABA regulates several aspects of plant development, including seed development,
desiccation tolerance of seeds and seed dormancy and plays a crucial role in abiotic and
biotic stress tolerance of plants. Genetic analysis of ABA-deficient mutants established
the essentiality of ABA signaling in stomatal control of transpiration (31). As discussed
earlier, since the rate of transpiration determines the amount of salt transport into shoots,
stomatal regulation by ABA is an important trait of plant salt tolerance. Salt and osmotic
stress regulation of LEA gene expression is mediated by both ABA-dependent and —
independent signaling pathways. Both the pathways appear to employ Ca* signaling, at
least in part, to induce LEA gene expression during salinity and osmotic stress (3, 127).
Northern analysis of COR gene expression in ABA-deficient mutants, namely los5/aba3
and los6/abal of Arabidopsis, showed that ABA plays a pivotal role in salt and osmotic
stress-regulated gene expression. The expression of RD29A, RD22, COR15A and COR47
was severely reduced or completely blocked in the los5 mutant (118), whereas in 10s6,
the expression of RD29A, RD19, COR15A, COR47 and KIN1 was lower than that in
wild-type plants (119).

Promoters of LEA/COR genes contain dehydration-responsive elements/C-repeat
(DRE/CRT), ABA-responsive elements (ABREs), MY C recognition sequence (MYCRS)
and/or MYB recognition sequence (MYBRS) cis-elements. The regulation of gene
expression through DRE/CRT cis-elements appears to be mainly ABA independent,
whereas ABRE and MYB/MYC element-controlled gene expression is ABA dependent
(127, 132). However, recent studies have shown that cross-talk exists between the ABA-
dependent and -independent pathways. For example, RD29A expression depends on both
DRE and ABRE elements (133), and ABA can also induce the expression of C-repeat
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binding proteins, CBF1-CBF3 (134). Salt-stress signaling through Ca?* and ABA mediate
the expression of LEA genes by transcription factors that activate CRT, ABRE and
MYC/MYB cis-elements (Fig. 4).

Calcium Sensor Proteins

An earlier section of this chapter described the role of ABA in regulating
cytosolic Ca®" signatures during salinity. Genetic and biochemical evidence show that
ABA-mediated COR gene expression is regulated by Ca®* signaling. In addition to SOS3,
salt stress-induced Ca?* oscillations may also be perceived by Ca’*-dependent protein
kinases (CDPKs) and calmodulins (CaMs). Arabidopsis AtCDPK1 and AtCDPK2 are
induced by salt and drought stress (135). In rice, salt, drought and cold stress induce the
expression of OSCDPK7 (136). In Mesembryanthemum crystallinum (common ice plant),
salinity and dehydration regulate myristoylation and localization of a CDPK (McCPK1)
into the plasma membrane. Upon dehydration, McCPK1 changes its cellular localization
from the plasma membrane to the nucleus, endoplasmic reticulum and actin
microfilaments (137). McCDPK1 phosphorylates the McCDPK1 substrate protein 1
(CSP1) in vitro in a Ca®*-dependent manner, and salt stress induces co-localization of
McCDPKZ1 and CSP1 in the nucleus of ice plants (138). CDPKSs transduce salt stress and
ABA-induced Ca®* signals to regulate the expression of LEA-type genes (136, 139).
Transient expression analysis in maize protoplasts showed that an increase in cytosolic
Ca®* concentration activates CDPKs that induce the stress-responsive HVA1 promoter,
which is under the negative control of ABI1 protein phosphatase 2C (139).
Overexpression analysis also confirmed the regulatory role of CDPKs in salinity-induced
LEA gene expression. Transgenic rice overexpressing OsCDPK7 showed enhanced
induction of a LEA-type gene (RAB16A) and salt/drought tolerance, whereas antisense
transgenic plants were hypersensitive to salt/drought stress (136).

CaMs may act as negative regulators of salt stress-induced Ca®* signatures.
Overexpression of CaM3 in Arabidopsis repressed the expression of COR genes (RD29A
and COR6.6) (140). The expression of COR genes is mediated by Ca®* signals (141). Ca-
ATPases mediate Ca** efflux from the cytoplasm and thus regulate the magnitude and
duration of cytosolic Ca** oscillations. Endoplasmic reticulum Ca-ATPase (ACA2) has
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been shown to be activated by CaM and inhibited by CDPK (142). Salinity, dehydration
and cold stress-inducible AtCaMBP25 (Arabidopsis thaliana calmodulin (CaM)-binding
protein of 25 kDa) binds to a canonical CaM in a Ca®*-dependent manner. Transgenic
plants overexpressing AtCaMBP25 showed hypersensitivity to salt and osmotic stress,
whereas antisense AtCaMBP25 transgenic plants were more tolerant to these stresses than
the wild type. These results suggest that AtCaMBP25 may function as a negative effector
of salt and osmotic stress signaling (143). The differences in affinity of SOS3, SCaBPs,
CDPKs and CaM for Ca®* may determine the operation of specific signaling cascades
and interactions. Thus, LEA/COR gene expression is regulated by the balance between
the activities of CDPKs and CaMs. Ca-CaMs may also regulate cytoplasmic receptor-like
kinases during salt and abiotic stress signaling. Salt-, cold- and H,O,-inducible CaM
binding cytoplasmic receptor-like kinase 1 (CRCK1) has been cloned from alfalfa (144).
Transcriptome analyses showed the induction of receptor-like Kkinase genes in
Arabidopsis under salt stress (14, 15). However, the roles of these proteins in salt-stress

sensing and their targets are unknown.

Basic Lucine-Zipper-Family Transcription Factors

ABA-dependent expression of COR genes under osmotic stress is regulated by
basic leucine-zipper (bZIP) (145) and MYB/MYC-type transcription factors (Fig. 4)
(146). Salt, drought and ABA upregulate the expression of Arabidopsis bZIP
transcription factors such as ABREB1 (ABA-responsive element binding protein 1 =
ABF2) and ABREB2 (= ABF4) genes. These transcription factors have been shown to
induce RD29B promoter-GUS in leaf protoplasts of wild-type Arabidopsis but not in aba2
(ABA-deficient) and abil (ABA-insensitive) mutants. The induction of RD29B-GUS by
ABREBs is enhanced in an eral (enhanced response to ABA) mutant. This evidence
suggests that ABA is necessary for the expression and activation of ABREB1 and
ABREB2, which in turn regulate COR gene expression (145). Constitutive
overexpression of ABF3 and ABREB2 (=ABF4) in Arabidopsis enhanced the expression
level of target LEA genes (RAB18 and RD29B). These transgenic plants showed
hypersensitivity to ABA, sugar and salt stress during germination but enhanced drought

tolerance at the seedling stage (147).
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MYB/MYC-Type Transcription Factors

MYB/MYC-type transcription factors such as AtMYC2 (=RD22BP1) and
AtMYB?2 regulate LEA gene expression in Arabidopsis during osmotic stress (Fig. 4).
Transgenic Arabidopsis plants overexpressing AtMYC2 and AtMYB2 showed constitutive
expression of RD22 and AtADH, and the expression levels were further increased with
ABA treatment. The expression of RD22 and AtADH genes is impaired in the atmyc2
mutant. Transgenic Arabidopsis plants overexpressing AtMYC2 and AtMYB2 showed
enhanced osmotic stress tolerance, as measured by electrolyte leakage from cells (146),
although their salt stress tolerance is not known. Overexpression of ABA- and abiotic
stress-inducible Craterostigma plantagineum MYB10 enhanced salinity and desiccation
tolerance of transgenic Arabidopsis plants. These transgenics also showed ABA
hypersensitivity and altered sugar sensing. In vitro promoter binding assay showed that
CpMYB10 binds to the LEA Cp11-24 promoter (148).

