g Plant salt tolerance

Viewanathan Chinnusamy and Jian-Kang Zhu

Abstract

Soil salinity adversely affects crop productivity and quality. The success of breed-
ing programs aimed at galinity tolerant crop vatieties is limited by the lack of a
clear understanding of the molecular basis of salt tolerance. Recent advances in
genetic analysis of Arabidopsis mutants defective in galt tolerance, and molecular
cloning of these loci, have showed some insight into salt stress signaling and plant
sall tolerance. Salt stress-induced cytosolic calcium signals are perceived by
5053, which is a calclum sensor protein. 3053 is constitutively mytistoylated and
associated with the plasma membrane. The SOS3 activates SOS2, a ser/thr protein
kinase, 1n a calcium dependent manner. The active 5053-5052 kinase complex
activates SOS1, a Na'/H™ antiporter on the plasma membrans and also upreguintes
SOS] gene expression; this results in Na' efflux and ion homeostasis, Transgenic
analysis showed a tonoplast-located Na'/H antiporter mediates sedium sequestra-
tion into the vacuole, and this forms an important parl of the salt tolerance mecha-
nism. Evidence also implicates a putative 0smOsensory histidine kinase (AtHKI1)-
MAPK cascade and ils negative regulators {AtMEP1) in salt stress signaling that
probably leads Lo asmotic homeostasis and ROS SCAVenZing. ABA-mediated regu-
lation of stress prateins and plant growih are also important for plant salt toler-
ance, but the signaling pathway is pootly understood.

9.1 Introduction

Soil salinity predates human civilization and is probably a cause of the breakdown
of the ancient Sumerian civilization {Jacobson and Adams 1933). Today salinity
remains a major abiotic siress that adversely affécts crop productivity and guality
{Boyer 1282). Saline soil is characterized by toxic levels of chlorides and sulfates
of sodium. The electrical conductivity of saturation extracts of saline soil is more
than 4.0 dS/m (= 40mM NaCl: Marschner 1995). The problem of soil salinity 1s
increasing owing to 1) the use of poar quality water for imgation, 2} improper
drainage in canal-imgated wetland agro-ecosystems, 3) entry of seawater during
cyclones in coastal areas. and 4) salt accurnulation in the root zone in arid and
semi-arid regions due to high evaporative demand and insufficient leaching of
jons as the rainfall is inadequate.

Sodium is an essential micronutrient for some of the Cs photesynthetic plants.
which import pyruvate into mesophyll chloroplasts by 2 MNa'/pyruvate co-
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trensporter {Ohnishi et al. 1990). However, most crop plants are natrophobic. Sa-
limity 15 detnimental to plant growth as it causes 1) nuiritonal constraints by de-
creasing uptake of phosphorus, potassiuny, nitrate and calcium, 2) ion cytotoxicity
mainly due to Na", CI plus 50., and 3) osmotic stress (reviewed by Zhu 2001,
2002). Na® competes with K in biochemical reactions, which is imimical to cellu-
lar processes. Under salinity, ions like Na' and CF penetrate the hydmation shells
of proweins and interfere with the non-covalent interactions between amino acids
of preteins. This leads to conformational changes and loss of function of proteins.
lonic toxicity, osmotic stress, and nutritional defects under salinity may lead to
metabolic imbalances, which result in oxidative stress (Zhu 2001). Plant salt toler-
ance mechanisms can be grouped into 1) cellular homeostasis which includes ion
homeostasis and osmotic adjustment. 2) stress damage control and repair, or de-
toxification, and 3) prowth regulation (Zhu, 2001). Considerable efforts have been
made to unravel plant sall tolerance mechanisms with the ultimate goal of improv-
ing the crop productivity in saline soils, Here we discuss molecular and genetic
evidence concerning the perception of salinity stress by plants, cellular signal
transduction, and efectors of salt stress tolerance.

9.2 Sodium entry into plant cells

The membrane potential difference at the plasma membrane of plant cells s -140
mV. which favors passive transport of Na™ into cells, especially with high ex-
traceflular Na® concentrations. Excess extracellular Na~ enters the cell through
both the transporter HKT! and non-selective cation channzls'transporters, which
results in 4 decrease in the K™/Na™ mtio in the cytosol. The wheat high affinicy K'
transporter HKTI appears to act as a low affimily Na' trensporter (Rubio et al.
1995; Gorbam et al. 1997), Expression of the Arabidopsis homolog of wheat
HETI [ATHETT) in Xenoprs oocvtes mediated Na™ mflux, which snggested that
ATHKTI might be involved in Wa™ influx in plants (Useumi et al. 20040, Euca-
lyptus EcHET? and EcHET2 when expressed in oocytes showed both WNa® and K
uptake, but the permeability to Wa~ was greater than that for K when the extracsl-
lulzr concentration of Na™ and K™ were equal (Liu et al. 2001). These resulis sug-
gest that in plants in general, HEKTI might be involved in low affinity Na' influx.
In fce, the contribution of carrier protein-mediated Na® uptake is less significant
than the apoplastic pathway under high salinity conditions (Yadav et al. 1996;
Garcia et al. 1997). Quantitative trait loci (QTL) and inheritance analysis in rice
revealed that genes that control Na™ uptake are different from that of K¥ uptake
(Garcia et al. 1997; Koyama et al. 2001). Silica deposition in the endodermis and
rhizodermis, and the polvmenzation of silicate via colloidal silica to silica gel or
polvsilicic acid throughout the root apoplast, appears to hlock Na™ uptake through
the apoplastic pathway in the roots of rice (Yeo et al. 1999). Hence, the entry of
Na’ in rice under salinity 1s expected to be regulated significantly by genes thal af-
fect root development and silicon uptake. However, in wheat. sodium/potassiim
selectivity by carrier proteins in the root appears to be @ major determinant of salt
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tolerance (Gorham et al. 1997). Thus, the entry of Na' into plant root cells can be
affected by the regulation of K*/Na" transporter HKTI and non-selective cation
channels, and by regulation of genes involved in root development and silicon po-
lymerization-mediated blockage of the apaplastic route. Plant species-specific dif-
ferences and the regulatory mechanism of Na* entry into plant roots under salinity
neead to be understood.