C-repeat Binding Proteins

CBFs (C-repeat binding proteins) or dehydration-responsive-element binding
proteins (DREBSs) belong to the EREBP/AP2 domain transcription factor family. CBFs
activate the expression of LEA/COR genes through DRE/CRT cis-elements in response to
abiotic stress. Arabidopsis DREBs are classified into 2 classes: DREB1 (DREB1A=CBF3,
DREB1B=CBF1, DREB1C=CBF2 and CBF4) and DREB2 (DREB2A & DREB2B). The
expression of CBF1, CBF2 and CBF3 is induced by cold stress, whereas that of CBF4 is
induced by drought stress. The expression of DREB2A and DREB2B is induced by
dehydration and salt stress (132, 149, 150). Similar to Arabidopsis DREB2, rice
OsDREB2A is induced by dehydration and salt stress (151). Osmotic stress-induced
expression of CBF4 appears to be mainly mediated by ABA (150). ABA has been shown
to induce CBF1, CBF2 and CBF3, although their ABA-induced expression level is
significantly lower than with cold stress (134). Transgenic plants overexpressing CBF
(CBF1, 3 & 4) genes showed constitutive activation of DRE/CRT cis-element-dependent
COR gene expression (149-153). Transcriptional activation of COR genes by CBF
transcription factors is conserved across plant species such as Arabidopsis, wheat, B.
napus (154), barley and rice (151). Transcriptome analysis of CBF-overexpressing
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transgenic Arabidopsis showed that approximately 13 LEA/dehydrin genes are under the
transcriptional control of CBFs (155). Recently, ICE1 (inducer of CBF expression 1), a
MY C-type basic helix-loop-helix transcription factor, as an upstream regulator of CBFs
under cold stress was identified in Arabidopsis (156) (Fig. 4). Upstream transcription
factors that regulate the expression of DREB2/CBFs during salt stress have yet to be
identified.

In tobacco Tsil (tobacco-stress-induced-gene 1; a member of the EREBP/AP2
transcription factor family), gene expression is rapidly induced by salt but not drought or
ABA. The overexpression of TSI1 in tobacco enhanced the retention of chlorophyll
content when leaves were floated in 400 mM NaCl solution for 48 or 72 h (157). Further
detailed studies are needed to identify the targets of TSIL1.

Transgenic Arabidopsis overexpressing CBF1 or CBF3 driven by the CaMV35S
promoter or CBF3 expression under the transcriptional control of the stress-responsive
RD29A promoter showed enhanced tolerance to salt, drought and freezing stress (149,
152-154). Transgenic wheat plants expressing RD29A::CBF3 showed enhanced osmotic
stress tolerance (158). Overexpression of the rice OsDREB1A gene in Arabidopsis
resulted in the activation of target LEA genes and conferred salt and other abiotic stress
tolerance (151). Constitutive overexpression of CBF1 or CBF3 resulted in growth
abnormalities of the transgenic plants (149, 152-154, 159, 160). This problem has been
overcome by the use of a stress-responsive promoter to drive the expression of CBFs
(153, 158). Salt and abiotic stress tolerance of CBF-overexpressing transgenic plants was
attributed to the enhanced expression of LEA genes (153, 154), accumulation of
compatible osmolytes (161) and enhanced oxidative stress tolerance (159, 160). Genome-
wide expression analysis showed that CBF overexpression also induces transcription
factors such as AP2 domain proteins (RAP2.1 and RAP2.6), putative zinc finger protein,
and R2R3-MYB73 (155), which might regulate genes involved in osmolyte biosynthesis
and antioxidant defense. This evidence shows that the expression of several genes can be
manipulated in transgenic plants engineered with a single CBF transcription factor and

enhanced expression of LEA genes is critical for salt and other abiotic stress tolerance.
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OXIDATIVE STRESS MANAGEMENT

Reactive oxygen species (ROS), namely, superoxide radicals (O;"), hydrogen
peroxide (H20) and hydroxyl radicals (OH") are produced in aerobic cellular processes
such as mitochondrial and chloroplast electron transport and oxidation of glycolate
(photorespiration), xanthine, and glucose. ROS cause oxidative damage to membrane
lipids, proteins and nucleic acids. Hence, organisms have evolved various antioxidants
and detoxifying enzymes to efficiently scavenge ROS. Antioxidant enzymes employed
by plants are ascorbate, glutathione, x-tocopherol and carotenoids, whereas detoxifying
enzymes include superoxide dismutase (SOD), catalase, peroxidase and enzymes of the
ascarbate-glutothione cycle. SOD converts superoxide to H,O,, which is detoxified to
water and oxygen by the catalase and/or ascorbate-glutathione cycle. Salt stress induces
the accumulation of ROS and enhances the expression of ROS-detoxifying enzymes (5,
162, 163, 164). Alleviation of oxidative damage by scavenging ROS is an important
strategy of plants to tolerate stress (3, 165, 166, 167). Hence, several efforts have been
made to improve salt tolerance by engineering ROS-detoxifying enzymes.

Transgenic plants overexpressing ROS-scavenging enzymes such as SOD (168),
ascorbate peroxidase (APX) (169) and glutathione S-transferase/glutathione peroxidase
(GST/GPX) (170, 171) showed increased tolerance to osmotic, temperature and oxidative
stress. The overexpression of the tobacco NtGST/GPX gene in transgenic tobacco plants
improved salt- and chilling-stress tolerance because of enhanced ROS scavenging and
prevention of membrane damage (170, 171). Transgenic tobacco plants overexpressing
AtAPX targeted to the chloroplasts showed enhanced tolerance to salinity and oxidative
stress (172). The Arabidopsis pstl (photoautotrophic salt tolerance 1) mutant is more
tolerant to salt stress than is the wild type. The salt tolerance of this mutant was
attributed to higher activities of SOD and APX than in the wild-type Arabidopsis (173).
These evidences show that ROS detoxification is an important trait of plant salt tolerance.

Salt stress (5, 162) and ABA (174, 175) induce enhanced production of H,0,.
ABA-dependent ROS production is catalyzed by NADPH oxidase, as revealed by
analysis of the atrbohD/F double mutant of Arabidopsis, which is impaired in ABA-
induced ROS production (176). ABA-elicited H,0O, production is negatively regulated by
the ABI2 protein (177). H,O; acts as a systemic molecule in regulating the expression of

25



GST and GPX genes (178). The accumulation of H,O; in leaves of catalase-deficient
tobacco plants was sufficient to induce the production of defense proteins (GPX, PR-1)
locally as well as systemically (179). Promoter analysis of the salt stress-inducible Citrus
sinensis GPX1 (phospholipid hydroperoxide) gene suggests that GPX1 upregulation
under salinity is mediated by H,O, but not superoxide (172). Promoters of genes that
encode ROS-detoxifying enzymes contain antioxidant-responsive elements (ARE), ABA-
responsive elements (ABRE), NF-xB redox-regulated transcription factor recognition
sequences, heat shock elements (HSE) and redox-regulated transcription factor Y-box
cis-elements (180). Hence, ABA, as well as H,O,, may act as a second messenger to
regulate antioxidant defense genes during salinity. Oxidative stress signaling is probably
mediated by the MAPK cascade in plants (180, 181).

Pyramiding of chloroplastic and mitochondrial Mn-SOD in alfalfa resulted in
lower biomass production compared with that in transgenic plants expressing either of the
Mn-SODs (182). Engineered alterations in antioxidant systems may alter the pool size of
ROS, which are involved in developmental, biotic and abiotic stress signaling (175, 183).
In field environments, crop plants often experience more than one biotic and abiotic
stress. Critical evaluation of the engineered alterations in the antioxidant system on crop
productivity in the normal environment as well as under multiple stress environments in
field conditions and understanding the signaling components that regulate ROS
detoxification during salinity is needed to use this trait for genetically engineering plant
salt tolerance.

MAPK SIGNALING PATHWAY

ROS signaling in plants under various stresses is mediated by mitogen-activated
protein kinase (MAPK) signaling pathways (184, 185). Salt stress triggers the activation
and enhanced gene expression of MAPK signaling cascades, some components of which
are common for both salt and ROS (181, 186). The Arabidopsis genome encodes
approximately 60 MAPKKKSs but only approximately 10 MAPKKs and 20 MAPKs
(187). Hence, signals perceived by the 60 MAPKKKs must be transduced through 10
MAPKKs to 20 MAPKSs. Thus, MAPK cascades offer potential nodes for stress,
hormonal and developmental signal cross-talk. Salt stress activates Arabidopsis
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AtMEKK1 (=MAPKKK) (188), AtMKK2 (=MAPKK) (189) and MAPKs (ATMPK3,
ATMPK4 and ATMPKG®6) (190, 191). The active form of AtMEKKZ has been shown to
activate AtMPK4 in vitro (192). Yeast 2-hybrid analysis, in vitro and in vivo protein
kinase assays and analysis of mkk2 null mutants have led to the identification of a MAPK
signaling pathway consisting of AIMEKK1, AtIMEK1/AtMKK2, and AtMPK4/AtMPK6
(188, 189, 191) that transduces salt and other abiotic stress signals in Arabidopsis.
Transgenic Arabidopsis plants overexpressing AtMKK2 showed constitutive AtMPK4
and AtMPK®6 activity and enhanced salt (germination on 150 mM NaCl medium) and
freezing tolerance, whereas mkk2 mutant plants exhibited impaired activation of AtMPK4
and AtMPKG6 and thus hypersensitivity to salt and cold stress (189). In addition to
salinity, H,O, activates AtMPK3 and AtMPKG6 (193), probably through H,0,-activated
ANP1 (=MAPKKK) (194). Transgenic tobacco plants overexpressing a constitutively
active tobacco ANP1 orthologue, NPK1, exhibited constitutive AtMPK3 and AtMPKG6
activity and enhanced salt- (300 mM NaCl for 3 days), drought- and cold-stress tolerance
(194).

Gene expression analysis of AtMKK2- and ANP1-overexpressing transgenic
Arabidopsis plants led to the identification of target genes of this MAPK pathway.
Overexpression of the active form of ANP1 showed activation of the GST6 and HSP18.2
promoters but not the RD29A promoter. A single amino acid mutation in the ATP-binding
site of ANP1 abolished the ANP1 effect on these promoters (194). Microarray analysis of
the transcriptome profile of MKK2-overexpressing plants identified approximately 152
target genes. Upregulated genes include CBF2, RAV1, RAV2, MYB and WRKY
transcription factors, which may further regulate the expression of sub-regulons (189).

The Arabidopsis MAPK phosphatase 1 (mkpl) mutant exhibits salinity tolerance
but hypersensitivity to genotoxic stress induced by UV-C. In a yeast 2-hybrid screen,
MKPL1 interacted with AtMPKS3, 4 and 6. Microarray analysis of mkpl revealed that
AtMKP1 negatively regulates a putative Na'/H" antiporter AT4G23700 (195). Hence,
MKP1 may negatively regulate salt stress signaling through AtMPKA4. Arabidopsis
nucleoside diphosphate kinase 2 (AtNDPK?2) has been shown to interact with and activate
AtMPK3 and AtMPK6 in yeast 2-hybrid and transgenic Arabidopsis plants
overexpressing AtNDPK2. Further, these transgenic plants accumulated lower levels of

27



ROS and showed enhanced tolerance to salinity and other abiotic stress. A deletion
mutation of AtNDPK2 impaired AtMPK3 and AtMPKG6 activities. This evidence suggests
that AtNDPK?2 is a positive regulator of stress signaling through MAPK pathways (193).
In rice, the gene expression as well as kinase activity of OsSMAPKS5 is regulated by ABA
and biotic and abiotic stresses such as salt, drought, wounding, and cold. Transgenic rice
overexpressing OsMAPK5 showed increased tolerance to several abiotic stresses,
including salt stress (196). These evidences show that diverse abiotic stress signals
converge at MAPK cascades to regulate stress tolerance. Thus, in Arabidopsis, MAPK
cascades consisting of AIMEKK1/ANP1, AtMEK1T/AtMKK2, and AtMPK3/AtMPK4/
AtMPK6 may transduce salt-stress signaling. These MAPK cascades are further fine-
tuned by a negative regulator, AtMKP1, and a positive regulator, AINDPK1 (Fig. 5).

MOLECULAR BREEDING

Selection for yield under field stress conditions across environments is time and
labor consuming. Hence, the identification of component physiological traits of salt
tolerance, which are linked to stress tolerance in yield, will enhance the pace of breeding
programs. These physiological traits often are controlled by multiple genes and show
continuous variation in segregating populations. These types of traits are called
quantitative traits, and the regions of chromosomes controlling these traits are called
quantitative trait loci (QTLs). Identifying QTLs with use of molecular markers is the
primary step for marker-assisted breeding and candidate gene cloning. The application of
molecular markers to identify QTLs for physiological traits has helped to identify QTLs
linked to salt-stress tolerance in different plant species (Table 2).

Table 2. QTLs for salt-stress tolerance in different plant species. Some examples
showing the number of QTLs, contribution of individual QTLs, and combined effect

of QTLs on phenotypic variation.

Plant Mapping Component trait | No. of QTLs & their
; ; LT Reference
Species population | of salt tolerance | contribution
Rice RIL Na®, K" uptake 16 197
and concentration
Rice RIL Dry mass; Na'/ 11; Individual QTLs 198
K" ratio contributed to 6-19% variation
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Rice RIL Na*, K" 2 199
absorption
Rice F2-F3 Na®, K" uptake 2 major (one each for 48.5% 200
and concentration | and 40.1% variation in Na* and
K* concentration, respectively)
+ minors
Lycopersicon | Two Fruit weight 4 (Crossl), 6 (Cross2) 201
spp. different Fruit No. 10 (Crossl), 6 (Cross2);
F2 contribution of individual QTLs
population vary from 6-25%
s
Lycopersicon | Inbred Salt tolerance 7, All QTLs accounted for only | 202
spp. backcross | during 45% variation; individual QTLs
(BC1 germination contributed to 6.5-15.6%
selfed) variation
Lycopersicon | Inbred Salt tolerance 5QTLs, Individual QTLs 203
spp. backcross | during vegetative | contributed to 5.7-17.7%
(BC1 stage variation, with the combined
selfed) effects being about 46% of the
phenotypic variation
Arabidopsis | RIL Salt tolerance 11 (6 for germination 204
during explaining 32% variation +5 for
germination & vegetative growth explaining
seedling growth | 38% variation); individual
QTLs contributed to 5-14%
variation

In tomato, a major QTL (fwTG48-TG180) that accounted for 58% variation in
fruit weight under control conditions contributed to only 14% variation with salt stress.
However, the same QTL contributed to 17% and 8% of the genotypic variation under
control conditions and salt stress, respectively, in another F2 population. The detection of
approximately 50% or more of QTLs for salt tolerance depends on the salinity stress
(201). Thus, QTLs are stress sensitive, and proper regulation of gene expression is critical
for salinity tolerance. Further differential sensitivity of different phonological phases of
plant development to salinity stress is evident from the results of QTL analysis. QTLs
associated with tolerance at germination differ from those of vegetative growth (202-
204). QTL analyses clearly establishes that i) salt tolerance is governed by multiple
genes; ii) the contribution of individual significant QTLs can vary from 5% to 50%,
depending upon the complexity of the trait; iii) the stress responsiveness of QTLS

indicates the crucial role of gene regulation during stress; and iv) QTLs for tolerance at
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different phenological phases specify the changes in salt tolerance mechanism during
plant development.

If a QTL can be considered as a cluster of related genes that may be under the
transcriptional control of one or more regulatory genes, one or more QTLs may also be
under the transcriptional control of a single regulatory gene. The identification of gene(s)
contributing to major QTLs and genetic transfer (breeding/genetic engineering) of a
single regulatory gene that controls the expression of several target genes will

significantly enhance the pace of development of salt-tolerant crops.

CONCLUSIONS AND PROSPECTS

During the past decade, the applications of molecular tools such as gene
disruption and transgenic approaches have significantly enhanced our knowledge of salt-
stress tolerance. Significant progress has been made toward understanding salt-stress
signaling that controls ion homeostasis and salt tolerance. The SOS pathway regulates ion
homeostasis during salt stress in Arabidopsis. Salt-stress sensor-induced cytosolic Ca®*
signals are perceived by SOS3, which in turn activates the SOS2 kinase. The activated
SOS2 kinase regulates sodium efflux and sequesters sodium into the vacuole by
activating Na'/H" antiporters of plasma membrane and tonoplast, respectively. Osmotic
homeostasis and stress damage control appear to be regulated by salt stress-induced
ABA, ROS, a putative osmosensory histidine kinase (AtHK1) and MAPK cascades.
However, components and targets of these signaling pathways are not yet understood.
CBFs, bZIP, MYB and MYC types of transcription factors induce LEA gene expression
during osmotic stress. Molecular, genetic and cell biological approaches to identify
signaling components and biochemical characterization of signaling complexes will be
required to further understand salt-stress signaling pathways and their use in crop
improvement.