9.3 Input signals of salt stress

Salt stress affects cellular ion homeostasis as well as osmotic homeostasis. Fxcess
Na’ and CI jons may lead to conformational changes in protein structure and/or
changes in the plasma membrane electrical potential. while osmoatic stress leads 1o
turgor loss and cell volume change. Hence, excess jons (Na~ and CT) and osmotic
stress-induced turgor change may act as inputs for salt stress signaling, The candi-
date sensors of ionic stress may include iog channels/transporters and jon binding
Proteins on the plasma membrane or at intracellular locations {Zhu 2002). Under
High Na~ concentrations, WNa~ may enter cells through non-specific ion channels,
which might cause membrane depolarization. A change i membrane polarization
could also signal sall stress. as it i5 known to activate Ca® channels {Sanders et al,
1999). Loss of turgor leads 1o a cell volume change and retraction of the plasma
membrane from the cell wall. As the membrane retracts from the cafl wall, mem-
brane bound receptor kinases, ion uansportersichannels, transmembrane proteins
that are in contact with cell wall, and integrin-like proteins may undergo confor-
mational chanpes or cluster together, and hence these Protems may act as sensors
of osmotic stress, Integrins and the F-actin cytoskeleton have heen implicated in
the sensing of cell volume changes in mammalian celfs. Regulation of microtubule
organization by turgor pressure was shown in Spirogyra sp. (Iwata et al. 2001,
Microtubules and microfilaments of the cytoskeleton have been implicated in sig-
naling under cold stress in plants {reviewed by Viswanathan and Zhu 2002, and
the pattern of micratubular Organization under cold stress differs from that of
ABA (Wang and Nick 2001), Since the cytoskeleton connects different organelles

ofthe cell with the plasma miembrane, it can sense cell volume change under os-
matic stress and transduce it to internal Ca™ channels or other signaling compo-
nents. Salinity induces the biosynthesis and accumulation of the plant stress hor-
mone shscisic acid (ABA: Jia e al 2002) and also induces accumulation of
reactive oXygen species (ROS; Smimoff 1993: Gomez et al. 1999; Hemandez et
al. 2001). Current evidence suggests that the primary salt stress signals {1onic and
psmotic stress) are transduced through Ca™ as well as reesplor kinase pathways,
while the secondary salt stress signals such as ABA and H.0: also regulate plant
szl tolerance,
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9.3.1 Calcium signalling

Cytosolic Ca™" ascillations, generated from extracellular and/or intracellular Ca®*
stares, act as a second messenger in cold, drought, and salt stresses (Sanders et al,
1999; Knight 2000). Calcium oscillations in plant cells vary, depending upon the
type of stress (Kiegle et al. 2000), rate of stress development (Plicth et al. 1990,
previous experience of stresses/cycles (Knight et al. 1997), and tissue type (Kiegle
et al. 2000). Cytosolic Ca™ oscillations oceur within 5-10 seconds of salt stress,
persist up to | to 10 minutes and, hence, are thought io be one of the earlicst
events in salt sipnaling (Lynch et al. 1989 Kmight et al. 1997), Therefore, it is es-
sential to analyze how such Ca™* signaturcs are generated by a salt stress signal,
and what are the components downstream thal decode salt stress-specific Ca®' sig-
natures.

Cytosolic Ca™ signatures can be the net result of influx and efflux of Ca**. Cal-
ciom efflux occurs through Ca™ ATPases and H'/Cal antiporters, while influx is
controlled hy Ca® permeable ion channels (Sanders et al. 1999). I animal cells,
ligand-gated Ca”™ channels are regulated by inositol (1.4.5)-triphosphate (IP5), cy-
clic adenosine 5 diphosphate ribose (cADPR), and nicotinic acid adenine dinu-
cleotide phosphate (NAADP). In plants, [P, and cADPR-gated Ca™ channels are
found in vacuolar and endoplasmic reticulum membranss (Allen et al. 1995; Wu
et al. 1997), and NAADP-gated Ca®™ channels are found in the endoplasmic re-
ticulum membrane (Navazio et al. 2000, In Arabidopsis, osmotic stress (NaCl or
sorbitol) induces the synthesis of IP; to significantly higher levels within 1 minule
of stress initiation, and it continues to increase for more than 30 minutes. Phos-
pholipase C (PLC) hydrolvses phosphotidylinositol-4.5 bisphosphate into diacyl
glveerol and [Py, which are activarors of protein kinase and calcium channels, re-
spectively. Treatment with U-73122, an inhibitor of PLC, blocked TPy accumula-
tion. The temporal pattern of IP: accumulation is similar to that observed [or
stress-induced calcium mobilization, implicating IP; in salt stress-induced Ca®'
signaling (DeWald et al, 2001; Takahashi et al. 20013, Tn cell cultures of Arabi-
dopsis, a few seconds of osmotic stress (dehydration, mannitol or NaCl) caused a
rapid and transient increase in IP; and expression of dehydration-inducible genes
(RDZIA/LTITE/CORTR & RDIT/CORY 7). This response was sholished when the
cells were treated with inhibitors of PLC. such as neomycin and U73122, indicar-
ing the invelvement of PLC and IP: in hyper-nsmotic stress stzmaling (Takahashi
et al. 2001},