The transgenic approach demonstrates the possibilities of gene transfer across
organisms and engineering salt tolerance by manipulating a single gene or a few genes.
Genetic engineering of ion transporters has been shown to significantly enhance salt
tolerance (65, 77, 78). Transgenic manipulation of signaling molecules and transcription
factors will be advantageous, because engineering a single gene can change the
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expression of several target genes involved in stress response and provide multiple
abiotic stress tolerance (68, 149, 152, 153, 189, 196). Often, constitutive overexpression
of signaling components, osmoprotectants and stress-responsive genes results in reduced
plant size and other growth abnormalities, even under normal growth conditions. Kasuga
et al. (1999) demonstrated that the use of a stress-responsive promoter could overcome
this problem. Hence, the selection of stress-responsive and tissue-specific promoters for
engineering the stress-tolerance trait is critical. The overexpression of osmoprotectant
and antioxidant systems has been shown to protect transgenic plants from salt stress.
Some of the osmoprotectants, such as polyols and trehalose, overproduced in transgenics,
are often associated with growth defects and sterility. Engineering for antioxidant
systems may alter the pool size of H,O,, a signaling molecule involved in developmental
and stress signaling. Hence, careful examination is needed in employing these traits to
engineer salt-tolerant crops.

Most of the transgenics discussed here are model plants, and stress tolerance was
assessed at the vegetative phase of growth in controlled conditions for very short
durations. Often, transgenic plants are not evaluated under realistic stress conditions (2).
In most cases, very high salt-stress levels are applied to clearly show the survival of
transgenic plants and death of control plants, rather than their productivity under long-
term realistic salinity levels. Hence, the effect of stress in relation to plant ontogeny
should be assessed at realistic stress levels and under combinations that occur in nature,
by using transgenic crop plants in the field. The identification of QTLs for salt tolerance
in different crops will be needed for precise molecular breeding for salt-tolerant crops.
The application of marker-assisted selection to QTLs of major effects should help in
improving salt tolerance of crop plants. In the near future, pyramiding regulatory genes
controlling the various aspects of salt tolerance (i.e., ionic and osmotic homeostasis, and
damage control) in a single transgenic plant is expected to yield salt-tolerant crop plants

with a very high level of tolerance to salt and osmotic stress.
ACKNOWLEDGEMENTS

Research in our laboratory is supported by grants from the U.S. National Institutes of
Health, the U.S. National Science Foundation, and the U.S. Department of Agriculture.

31



REFERENCES

o~ LN

10.
11.

12.

13.
14.

15.

16.

17.
18.

Munns, R. (2002) Plant Cell Environ. 25, 239-250.

Flowers, T.J. (2004) J. Exp. Bot. 55, 307-319.

Zhu, J.K. (2002) Annu. Rev. Plant Bol. 53, 247-273.

Tester, M. and Davenport, R.A. (2003) Ann. Bot. 91, 503-527.

Hernandez, J.A., Ferrer, M.A., Jimenez, A., Barcelo, A.R. and Sevilla, F. (2001)
Plant Physiol. 127, 817-831.

Maas, E.V. (1990) In: Agricultural salinity assessment and management, (K.K.
Tanji (ed.), Chapter 13, pp. 262-304, ASCE Manuals and Reports on Engineering
No. 71, American Society of Civil Engineers, New York.

Netondo, G.W., Onyango, J.C. and Beck, E. (2004) Crop Sci. 44, 806-811.

Zeng, L. and Shannon, M.C. (2000) Crop Sci. 40, 996-1003.

Munns, R. and Rawson, HM. (1999) Aust. J. Plant Physiol. 26, 459-464.

West, G., Inze, D. and Beemster, G.T. (2004) Plant Physiol. 135, 1050-1058.
Burssens, S., Himanen, K., van de Cotte, B., Beeckman, T., Van Montagu, M., Inze,
D. and Verbruggen, N. (2000). Planta 211, 632-40.

Wang, H., Qi, Q., Schorr, P., Cutler, A.J., Crosby, W. and Fowke, L.C. (1998) Plant
J. 15, 501-510.

Sun, K., Hunt, K. and Hauser, B.A. (2004) Plant Physiol. 135, 2358-2367.

Kreps, J.A., Wu, Y., Chang, H.S., Zhu, T., Wang, X. and Harper J.F. (2002) Plant
Physiol. 130, 2129-2141.

Seki, M., Narusaka, M., Ishida, J., Nanjo, T., Fujita, M., Oono, Y., Kamiya, A.,
Nakajima, M., Enju, A., Sakurai, T., Satou, M., Akiyama, K., Taji, T., Yamaguchi-
Shinozaki, K., Carninci, P., Kawai, J., Hayashizaki, Y. and Shinozaki, K. (2002).
Plant J. 31, 279-292.

Rabbani, M.A., Maruyama, K., Abe, H., Khan, M.A., Katsura, K., Ito, Y.,
Yoshiwara, K., Seki, M., Shinozaki, K. and Yamaguchi-Shinozaki, K. (2003) Plant
Physiol. 133, 1755-1767.

Zhu, J.K. (2003) Curr. Opin. Plant Biol. 6, 441-445.

Liu, W., Fairbairn, D.J., Reid, R.J. and Schachtman, D.P. (2001) Plant Physiol. 127,
283-294.

32



19.

20.

21.

22.

23.

24,

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Urao, T., Yakubov, B., Satoh, R., Yamaguchi-Shinozaki, K., Seki, M., Hirayama,
T. and Shinozaki, K. (1999) Plant Cell 11, 1743-1754.

Kurth, E., Cramer, G.R., Lauchli, A. and Epstein, E. (1986) Plant Physiol. 99, 1461-
1468.

Schroeder, J.I. and Hagiwara, S. (1989) Nature 338, 427-430.

Knight, H., Trewavas, A.J. and Knight, M.R. (1997) Plant J. 12, 1067-1078.
Sanders, D., Brownlee, C. and Harper, J.F. (1999) Plant Cell 11, 691-706.

DeWald, D.B., Torabinejad, J., Jones, C.A., Shope, J.C., Cangelosi, A.R.,
Thompson, J.E., Prestwich, G.D. and Hama, H. (2001) Plant Physiol. 126, 759-7609.
Takahashi, S., Katagiri, T., Hirayama, T., Yamaguchi-Shinozaki, K. and Shinozaki,
K. (2001) Plant Cell Physiol. 42, 214-222.

Xiong, L., Lee, B.-H., Ishitani, M., Lee, H., Zhang, C. and Zhu, J.K. (2001a) Genes
Dev. 15, 1971-1984.

Jia, W., Wang, Y., Zhang, S. and Zhang, J. (2002) J. Exp. Bot. 53:2201-2206.
Xiong, L., Schumaker, K.S. and Zhu, J.K. (2002a) Plant Cell 14, S165-183.

Xiong, L. and Zhu, J.K. (2003) Plant Physiol. 133, 29-36.

Leung, J. and Giraudat, J. (1998) Annu. Rev. Plant Physiol. Plant Mol. Biol. 49,
199-222.

Schroeder, J.I., Allen, G.J., Hugouvieux, V., Kwak, J.M. and Waner, D. (2001)
Annu. Rev. Plant Physiol. Plant Mol. Biol. 52, 627-658.

Wu, Y., Kuzma, J., Marechal, E., Graeff, R., Lee, H.C., Foster, R. and Chua, N-H.
(1997) Science 278, 2126-2130.

Sanchez, J.P., Duque, P. and Chua, N.H. (2004) Plant J. 38, 381-395.

Wang, X-Q., Ullah, H., Jones, A. and Assmann, S. (2001) Science 292, 2070-2072.
Munns, R., Hare, R.A., James, R.A. and Rebetzke, G.J. (1999) Aust. J. Agric. Res.
51, 69-74.

Inan, G., Zhang, Q., Li, P., Wang, Z., Cao, Z., Zhang, H., Zhang, C., Quist, T.M.,
Goodwin, S.M., Zhu, J., Shi, H., Damsz, B., Charbaji, T., Gong, Q., Ma, S.,
Fredricksen, M., Galbraith, D.W., Jenks, M.A., Rhodes, D., Hasegawa, P.M.,
Bohnert, H.J., Joly, R.J., Bressan, R.A. and Zhu, J.K. (2004) Plant Physiol. 135,
1718-1737.

33



37.
38.

39.

40.

41.
42.

43.
44,

45,

46.

47.

48.

49.

50.

51.

52.

Karahara, |., Ikeda, A., Kondo, T. and Uetake, Y. (2004) Planta 219, 41-47.

Garcia, A., Rizzo, C.A., Ud-Din, J., Bartos, S.L., Senadhira, D., Flowers, T.J. and
Yeo, A.R. (1997) Plant Cell Environ. 20, 1167-1174.

Yeo, AR., Flowers, S.A., Rao, G., Welfare, K., Senanayake, N. and Flowers, T.J.
(1999) Plant Cell Environ. 22, 559-565.

Santa-Maria, G.E., Rubio, F., Dubcovsky, J. and Rodgriguez-Navarro, A. (1997)
Plant Cell 9, 2281-2289.

Fu, H-H. and Luan, S. (1998) Plant Cell 10, 63-73.

Su, H., Golldack, D., Zhao, C. and Bohnert, H.J. (2002) Plant Physiol. 129, 1482-
1493.

Rubio, F., Gassmann, W. and Schroeder, J.I. (1995) Science 270, 1660-1663.
Gorham, J., Bridges, J., Dubcovsky, J., Dvorak, J., Hollington, P. A., Luo, M.C. and
Khan, J.A. (1997) New Phytol. 137, 109-116.

Uozumi, N., Kim, E.J., Rubio, F., Yamaguchi, T., Muto, S., Tsuboi, A., Bakker,
E.P., Nakamura, T. and Schroeder, J.I. (2000) Plant Physiol. 122, 1249-1259.
Golldack, D., Su, H., Quigley, F., Kamasani, U.R., Munoz-Garay, C., Balderas, E.,
Popova, O.V., Bennett, J., Bohnert, H.J. and Pantoja, O. (2002) Plant J. 31, 529-
542.

Laurie, S., Feeney, K.A., Maathuis, F.J.M., Heard, P.J., Brown, S.J. and Leigh,
R.A. (2002) Plant J. 32, 139-149.

Bordas, M., Montesinos, C., Dabauza, M., Salvador, A., Roig, L.A., Serrano, R. and
Moreno, V. (1997) Transgenic Res. 5, 1-10.

Gisbert, C., Rus, A.M., Bolarin, M.C., Lopez-Coronado, J.M., Arrillaga, 1.,
Montesinos, C., Caro, M., Serrano, R. and Moreno, V. (2000) Plant Physiol. 123,
393-402.

Rus, A.M., Estaii, M.T., Gisbert, C., Garcia-Sogo, B., Serrano, R., Caro, M.,
Moreno, V. and Bolarin, M.C. (2001a) Plant Cell Environ. 24, 875-880.

Ellul, P., Rios, G., Atarés, A., Roig, L.A., Serrano, R. and Moreno, V. (2003)
Thoer. Appl. Genet. 107, 462-4609.

Espinosa-Ruiz, A., Belles, J.M., Serrano, R. and Culianez-Macla, F.A. (1999) Plant
J. 20, 529-39.

34



53.
54.

55.

56.
57.

58.

59.

60.
61.

62.
63.

64.

65.
66.

67.

68.

69.

70.

Maathuis, F.J.M. ands Sanders, D. (2001) Plant Physiol. 127, 1617-1625.
Donaldson, L., Ludidi, N., Knight, M.R., Gehring, C. and Denby, K. (2004) FEBS
Lett. 569, 317-20.

Shi, H., Xiong, L., Stevenson, B., Lu, T. and Zhu, J.K. (2002a) Plant Cell 14, 575-
588.

Liu, J. and Zhu J.K. (1998) Science 280:1943-1945.

Ishitani, M., Liu, J., Halfter, U., Kim, C-S., Shi, W. and Zhu, J.K. (2000) Plant Cell
12, 1667-1677.

Liu, J., Ishitani, M., Halfter, U., Kim, C.S. and Zhu, J.K. (2000) Proc. Nat. Acad.
Sci. USA 97, 3730-3734.

Halfter, U., Ishitani, M. and Zhu, J.K. (2000) Proc. Nat. Acad. Sci. USA 97, 3735-
3740.

Guo, Y., Halfter, U., Ishitani, M. and Zhu, J.K. (2001). Plant Cell 13, 1383-1400.
Shi, H., Ishitani, M., Kim, C-S. and Zhu, J.K. (2000) Proc. Nat. Acad. Sci. USA 97,
6896-6901.

Shi, H., Quintero, F.J., Pardo, J.M. and Zhu, J.K. (2002b). Plant Cell 14, 465-477.
Qiu, Q.S., Barkla, B.J., Vera-Estrella, R., Zhu, J.K. and Schumaker, K.S. (2003)
Plant Physiol. 132, 1041-1052.

Qiu, Q.S., Guo, Y., Dietrich, M.A., Schumaker, K.S. and Zhu, J.K. (2002) Proc.
Natl. Acad. Sci. USA 99, 8436-8441.

Shi, H., Lee, B-H., Wu, S-J. and Zhu, J.K. (2003) Nature Biotech. 21, 81-85.

Taji, T., Seki, M., Satou, M., Sakurai, T., Kobayashi, M., Ishiyama, K., Narusaka,
Y., Narusaka, M., Zhu, J.K. and Shinozaki, K. (2004) Plant Physiol. 135, 1697-7009.
Quintero, F.J., Ohta, M., Shi, H., Zhu, J.K. and Pardo, J.M. (2002) Proc. Nat. Acad.
Sci. USA 99, 9061-9066.

Guo, Y., Qiu, Q.S., Quintero, F.J., Pardo, J.M., Ohta, M., Zhang, C., Schumaker,
K.S. and Zhu, J.-K. (2004) Plant Cell 16, 435-449.

Fukuda, A., Chiba, K., Maeda, M., Nakamura, A., Maeshima, M. and Tanaka, Y.
(2004) J. Exp. Bot. 55, 585-94.

Gaxiola, R.A., Li, J., Undurraga, S., Dang, L.M., Allen, G.J., Alper, S.L. and Fink,
G.R. (2001) Proc. Nat. Acad. Sci. USA 98, 11444-11449.

35



71.

72.

73.
74.

75.

76.

77.
78.

79.

80.

81.

82.

83.

84.

Zhao, L., Zhang, F., Guo, J., Yang, Y., Li, B. and Zhang, L. (2004) Plant Physiol.
134, 849-857.

Gaxiola, R.A., Rao, R., Sherman, A., Grisafi, P., Alper, S.L. and Fink, G.R. (1999)
Proc. Nat. Acad. Sci. USA 96, 1480-1485.

Shi, H. and Zhu, J.K. (2002). Plant Mol. Biol. 50, 543-550.

Fukuda, A., Nakamura, A. and Tanaka, Y. (1999) Biochim. Biophys. Acta 1446,
149-155.

Wu, C.A,, Yang, G.D., Meng, Q.W. and Zheng, C.C. (2004) Plant Cell Physiol. 45,
600-607.

Apse, M.P., Aharon, G.S., Snedden, W.S. and Blumwald, E. (1999) Science 285,
1256-1258.

Zhang, H.X. and Blumwald, E. (2001) Nature Biotech. 19, 765-768.

Zhang, H.X., Hodson, J.N., Williams, J.P. and Blumwald, E. (2001) Proc. Nat.
Acad. Sci. USA 98, 12832-12836

Ohta, M., Hayashi, Y., Nakashima, A., Hamada, A., Tanaka, A., Nakamura, T. and
Hayakawa, T. (2002) FEBS Lett. 532, 279-282.

Qiu, Q.S., Guo, Y., Quintero, F.J., Pardo, J.M., Schumaker, K.S. and Zhu, J.K.
(2004) J. Biol. Chem. 279, 207-215.

Guo, Y., Xiong, L., Song, C.P., Gong, D., Halfter, U. and Zhu, J.-K. (2002) Dev.
Cell 3, 233-244.