Cismaotic stress caused hy NaCl'mannitol/sorbital significantly increases cellular
Ptdlns{4.5)P; synthesis (Pical et al. 1999: DeWald et al. 2001}, which is the sub-
strate for cleavage by PLC to produce IP; (DeWald et al. 2001). Consistant with
this, it has been shown that a Pr.C Eene 15 also upregulated by csmotic stress (Hi-
rayama ¢t al, |995), Sal stress-induced phosphatidyInositol (4.5)P; svthesis and
cleavage into TP may help in delayed Ca® signaling, Genetic evidence for the
implication of IP; sipnaling in abictic stresses including salinity came from the
analysis of the FAEY] locus of Arabidopsis (Table 1). FRYT encodes an inositol
polyphosphate |-phosphatase. which functions in the catabolism of [P;, Upon
ABA treatment, fiy/ mutant plants accumulated more IP; than did the wild type
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Table L. Arabidopsis mutants impaired in salt stress response

Mutant Function Salt tolerance Relerence

Salt overly sensitive Ca™ sensor Hypersensitive Liv and Zhu

3 [sox3) 1993

Salt overly sensilive  Protéin kinase Hypersensitive Lii et al. 2000

2 (ros2)

Szlt overly sensitive  Plasma membrane Na'H' Mypersensitive Shi et al. 2000

1 (sost) Antipomer

Salt overly sensitive pyridoxal kinase Hypersensimve Shi et al, 2002b

4 | 5osd)

High affinity K Plasma membrane Na'  Suppresses salt  Rusetal 200la

transporter | transporter zensiivity of sos3

{hkeT) ariutant

Fieryl (fae) Inositol palyphosphate 1-  Hypersensitive Xiong et oal,
phosphatase 2001k

Low expression of Molybdenom cofactor  Hypersensitive Xiong et al

osmotically respon-  sulfimrase 200 1a

sve genes 5
{losFWVABA  defi-
cient 3 (ahad)

Low expression of
osmotically  respon-
sive genes 6 (losd)
‘ABA deficient |
(erbnal}
SALOBRENG
{(saffyubid

asd

mikps
photoautotrophic

zah wlerancel {peed)
365

zeaxanthin cpoxidase

ABA insensitive 4

A prowin similar  to
SNARE type mammalian
syTiaxing

MAPK phosphatase |

Mot vet cloned
S-adenosyl-L-methionine

phosphocthanalamine. M-
methyliransierise

Tulerant during
Eerminanon
Tolerant during
2erminaion
Hypersensiive. o
sall. and osmotc
sfress

Enhanced salt tol-
erance

Enhanced salt wl-
erance
Hyvpersensitive

Xiong et al
20024

Cuesada et al,
2000
Zhu eral, 2002

Ul et al. 2002
Tsugane et al.

19496
Mom et al, 2002

plants. In wild type, IP; sccumulation was transiently induced by ABA, while in
frvd 1P accumulation was sustained. which sugpest that 1P; catabolism is madi-
ated by FRYL. The v/ mutant is hypersensitive 1o ABA and salinity stress
(Xiong et al, 2001b). The 4rabidopsis SALT gene. a homolog of FRY! conferred
increased salt tolerance 1o yeast cells (Quintero et al. 1996), These resulis showed
that IP; transient induced by salt and ABA is necessary for stress tolerance. In ad-
dition 1o IPy-gated Ca™ channels, stretch/mechanosensitive Ca® channels may
also be involved in primary Ca™* oscillations (Knight et al. 1997), as these Ca®'
channels can be activated immediately by a change in cell volume/turgor in salt
stressed cells. Hence, salt stress-induced 1P, oscillations are an integral part of
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Fig. 1. The SOS pathway for ion homeostasis regulation under salt smess. Salt stress in-
duced Ca™ sipnals are perceived by 5083, which activates the S087 kinase. Activated
5052 kinase phosphorylates the SOS1 Na' /H” antiparier, which then pumps Na™ oul of the
c¥tosol. The SOS3-S052 kinase complex also regulates the transcript level of $O5/ and
other genes. The 5053-5052 kinase complex may regulate Na” compenmentation by acti-
vating NHX1, and also may restrict Mg~ entry into the evtosol, e.g. by inhibiting the plasma
membrane Na~ transporer HKT1 activity,

Ca™ signaling in salt stress, Engineered alterations in intracellular Ca™ levels due
o overexpression of the 4rabidapsis vacuolar Ca®' /1" antiporier gene (CAXT) in
tobacco (Hirschi 1999), and the ionotrophic glutamate receptor (GluR2) in Arabi-
dopsis (Kim et al, 2001 resulted in hypersensitivily to salt stress and other devel-
opmental abnormalities. This evidence strongly supggests that oscillations i intra-
cellular Ca™ levels form an integral part of plant salt tolerance.

9.3.2 Calcium sensors

Three major families of calcium binding proteins sense Ca*" signals in plants (Lin
and Zhu 1998; Harmon et al, 2000): L} Calmaoduling (CaM), which do not have
enzymatic activity but transduce signals 1o CaM interacting proteins. Calmodulins
contain four EF-hand domains responsible for Ca™ binding. 2) Calcium dependent
protein kinases (CDPKs), which contain CaM-like Ca**-binding domains and a
kinase domain in a single protein, and 3) SOS3 and SOS3-like caleium-binding
proteins (SCaBPs) (Liu and Zhu 1998; Guo et al. 2001), The specificity of Ca®
signals may be achieved by the multiplicity of calcium sensors and their intracel-
lular localization. The first genetic evidence for a caleium sensor protein mediated
Ca™ signaling in salt stress came from the analysis of the salf gverly sensitive 3
(sos3) mutant of drabidopsis (Table 1, Fig, 1: Liu and Zhu 199%). The 303 me-
diated salt stress signaling in celiular jon homeostasis is discussed in the later part
of this review,

The Arabidopsis AtGSK1 gene, which encodes a protein similar to glyeogen
synthase kinase3, complemented veast mutant DHT22-1a that is defective in both
caleineurin (SLAT and SHOT) genss. Expression of 4#GSKT in the yeast mutant
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DHT22-1a also restored salt stress-induced expression of a Na'-ATPase (PMR24)
gene. Moreover, A1GSKT is upregulated under ABA and salt stresses in Arabidop-
sis, suggesting the possible involvement of AtGSK] in phosphoprotein-dependent
salt stress signaling (Piao et al. 1999; Charrier et al. 2002).

The CDPK family of protein kinases contains a myristoylation and a caleium
binding EF hand domain. The Arabidopsis A«CDPKI and AtCDPK2 genes are in-
duced by salinity and drought but not by low/high lemperatures. suggesting that
these two ATCDPKs might be involved in osmotic stress signaling (Urao et al.
1994). The involvement of CDPKs in stress-induced gene transcriplion was shown
by Sheen (1996) in a maize leaf protoplast system transiently expressing barley
HVAI promoter-driven synthetic green fluorescent protein. The barley HVAL
gens, encoding a class 3 late embryogenesis-abundant proten, is induced by
abiotic stresses such as drought, cold, heat, salinity, and ABA. Expression of
HVAI-SGFP was significantly increased in the protoplasts incubated with Ca™
and Ca™ ionophore (ionomycin or A23187), but not by Ca”" alone, indicating that
Ca™ entry is essential for HFA4/ expression. Further, mairze protoplasts co-
expressing the HVA[-LUC reporter and truncated A1CDPK] or AlCDPK fa (frun-
cation of the regulatory domam of ATCDPKs results in Ca”" independent, consti-
tutive protein kinase activity) showed constitative expression of FVALLUC, Mu-
sated AtCDPK1, which lacks ATP binding activity, was unable te induce the
H¥A4 1 promoter. These data indicate that protein kinase activity of AtCDPK] is
essential to activate the HF°4J promoter. The Ca’ requirement for induction of the
abiotic stress responsive HV4/ promoter in maize protoplasts suggests the -
volvement of AtCDPK] in decoding Ca”" signals under abiotic stresses in plants
{Sheen 1996). Transgenic analysis showed that nce OsCDPK7 15 2 positive regula-
tor of cold and salt/drought stress signaling. Rice transgenics overexpressing
(sCOPE7 under the control of the CaMV 355 promoter showed enhanced induc-
tion of a stress-responsive gene RABISA in response o salinity/drought, and
higher salt/droughl stress tolerance, while transgenic lines m which OsCOPKT was
suppressed were hypersensitive to salt/drought stress (Saijo et al. 2000).

The RABIG (Skriver et al. 1991) and HV4! (Shen et al. 1996) genes have a G-
box tvpe ABRE cis element, which can be activated by bZIP transcription factors
(Leung and Giraudat 1998). Overexpression of the catalytic domain of ABIT PPIC
inhibited the induction of HV4! transcription by ABA and ATCDPK1 (Fig. 2;
Sheen 1996). These results suggast that the upregulation of RABIS and HVAT is
mediated by CDPKs, probably through bZIP transeription Tactors. and is nega-
tively regulated by the PPZC, ABIL. In addition to the activation of LEA-like
genes, CDPKs also regulate transport proteins (aguaporins, ion channels and H'-
ATPase), which play pivotal roles in osmoregulation dunng osmotic and lonic
siresses (Li et al. 1998; Lino et al. 1998). The Ca™* requirement for activation of
vacuolar chloride (VCL) and malate transporiers in guard cells by COPK was
overcome by a constitutively active CDPK mutant {Pei etal. 1996).

In the common ice plant, CSP1 (a substrate protein for McCDPRIL) was idenli-
fied using yeast lwo-hybrid assays and wheat germ interaction assays. The phos-
phorvlation of CSP1 in vine by McCDPKI requirad calcium. The deduced CSFIL
amino acid sequence is similar to that of pseudo-response regulator-like proteing
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that have a highly conserved DNA binding helix-loop-helix domain and a C-
terminal activation domain. Salt stress induced co-localization of McCDPK]1 and
CSP1 in the nucleus of ice plants; but the targets of McCDPRI-CSP| are not
known (Patharkar and Cushman 2000). This study supports the possible involve-
ment of COPKs in salt stress signaling, which regulates ion homeostasis and gene
expression

9.3.3 Hybrid two-component receptor kinases

Two-component systems, consisting of 4 sensory histidine kinasc and a response
regulator, function as osmosensors in bacteria and veast. The yeast Slnl, a trans-
membrane nsmosensory histidine kinase, transfers the phosphoryl group to a His
residuc in an intermediary component Ypdl, and finally to an Asp residue in the
response regulator, Sgkl, to inactivate it. High osmetic siress inhibits the auto-
phosphorylation of Slnl and hence the active non-phosphorylsted form of Sski
accumulates, which in turn activaies the Hogl (high-osmolarity glycerol response
1) MAPK cascade. This leads 10 glveeral accumulation and osmoprotection as the
Hog! MAPK cascade positively regulates genes involved in glyeerol biosynthesis,
I addition to Slnl, another transmembrane osmosensor, Shol, which s not a two-
component system, 5 also known 1o regulate the Hogl MAPK cascade under o0s-
motic swess. Sinl and Shol operate zt different osmotic stress levels (Wurgler-
Murphy and Saito 1997; Chang and Stewart 1998).