Cheng, N.H., Pittman, J.K., Zhu, J.K. and Hirschi, K.D. (2004) J. Biol. Chem. 279,
2922-2926.

Berthomieu, P., Conéjéro, G., Nublat, A., Brackenbury, W.J., Lambert, C., Savio,
C., Uozumi, N., Oiki, S., Yamada, K., Cellier, F., Gosti, F., Simonneau, T., Essah,
P.A., Tester, M., Véry, AA., Sentenac, H. and Casse, F. (2003) EMBO J. 22, 2004
- 2014.

Maser, P., Eckelman, B., Vaidyanathan, R., Horie, T., Fairbairn, D.J., Kubo, M.,
Yamagami, M., Yamaguchi, K., Nishimura, M., Uozumi, N., Robertson, W.,
Sussman, M.R. and Schroeder, J.1. (2002) FEBS Lett. 531, 157-161.

36



85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.
96.

97.

98.

99.

100.

101.

Rus, A., Yokoi, S., Sharkhuu, A., Reddy, M., Lee, B-H., Matsumoto, T.K., Koiwa,
H., Zhu, J.K., Bressan, R.A. and Hasegawa, P.M. (2001b) Proc. Nat. Acad. Sci.
USA 98, 14150-14155.

Ohta, M., Guo, Y., Halfter, U. and Zhu, J.-K. (2003) Proc. Natl. Acad. Sci. USA
100, 11771-11776.

Bohnert, H.J. and Jensen, R.G. (1996) Trends Biotech. 14, 89-97.

Smirnoff, N. and Cumbes, Q.J. (1989) Phytochem. 28,1057-1060.

Chen, T.H.H. and Murata, N. (2002) Curr. Opin. Plant Biol. 5, 250-257.
Kasinathan, V. and Wingler, A. (2004) Physiol Plant. 121, 101-107.

Urano, K., Yoshiba, Y., Nanjo, T., Ito, T., Yamaguchi-Shinozaki K. and Shinozaki,
K. (2004) Biochem. Biophys. Res. Commun. 313, 369-375.

Mou, Z., Wang, X., Fu, Z., Dai, Y., Han, C., Ouyang, J., Bao, F., Hu, Y. and Li, J.
(2002) Plant Cell 14, 2031-2043

Hayashi, H., Alia, Mustardy, L., Deshnium, P., Ida, M. and Murata, N. (1997) Plant
J. 12, 133-142.

Sulpice, R., Tsukaya, H., Nonaka, H., Mustardy, L., Chen, T.H. and Murata, N.
(2003) Plant J. 36, 165-176.

Sakamoto, A, Alia, and Murata, N. (1998) Plant Mol. Biol. 38, 1011-1019.

Prasad, K.V.S.K., Sharmila, P., Kumar, P.A. and Saradhi, P.P. (2000) Mol. Breed.
6, 489-499.

Huang, J., Hirji, R., Adam, L., Rozwadowski, K.L., Hammerlindl, J.K., Keller,
W.A. and Selvaraj, G. (2000a) Plant Physiol. 122, 747-756.

Holmstrom, K.O., Somersalo, S., Mandal, A., Palva, T.E. and Welin, B. (2000) J.
Exp. Bot. 51, 177-185.

Guo, B.H., Zhang, Y.M,, Li, H.J., Du, L.Q., Li, Y.X., Zhang, J.S., Chen, S.Y. and
Zhu, Z.Q. (2000) Acta Bot. Sinica 42, 279-283.

Kishitani, S., Takanami, T., Suzuki, M., Oikawa, M., Yokoi, S., Ishitani, M.,
Alvarez-Nakase, A.M., Takabe, T. and Takabe, T. (2000) Plant Cell Environ. 23,
107-114.

Kishor, P.B.K., Hong, Z., Miao, G.H., Hu, C.A.A. and Verma, D.P.S. (1995) Plant
Physiol. 108, 1387-1394.

37



102.

103.

104.

105.

106.

107.

108.
109.

110.

111.

112.
113.

114.

115.

116.

117.

Hong, Z., Lakkineni, K., Zhang, Z. and Verma, D.P.S. (2000) Plant Physiol. 122,
1129-1136.

Zhu, B., Su, J., Chang, M.C., Verma, D.P.S., Fan, Y.L. and Wu, R. (1998) Plant
Sci. 139, 41-48.

Nanjo, T., Kobayashi, T.M., Yoshida, Y., Kakubari, Y., Yamaguchi-Shinozaki, K.
and Shinozaki, K. (1999) FEBS Lett. 461, 205-210.

De Ronde, J.A., Spreeth, M.H. and Cress, W.A. (2000) Plant Growth Regul. 32, 13-
26.

Garg, A.K., Kim, J.K., Owens, T.G., Ranwala, A.P., Choi, Y.D., Kochian, L.V. and
Wu, R.J. (2002) Proc. Nat. Acad. Sci. USA 99, 15898-15903.

Jang, I.C., Oh, S.J., Seo, J.S., Choi, W.B., Song, S.I., Kim, C.H., Kim, Y.S., Seo,
H.S., Choi, Y.D., Nahm, B.H. and Kim, J.K. (2003) Plant Physiol. 131, 516-524.
Tarczynski, M.C., Jensen, R.G. and Bohnert, H.J. (1993) Science 259, 508-510.
Thomas, J.C., Sepahi, M., Arendall, B. and Bohnert, H.J. (1995) Plant Cell Environ.
18, 801-806.

Karakas, B., Ozias-Akins, P., Stushnoff, C., Suefferheld, M. and Rieger, M. (1997)
Plant Cell Environ. 20, 609-616.

Abebe, T., Guenzi, A.C., Martin, B. and Cushman, J.C. (2003) Plant Physiol. 131,
1748-1755.

Zhifang, G. and Loescher, W.H. (2003) Plant Cell Environ. 26, 275-283.

Sheveleva, E., Chmara, W., Bohnert, H.J. and Jensen, R.G. (1997) Plant Physiol.
115, 1211-1219.

Gao, M., Tao, R., Miura, K., Dandekar, A.M. and Sugiura, A. (2001) Plant Sci. 160,
837-845.

Sheveleva, E.V., Marquez, S., Chmara, W., Zegeer, A., Jensen, R.G. and Bohnert,
H.J. (1998) Plant Physiol. 117, 831-839.

Romero, C., Belles, J.M., Vaya, J.L., Serrano, R. and Culianez-Macia, F.A. (1997)

Planta 201, 293-297.

Urao, T. and Yamaguchi-Shinozaki, K. (2002). JIRCAS 2002 Annual Report. Pp
47-48.

38



118.
119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.
131.

132.
133.

Xiong, L., Ishitani, M., Lee, H. and Zhu, J.K. (2001b) Plant Cell 13, 2063-2083.
Xiong, L., Lee, H., Ishitani, M. and Zhu, J.K. (2002b) J. Biol. Chem. 277, 8588-
8596.

Abraham, E., Rigo, G., Szekely, G., Nagy, R., Koncz, C. and Szabados L. (2003)
Plant Mol Biol. 51, 363-372.

Armengauda, P., Thieryc, L., Buhota, N., Grenier-de Marchb, G. and Arnould
Savoure, A. (2004) Physiol. Plant. 120, 442-450.

Thiery, L., Leprince, A.S., Lefebvre, D., Ghars, M.A., Debarbieux, E. and Savoure,
A. (2004) J. Biol. Chem. 279, 14812-14818.

Khedr, A.H.A., Abbas, M.A., Wahid, A.A.A., Quick, W.P. and Abogadallah, G.M.
(2003) J. Exp. Bot. 54, 2553-2562.

Satoh, R., Nakashima, K., Seki, M., Shinozaki, K. and Yamaguchi-Shinozaki, K.
(2002) Plant Physiol. 130, 709-719.

Oono, Y., Seki, M., Nanjo, T., Narusaka, M., Fujita, M., Satoh, R., Satou, M.,
Sakurai, T., Ishida, J., Akiyama, K., lida, K., Maruyama, K., Satoh, S., Yamaguchi-
Shinozaki, K. and Shinozaki, K. (2003) Plant J. 34, 868-887.