These studies gave the impetus to clone an osmosensory hybrd histidine
kinase, ATHKI, from dArabidopsis (Urao et al. 1999), ATHK! consists of both
kinase and recsiver domains in the same molecule, and complements the yeast
mutant slnd-rs defeclive in osmosensing, Substitution in ATHK1 of the putative
phosphorylation sites, either His within the kinase domain (His-308 to Val) or Asp
within the receiver domain (Asp-1074 to Glu), caused it to fail to complement the
yeast sfn/-t5 mutant, 4 THKT confers high-osmolarity tolerance to the veast double
mutant (sinl A sholA) lacking both osmosensors. This demonstrates that ATHKI
;s active at low esmolarity, and is changed to the inactive form in response to high
ssmolarity, which activates the Hogl MAPK pathway in yeast. Thus, ATHEK] has
both structural and functional similarities to the yeast Sinl, suggesting that in
plants ATHK 1 acts as an asmosensor to transmit the stress signal to a downstream
MAPK cascade. The transcript abundance of ATHKI is higher in roots than in
other tissues under control conditions. ATHK] is upregulated under salt (250 mM
NaCl) and low temperature (4°C) stresses. If the mechanism of osmaosensing =
high osmatic pressure induced conformational chanpe preventing autophosphory-
lation of ATHK1, newly synthesized ATHK! under stress may be in the non-
phosphorvlated state leading to activation of a downstream signaling pathway,
which is probably a MAPK cascade (Fig. 2; Urao et al. 19949},

In Arabidopsis, phosphorelay intermediates with His-containing phosphotrans-
fer domains have heen cloned (ATHPI-3), All three ATHPs can complement the
veast ypd! mutant, which implies that all ATHPs can transier a phosphory] group
from SLNI to SSK1in yeast. Further, ATHP3 (=AHP]) transfers a phosphoryl
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Fig. 2. Osmotic homeostasis and ROS detoxification under salt stress. Ca™ signals sensed
by CDPKs are transduced through unknown signaling intermediates, which induce genes
enceding LEA-like proteins. ABA nduced Ca™ signals are perceived by SCaBPs, which
activate PKS. The ABA signaling pathway upregulates osmolyte biosynthesis and genes
encoding LEA-like proteins under salt stress, Ca®” signaling through CDPKs and SCaBPs is
tnder negative control of Protein Phosphatase 20 {ABI 1/2}. High osmolarity mav be per-
ceived by AtHEL, which presumably transduces the signal through 2 MAPK pathway. Salt
stress and reactive oxygen species (ROS) activated MAPK (ANPL & AIMEEK!D =
MAPKKE: AIMEK I=MAPKE; AMPES, 4 & 6= MAPK) cascade may regulate oxidative
stress management (Broken arrows indicate unknown signaling intermediates).

group from its His to the receiver domain of the putative two-component response
regulators ARR3 and ARR4 in virro. Thus, the phosphorelay intermediate,
ATHP3. has the ability to accept = rhosphoryl proup from the osmosensar,
ATHKI, and transfer its phosphoryl group to a response regulator, ARR4. Al
though functional complementation in veast shows that Arabidopsis has ATHK -
ATHP3-ARR4asa phosphorelay svsiem (Mivata et al, 1998: Suzuki et al. 1098 &
2001; Urao et al. 1999}, the MAPK cascade that transduces the osmotic stress sig-
nal and the target genes repulated by this putative hybrid two-component psmo-
snsor system in higher plants are vet to be identified.

9.3.4 MAPK pathway

A canonical mitogen activated protein kinase {(MAPK) module consisis of o
MAPK kinase kinase (MAPKKK), which activates a MAPE kinzse (MAPKK) by
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phosphorylation of Ser or Thr residues {Ser-X-X-X-Ser/Thr) within the catalytic
core. Activated MAPKK activates MAPK by phosphorylation of both Thr and Tyr
within the TXY consensus sequence in MAPK. Plant MAPKs are implicated in
signaling development, cell division, hormones, biotic, and abiotic stresses. Salt
stress quickly (within 5-10 minutes) activates MAPKs from alfalfa (salt stress in-
duced MAPK. SIMK: Munnik et al 1999), tobacco (salicvlic acid mduced
MAPE. 5IPK; Hoyos and Zhang 2000; Mikolajezyk et al. 2000), and Arabidopsis
(ATMPK3, ATMPK4 and ATMPKS6: Mizoguchi et al. 1996 lchimura et al.
2000). The SIPK is also induced by salicylic acid and osmotic stress. The activa-
tion of SIPK is calcium and ABA independent (Hoyos and Zhang 2000). Alfalla
SIMK-interacting SIMKK (=MAPKK) was identified using the yeast two hybrid
screen. SIMEKK activaled SIMK and the activation was enhanced by salinily
(Kiegerl et al. 2000). It appears that SIMK activation by SIMEK does not require
an upstream MAPKKK, and SIMKK transduces both sall and pathogen elicitor
stress signals (Cardinale et al. 2002). Salt stress activates Arghidopsic MAPKEEK
(ATMEKK1) and upregulates its genc expression (lchimura et al. 1998), Co-
expression of ATMERK] with MAPEKs (ATMRK2 and MEK '} complemented the
growth defect of the yeast pbs? mutant, while co-expression of ATMPRS and
MEK] complemented growth defects of the yeast mpk! and bokl mutants, sug-
gesting that ATMERKL, ATMEEZMEKL and ATMPEK4 mav constitute 2 MAP
kinase cascade in Arahidopsis (Fig. 2; Ichimura et al. 1998).