Satoh, R., Fujita, Y., Nakashima, K., Shinozaki, K. and Yamaguchi-Shinozaki, K.
(2004) Plant Cell Physiol. 45, 309-317.

Shinozaki, K. and Yamaguchi-Shinozaki, K. (2000) Curr. Opin. Plant Biol. 3, 217-
223.

Moons, A., Bauw, G., Prinsen, E., Van Montagu, M. and Van Der Straeten, D.
(1995) Plant Physiol. 107, 177-186.

Ingram, J. and Bartels, D. (1996) Annu. Rev. Plant Physiol. Plant Mol. Biol. 47,
377-403.

Wise, M.J. and Tunnacliffe, A. (2004) Trends Plant sci. 9, 13-17.

Xu, D., Duan, X., Wang, B., Hong, B., Ho, T.D. and Wu, R. (1996) Plant Physiol.
110, 249-257.

Thomashow, M.F. (1999) Annu. Rev. Plant Physiol. Plant Mol. Biol. 50, 571-599.
Narusaka, Y., Nakashima, K., Shinwari, Z.K., Sakuma, Y., Furihata, T., Abe, H.,
Narusaka, M., Shinozaki, K. and Yamaguchi-Shinozaki, K. (2003) Plant J. 34, 137-
148.

39



134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144,

145.

146.

147.

148.

149.

150.

151.

Knight, H., Zarka, D.G., Okamoto, H., Thomashow, M.F. and Knight, M.R. (2004)
Plant Physiol. 135, 1710-1717.

Urao, T., Katagiri, T., Mizoguchi, T., Yamaguchi-Shinozaki, K., Hayashida, N. and
Shinozaki, K. (1994) Mol. Gen. Genet. 244, 331-340.

Saijo, Y., Hata, S., Kyozuka, J., Shimamoto, K. and lzui, K. (2000) Plant J. 23, 319-
327.

Chehab, E.W., Patharkar, O.R., Hegeman, A.D., Taybi, T. and Cushman, J.C.
(2004) Plant Physiol. 135, 1430-1446.

Patharkar, O.R. and Cushman, J.C. (2000) Plant J. 24, 679-691.

Sheen, J. (1996) Science 274, 1900-1902.

Townley, H.E. and Knight, M.R. (2002). Plant Physiol. 128, 1169-1172.
Viswanathan, C. and Zhu, J.K. (2002) Philos. Trans. R. Soc. London B 357, 877-
886.

Hwang, I., Sze, H. and Harper, J.F. (2000) Proc. Natl. Acad. Sci. USA 97, 6224-
6229.

Perruc, E., Charpenteau, M., Ramirez, B.C., Jauneau, A., Galaud, J.P., Ranjeva, R.
and Ranty, B. (2004) Plant J. 38, 410-420.

Yang, T., Chaudhuri, S., Yang, L., Chen, Y. and Poovaiah, B.W. (2004) J. Biol.
Chem. 10.1074/jbc.M402830200.

Uno, Y., Furihata, T., Abe, H., Yoshida, R., Shinozaki, K. and Yamaguchi-
Shinozaki, K. (2000) Proc. Natl. Acad. Sci. USA 97, 11632- 11637.

Abe, H., Urao, T., Ito, T., Seki, M., Shinozaki, K. and Yamaguchi-Shinozaki, K.
(2003) Plant Cell 15, 63-78.

Kang, J.Y., Choi, H.l., Im, M.Y. and Kim, S.Y. (2002) Plant Cell 14, 343-357.
Villalobos, M.A., Bartels, D. and Iturriaga, G. (2004) Plant Physiol. 135, 309-24.
Liu, Q., Sakuma, Y., Abe, H., Kasuga, M., Miura, S., Yamaguchi-Shinozaki, K. and
Shinozaki, K. (1998) Plant Cell 10, 1391-1406.

Haake, V., Cook, D., Riechmann, J.L., Pineda, O., Thomashow, M.F. and Zhang,
J.Z. (2002) Plant Physiol. 130, 639-648.

Dubouzet, J.G., Sakuma, Y., Ito, Y., Kasuga, M., Dubouzet, E.G., Miura, S., Seki,
M., Shinozaki, K. and Yamaguchi-Shinozaki, K. (2003) Plant J. 33, 751-763.

40



152.

153.

154.

155.
156.

157.

158.

159.

160.

161.

162.

163.
164.

165.

166.

167.

168.
169.

Jaglo-Ottosen, K.R., Gilmour, S.J., Zarka, D.G., Schabenberger, O., and
Thomashow, M.F. (1998) Science 280, 104-106.

Kasuga, M., Liu, Q., Miura, S., Yamaguchi-Shinozaki, K. and Shinozaki, K. (1999)
Nature Biotech. 17, 287-291.

Jaglo, K.R., Kleff, S., Amundsen, K.L., Zhang, X., Haake, V., Zhang, J.Z., Deits,
T., and Thomashow, M.F. (2001) Plant Physiol. 127, 910-917.

Fowler, S. and Thomashow, M.F. (2002) Plant Cell 14, 1675-1690.

Chinnusamy, V., Ohta, M., Kanrar, S., Lee, B.H., Hong, X., Agarwal, M. and Zhu,
J.K. (2003) Genes Dev. 17, 1043-1054.

Park, J.M., Park, C.J., Lee, S.B., Ham, B.K., Shin, R. and Paek, K.H. (2001) Plant
Cell 13, 1035-1046.

Pellegrineschi, A., Ribaut, J.-M., Trethowan, R., Yamaguchi-Shinozaki, K. and
Hoisington, D. (2002) JIRCAS Working Report 2002, 55-60.

Hsieh, T.H., Lee, J.T., Charng, Y.Y. and Chan, M.T. (2002a) Plant Physiol. 130,
618 - 626.

Hsieh, T.H., Lee, L.T., Yang, P.T., Chiu, L.H., Charng, Y.Y., Wang, Y.C. and
Chan, M.T. (2002b) Plant Physiol. 129, 1086-1094.

Gilmour, S.J., Sebolt, A.M., Salazar, M.P., Everard, J.D. and Thomashow, M.F.
(2000) Plant Physiol. 124, 1854-1865.

Gomez, J.M., Hernandez, J.A., Jimenez, A., del Rio, L.A. and Sevilla, F. (1999)
Free Radic. Res. 31, S11-S18.

Lee, D.H., Kim, Y.S. and Lee, C.B. (2001) J. Plant Physiol. 158, 737-745.
Sreenivasulu, N., Miranda, M., Prakash, H.S., Wobus, U. and Weschke, W. (2004)
J. Plant Physiol. 161, 467-77.

Noctor, G. and Foyer, C.H. (1998) Annu. Rev. Plant Physiol. Plant Mol. Biol. 49,
249-279.

Hasegawa, P.M., Bressan, R.A., Zhu, J.K. and Bohnert, H.J. (2000) Annu. Rev.
Plant Physiol. Plant Mol. Biol. 51, 463-499.

Mgller, 1.M. (2001) Annu. Rev. Plant Physiol. Plant Mol. Biol. 52, 561-591.
Alscher, R.G., Erturk, N. and Heath, L.S. (2002) J. Exp. Bot. 53, 1331-1341.

Wang J., H. Zhang, and R.D. Allen (1999) Plant Cell Physiol. 40, 725-732.

41



170.

171.

172.

173.

174.
175.

176.

177.
178.
179.

180.
181.
182.
183.

184.
185.
186.
187.
188.

189.

Roxas, V.P., Smith, Jr R.K., Allen, E.R. and Allen, R.D. (1997) Nature Biotech. 15,
988-991.

Roxas, V.P., Lodhi, S.A., Garrett, D.K., Mahan, J.R. and Allen, R.D. (2000) Plant
Cell Physiol. 41, 1229-1234.

Badawi, G.H, Kawano, N., Yamauchi, Y., Shimada, E., Sasaki, R., Kubo, A. and
Tanaka, K. (2004) Physiol. Plant 121, 231-238.

Tsugane, K., Kobayashi, K., Niwa, Y., Ohba, Y., Wada, K. and Kobayashi, H.
(1999) Plant Cell 11, 1195-1206.

Guan, L.Q.M., Zhao, J. and Scandalios, J.G. (2000). Plant J. 22, 87-95.