Correlative evidence suggests that the ROS mediated signaling under salt stress
occurs through MAPKs. H;O; appears 1o act as an intermediate n ABRA signaling
in guard cells (Pei et al. 2000). H;0; induced oxidation of Cys residues of proteins
may bring conformational changes in signaling infermediates. In Arabidopsis,
H-0- induces the expression of genes involved in signaling such as calmodulin,
CDPKs. His kinase, Tyr phosphatase, putative protein kinases such as ATMPE3,
and genes involved in transcriptional activation such as Zn finger proteins, heat
shock transcription factor, DREB24, RING Zn finger protein, mvb-related tran-
seription factor, etc. (Desikan et al. 2001), ATMPK®S is activated by osmotic
stresses, cold, and ROS stress impased by H;O;, KOs, paraguat and 3-amino-
1 2 4-triazole {a catalase inhibitor) in Arabidopsis (Yuasa et al. 2001). An Arah:-
dopsis MAPKKE, ANPL is activated by Ha(y, ANPIL initiates a phosphoryiation
cascade involving two MAPKs, AtMPK3 and AtMPK6. Expression of a constitu-
fively zctive tobacco ANP1 orthologue, NP, in transgenic tobacco provided en-
hanced tolerance to multiple environmental stress conditions including salimity,
suggesting that ANPI/NPK]1 is involved in oxidative stress signaling under abiolic
stresses (Fig. 2; Koviun et al. 2000). Constitutively active ANPI activates the
MAPK cascade thal activates promoters of stress-responsive genes such as GST4
and HSP but nol RD294 (Kovtun et al. 2000), This indicates thart ANPL/NPKI
does not regulate DREB1, DREBZ. and bZIP transeription factors, which are tran-
scriptional activators of RD294 and other COR genes.

Nucleoside Diphosphate Kinase participates in hormone-dependent signal
transduction pathways by activating guaning nucleotide-binding proteins invelved
in regulation of cell growth and differentiation. Transgenic analysis of NDPE2
(Nucleoside Diphosphate Kinase2) suggests that MAPK sipnaling regulaies the
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oxidative stress management and growth regulation under abictic stresses. The
NDPK2 gene in Arabidopsis (4:INDPEZ) is induced by H-0.. Transgenic plants
overexpressing ANDPR 2 accomulared lower levels of ROS, while INDPE? mu-
tants accumulated higher levels of ROS than wild type. AtNDPK?2 interacts with
ATMPKS and ATMPES, These two MAPKs are activated by H.0O, hot this re-
sponse was drastically reduced M an atndpk? mutant. Transgenic Arabidopsis
overexpressing A(NDPK2 showed an enhanced tolerance to multiple environ-
mental stresses that elicit ROS accumulation, suggests that AINDPK2 may posi-
tively regulate H.Oy-mediated MAPE signaling in plants (Moon et al. 2003).

MAPKSs can be inactivated by dephosphorylation. Arabidopsis phosphotyrosine
phosphatase (AtPTPI) inactivates ATMPK4 in vitro {Huang et al. 200), The
APTP] gene is regulated by abiotic stresses such as drought, heat shock, wound-
ing. high salt. and cold temperature. High salt conditions increased the EXpression
level of AtPTP!, while cold significantly downregulates the AtPTPI gene (Xu et
al. 1998). The Arabidopsis mkpl mutant is resistant to salinity but hypersensitive
to genotoxic sress induced by UV-C and methyl methanesulphonate, MEPT en-
codes @ MAPK phosphatase 1 (MKPI). A yeast two-hybrid screen showed that
MKP| could interact with three 4rabidapsis MAPKs: MPK6. MPK3, and MPK4
and the interaction was strongest with MPK4 (Ulm et al. 2002). These three
MAPKs have been implicated in salt stress signaling (Mizoguchi et al. 1996;
lehimura et al. 2000). The activity of MPK6 is regulated by MKPI in vive, Mutant
analysis revealed that either MEP/ deletion or loss of MEPI phosphatase activity
results in enhanced salt tolerance. This suggests that MKPI is a negative regulator
of salt stress signaling through MAPK. while it functions as positive regulator in
genoloxic stress tolerance (Ulm et al. 2002). Microarray analysis showed an in-
creased mRNA level of a putative Na/H —exchanger (A474G23700) gene in the
mipl mutant under salt stress (Ulm et al. 2002), which suggests that AT4G23700
may bz upregulated by a MAPK cascade that is under the negative control of
MPKL It is not known whether increased salt tolerance of the mpkl mutant is due
to mereased expression of the putative Na'/H -exchanger. Overexpression of
SOS7, a plasma membrane Na'/H' -exchanger (Shi et al. 2003) and 4:tNHXT, 5
vacuolar Na'/H' -exchanger (Apse &t al. 1999; Zhang and Blumwald 2001 Zhang
et al. 2001) resulted in enhanced salt stress tolerance. The 4AT4G23700 gene is lo-
cated on chromosome 4 and hence s different from S05) (located on chromo-
some 1) and AtNAXT (located on chromosome 5) (Ulm et al. 2002). This suggests
that a salt stress-responsive MAPK cascade in Arabidopsis may involve ANPI,
MEK!, MPK3, 4, and/or 6. and their negative regulator MKFP1(Fig. 2).