Pei, Z.M., Murata, Y., Benning, G., Thomine, S., Klusener, B., Allen, G.J., Grill, E.
and Schroeder, J.I. (2000) Nature 406, 731-734.

Kwak, J.M., Mori, I.C., Pei, Z.M., Leonhardt, N., Torres, M.A., Dangl, J.L., Bloom,
R.E., Bodde, S., Jones, J.D.G. and Schroeder, J.I. (2003) EMBO J. 22, 2623-2633.
Murata, Y., Pei, Z.M., Mori, I.C. and Schroeder, J. (2001) Plant Cell 12, 2513-2523.
Levine, A., Tenhaken, R., Dixon, R. and Lamb, C. (1994) Cell 79, 583-593.
Chamnongpol, S., Willekens, H., Moeder, W., Langebartels, C., Sandermann Jr, H.,
Van Montagu, M., Inzé, D. and Van Camp, W. (1998) Proc. Natl. Acad. Sci. USA
95, 5818-5823.

Vranova, E., Inze, D. and Van Breusegem, F. (2002) J. Exp. Bot. 53, 1227-1236.
Chinnusamy, V., Schumaker, K. and Zhu, J.K. (2004) J. Exp. Bot. 55, 225-236.
Samis, K., Bowley, S. and McKersie, B. (2002) J. Exp. Bot. 53, 1343-1350.
Alvarez, M.E., Pennell, R.I., Meijer, P.J., Ishikawa, A., Dixon, R.A. and Lamb, C.
(1998) Cell 92, 773-784.

Apel, K. and Hirt, H. (2004) Annu. Rev. Plant Biol. 55: 373-399.

Laloi, C., Apel, K. and Danon, A. (2004) Curr. Opin. Plant Biol. 7:323-328.
Chinnusamy, V. and Zhu, J.-K. (2003) Top. Curr. Genet. 4, 241-270.

Arabidopsis Genome Initiative. (2000) Nature 408, 796-815.

Ichimura, K., Mizoguchi, T., Irie, K., Morris, P., Giraudat, J., Matsumoto, K. and
Shinozaki, K. (1998) Biochem. Biophys. Res. Comm. 253, 532-543.

Teige, M., Scheikl, E., Eulgem, T., Doczi, R., Ichimura, K., Shinozaki, K., Dangl,
J.L. and Hirt, H. (2004) Mol. Cell 15, 141-152.

42



190.

191.

192.

193.

194.

195.

196.
197.

198.

199.

200.

201.

202.

203.
204.

Mizoguchi, T., Irie, K., Hirayama, T., Hayashida, N., Yamaguchi-Shinozaki, K.,
Matsumoto, K. and Shinozaki, K. (1996) Proc. Nat. Acad. Sci. USA 93, 765-7609.
Ichimura, K., Mizoguchi, T., Yoshida, R., Yuasa, T. and Shinozaki, K. (2000) Plant
J. 24, 655-665.

Huang, Y., Li, H., Gupta, R., Morris, P.C., Luan, S. and Kieber, J.J. (2000b) Plant
Physiol. 122, 1301-1310.

Moon, H., Lee, B., Choi, G., Shin, D., Prasad, D.T., Lee, O., Kwak, S-S., Kim,
D.H., Nam, J., Bahk, J., Hong, J.C., Lee, S.Y., Cho, M.J., Lim, C.O. and Yun, D-J.
(2003) Proc. Nat. Acad. Sci. USA 100, 358-363.

Kovtun, Y., Chiu, W-L., Tena, G. and Sheen, J. (2000) Proc. Nat. Acad. Sci. USA
97, 2940-2945.

Ulm, R., Ichimura, K., Mizoguchi, T., Peck, S.C., Zhu, T., Wang, X., Shinozaki, K.,
Paszkowski, J. (2002) EMBO J. 21, 6483-6493.

Xiong, L. and Yang, Y. (2003) Plant Cell 15, 745-759.

Flowers, T.J., Koyama, M.L., Flowers, S.A., Sudhakar, C., Singh, K.P. and Yeo,
A.R. (2000) J. Exp. Bot. 51, 99-106.

Koyama, M.L., Levesley, A., Koebner, R.M.D., Flowers, T.J. and Yeo, A.R. (2001)
Plant Physiol. 125, 406-422.

Bonilla, P., Dvorak, J., Mackill, D.J., Deal and Gregorio, G.B. (2002) Philipp.
Agric. Sci. 85, 68-76.

Lin, H.X., Zhu, M.Z., Yano, M., Gao, J.P., Liang, Z.W., Su, W.A., Hu, X.H., Ren,
Z.H., Chao, D.Y. (2004). Theor. Appl. Genet. 108, 253-60.

Monforte, A.J., Asins, M.J. and Carbonell, E.A. (1997) Theor. Appl. Genet. 95,
706-713.

Foolad, M.R., Chen, F.Q. and Lin, G.Y. (1998) Theor. Appl. Genet. 97, 1133-1144,
Foolad, M.R. and Chen, F.Q. (1999) Theor. Appl. Genet.99, 235 — 243.

Quesada, V., Garcia-Martinez, S., Piqueras, P., Ponce, M.R. and Micol, J.L. (2002)
Plant Physiol. 130, 951-63.

43



Figure 1. Effect of salinity stress on reproductive development in rice cv. M202.
a) Seedling stage is more tolerant to salinity than reproductive stage; b) Spikelet number
is more sensitive to salinity than spikelet fertility (This graph was drawn by using the

data from Zeng and Shannon, 2000; one dS m-1 is approximately equal to 10mM NaCl).

Figure 2. SOS signaling pathway regulates ion homeostasis during salt stress in
Arabidopsis.

The Salt Overly Sensitive 3 (SOS3) perceive the salt stress induced Ca2+ signals and
activates SOS2 kinase. Activated SOS2 kinase phosphorylates SOS1, a plasma
membrane Na+/H+ antiporter. Phosphorylated SOS1 transports Na+ out of cytosol. The
SOS1 transcript level and perhaps Na+ transport through Na+ transporter HKT1 are also
regulated by SOS3-dependent SOS2 Kinase. The SOS2 kinase also activates tonoplast
Na+/H+ antiporter (NHX1) that sequester Na+ into the vacuole and vacuolar H+/Ca2+
antiporter (VCX1). Activation of NHX1 and VCX1 by SOS2 are SOS3-independent and
probably regulated through SOS3-like Ca2+ Binding Proteins (SCaBPs). ABI1 regulate
the gene expression of NHX1 through ABFs (ABA responsive element Binding Factors).
ABI2 interact with SOS2 and negatively regulate ion homeostasis either by inhibiting
SOS2 kinase activity or the activities of SOS2 targets.

Figure 3. Osmoprotectants metabolism.
Genes encoding for many of these enzymes have been employed for genetic engineering

osmoprotectant accumulation in plants (Table 1).

Figure 4. Transcriptional regulation of LEA/COR genes during salt stress.

LEA/COR genes are activated MYC/MYB and bZIP type transcription factors mainly
through ABA-dependent signaling. Salinity induced ABA accumulation may mediate the
expression of CBFs, which in turn induce LEA/COR genes expression through DRE/CRT
cis-elements during salinity. The ICE1, a myc-like bHLH transcription factor, regulates
the transcription of CBFs during cold stress, while the upstream signaling events that

regulate CBFs expression under osmotic and ABA stresses are not known. Ca2+
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signaling is positively regulated by CDPKSs and negatively regulated by ABI1/2 protein
phosphatase 2C, SCaBP5-PKS3 complex and CaMs (* = indicates post-translation

activation requirement)

Figure 5. MAPK Signaling pathways during salt stress in Arabidopsis.

An unknown sensor perceives and transduces the salt stress signals through MAPK
pathways. Salt stress sensors activate MAPK cascades either in an ABA and reactive
oxygen species (ROS) dependent or independent pathway. Activated MAPK (ANP1 &
AtMEKK1 = MAPKKK; AtMEK1=MAPKK; AtMPK3, 4 & 6 = MAPK) cascades

regulate salt stress responsive genes and salt tolerance. AtNDPK?2 is a positive regulator

of AtMPK3 & 6, while AtMKP1 is a negative regulator of AtMPK4 and 6.
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