9.4 ABA-mediated salt stress signaling

ABA plays an important role in many aspects of plant growth and development
from germination to seed development, and also plays a pivotal rele in abiotic
stress resistance, Sall stress induces ABA accumulation and the amount of the in-
crease depends upon the tissue type. In maize, salt stress increased ABA accumu-
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Jation up to 10-fold in roots but only 1-fold in leaf tissues. Salt stress induced
ABA accumulation appears o be due to both ionic and Osmotic SiTesses in Toas,
while that in the leaf is mainly due to osmotic stress (Jia et al. 2002). Turgor loss
caused by nsmotic siress jeads to ABA svnthesis and accumulztion, which in um
regulates part of the cellular response to osmotic Sress under salinity. ABA regu-
lates call water balance through stomatal regulation and genes invalbved in psmo-
lyte biosvnthesis, while it imparts dehydration tolerance through LEA-like genes
(Hasegawa et al. 2000: Shinozaki and Yamag,uuhi-ﬂhinnzalvci 2000; Zhuy 2002).
ABA signaling for stomatal closure and gene expression Is transduced through
Ca® (Leung and Giraudat 1998; Schroeder el al. 2001), The importance of ABA
mediated stomatal regulation in salt tolerance was revealed by the analysis of
ASMI locus of drabidopsis. Root growth of the Arabidopsis T-DNA insertion
mutant, esm/] (for asmotic siress—sensitive mutant), was hypersensitive 10 MaClor
mannitol stress, Molecalar cloning revealed that (SM! encodes a protein similar
10 SNARE type mammalian symiaxins (£hu et al, 2002). SNARE proteins are Te-
guired for fusion vesicle trafficking, control membrane Ca’ and CI'channel activ-
ity and guard cell volumes (Schroeder et al. 2001). Consistent with this, ABA-
mediated guard cell function is impaired in the osm] mutanL OSM1 is strangly
expressed in roots and leaf guard cells. The osml iutant showed enhanced wilting
and decreased survival when salt or drought slress was imposed on soil grown
plants. Thus, OSM1 plays a crtical role in roat growth and m ABA regulation of
siomatal responses under osmotic stresses (Zhu et al. 2002).

(lsmotic swess responsive genes and ion transporters ars regulated by ABA un-
der salt stress. ABA induces coveral LEA-like stress responsive proteins, which
are known as RD {responsive 10 dehydration), ERD {early responsive 10 dehydra-
tion). KIN (cold inducible), and BAB (responsive to ABA). Transient expression
<tudies in isolated protoplasts showed that TP; and cADPR gated calcium channels
are involved in ABA induced s signatures. The expression of the stress TESPON-
sive genes RD20A and KIN2 is activated by ABA signaling through Ca™ (Wuet
al. 1997). ABA induces AtPLC! expression. Transgenic plants expressing AtPLCT
in antisense and sense orientation chowed that ABA induced expression of RD22,
RD294 and KIN2 reguires AtPLECL but it is not sufficient for maximal jnduction
of swess responsive genes (Sanchez and Chua 2001), The RD294..LUC reporier
genetic sereen {acilitated isolation of abiotic siress and ABA signaling mutants in
_rabidopsis (Ishitani et al, 19571 Two of these mutants. los$ and los6, were im-
paired in the expression of stress Tesponsive genes, such as rD294, CORISA,
COR47, RD22, and FP3CS, under sall and osmotc SUESSES. Salt induced
BED204-:LUC expression was restored to the wild type level by exogeEnous apph-
cation of ABA. These mutanis were also defective in osmolic stress induced ABA
hinsvnthesis. Molecular cloning ravealed that 1.0255 encndes a molybdenum cotic-
tor sulfurase, which 15 allelic 1o 4843 (Xiong el al. 2001a), while LOSG encodes
seaxanthin epoxidase, which is alielic to 4847 (Xiong et al. 2002a). These results
demonstrate that stress responsive gene expression under salinity is mediated by
ABA. Salt stress and ABA upregulate a vacaolar Na /H antiporter, ANHXT,
which was reduced in ABA deficient mutants {aha2-1 and ahai-11, bul not in sall
gverly sensitive mrulanis (505 1. s or gosd) mulams. The abil-1 but not in abi2-1
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mutation decreased ABA and salt-induced A(NHXT expression. 4eNHY! contains
putative ABRE clements between —736 w —728 from the initiation codon, These
results suggest that transcriptional upregulation of A#VHX/ under salt stress is par-
tially dependent on ABA biosynthesis and ABA signaling through the 2C type
protein phosphatase ABI (Fig. 2; Shi and Zhu 2002).

ABA-deficient fosSiabal and fos6iebal mutants are more tolerant to salt stress
at germination but at the vegetative stage Jos3aba3 is hypersensitive to salt stress
(Xiong et al. 2000a & 2002a). Arabidopsis T-DNA insertion mutant safid
(SALOBREND) is tolerant to osmotic stress (NaCl, KO, and mannitol) and ABA
during germination, This mutation is allelic w abid (Quesada et al, 2000). The
guantitative trait loci (QTL) for the most effective ABA response at germination
were mapped very close to the QTL for salt tolerance m germination {Mano and
Tzkeda 1997). The QTLs for salt tolerance at germination were different from
those of QTLs controlling salt tolerance at the seedling stage. indicating that salt
tolerance at germination and at the seedling stage are regulated by different
mechanisms (Mano and Takeda 1997; Quesada et al. 2002). Salt sensitivity in
germinating seeds is mainly due to mmhibition of germination by salt stress-induced
ABA

9.5 The SOS signaling pathway of ion homeostasis

Cellular ion homeostasis under salinity is achieved by the following strategies: 1)
Exclusion of Na" from the cell by plasma membrane-bound Na'/H' antiporters or
by limiting the Na® entry. 2} Utilization of Na~ for osmotic adjustment by com-
partmentation of Na' into the vacucle through tonoplast Na™/H antiporters, and 3)
Na' secretion, Thus, regulation of ion transport systems is fundamenial to plant
salt tolerance. Genetic analysis of salt overly sensitive (sos) mutants of 4rabidop-
sis, led to the identification of the SOS pathway, which regulates cellular ion ho-
meostasis and salt tolerance (Fig. 1; Zhu 2002).

The Arabidopsis sos3 mutant is hypersensitive to salt stress, Molecular cloning
revealed that the S053 encodes a Ca” binding protein homologous to the regula-
tory subumit of yeast caleineurin and animal neuronal calcium sensors. It has an N-
myristoylation motif and three caleium binding EF hands. 5083 senses salt stress-
induced increases in cytosolic Ca™ concentration in plants (Liv and Zhu 1998:
Ishitani et al 2000). Myristoylated 5053 is recruited to the plasma membrane
(Quintero et al. 2002). Mutations that distupt either mymistoviation (G2A) or cal-
cium binding (ses3-7) cause salt stress hypersensitivity to Arahidopsis plants.
Since myristoylation of SOS3 is essential for salt tolerance, it is likely that mem-
brane recruitment of SO83 is essential for its function. Membrane localization of
5053 may help in the regulation of s target ion transporters (1shitani et al. 2000).

Identification of additional S5 loci (SO52 and SOS/) revealed thar the 508
pathway regulates cellular ion homeostasis under salt stress. Arabidopsis sosl and
so52 mutants are also hypersensitive to salt stress and ros/. sos2, and soxd muta-
tions do not show an additive effect, implying that they are in the same pathway af
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salt stress response. SOS2 is @ ser/thr protein kinase with an N-terminal Kinase
catalytic domain and a C-terminal regulatory domain, The 50582 C-terminal regu-
latory domain consists of the SO53-binding, autoinhibitory FISL motif (Liu et al.
20003, Binding of 5053 activates the SOS2 protein kinase (Halfter et al. 2000).
Deletion of the FISL motif from SOS2 leads to constitutive activation of the
kinase (Guo et al. 2001). Molecular genetic analysis of the sos/ mutant led to the
identification of a target for the SOS3-SOS2 kinase complex. SOST encodes a
plasma membrane Na™/H" antiporter (Shi et al. 2000). The sos/ mutant accumu-
lates high levels of Na™ in tissues under salt stress, and isolated plasma membrane
vesicles from sos] mutants showed significantly less Na'/H' exchange activity
than the wild type, suggesting that the SOSI Na'/H' antiporter is located on the
plasma membrane (Qiu et al. 2002). The sos3 and sos2 mutants accumulate higher
levels of Na~ than wild type plants. Isolated plasma membranes vesicles from
these mutants also showed significantly less Na'/H' exchange activity, and this
could be restared to the wild tvpe levels by the addition of activated SOS2. The
SO$3-S0S2 kinase complex activates SOS1 by phosphorylation (Quintero et al.
2002). 505/ complemented yeast mutants defective in Na~ transporters. Co-
expression of SOS7 and SOS3 significantly increased S051-dependent Na' taler-
ance of the veast mutant (Quintero et al. 2002). These results show that SO51 15a
Na /H' antiporter involved in Na® efflux, which is activated by the SO53-53052
kinase complex (Fig.! 1; Qiu et al 2002; Quintero et al. 2002). Constinifive ex-
pression of a CaMV 358 promoter driven active form of SO52 could rescue yos2
and o053 mutants under salt stress (Xiong et al. 2002b).

The expression of SOS/ is stronger in cells bordering the xylem. Under salt
stress (100 mM NaCl), a higher concentration of Ma" accumulates in shoots of
sos ] mutants than in those of the wild type. These results suggest that SOSI might
retrieve Na~ from the xvlem. thereby preventing excess Na' accumulation in the
shoot (Shi et al 2002a). Transgenic Arabidopsis plants overexpressing SOS]
showed improved salt tolerance and accumulated less Ma' in the xylem wranspira-
tional stream as well as in the shoot compared to the wild type plants. This dem-
onstrated that Na© efflux from the root cells and long distance Na” transport within
the plant under salt stress are regulated by SOS1 (5hi et al. 2003}, which in turn is
regulated by the 5083-5052 kinase complex. In addition to the activation of
Na™/H™ antiporter activity of 3051, SO83-80S2 kinase complex also is involved
in salt stress induced upregulation of SOS! expression (Fig. 11 Shi et al. 2000). In
the sos3 mutant salt, stress could not induce SOST expression, while the sesd mu-
{ant is impairad in SOS! expression only in roots, but not in shoots Interestingly,
SOST overexpressing transgenic Arabidopsis showed a significantly higher steady
state Jevel of S03S! mRNA under salt stress than that grown under normal condi-
tions. Since SOS! was overcxpressed under the control of the CaMV 358 pro-
moter, its higher mRNA abundance under salt stress might be due to an increass in
S0ST wranserpt stability (Shi et al. 2003).

In addifion to pesitive control of Na~ exclusion from the cytosol, the SO5
pathway may also negatively regulate Na® influx systems. Expression of plant
high affinity K transporters, AtHKTI, EcHKTI, and EcHRTZ, in Xenopus (aevis
oocyies showed that they could mediate Na™ uptake. Transzenic wheat plants ex-
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pressing the wheat HKT! in antisense orientation under comtrol of a ubiquitin
promoter showed significant downregulation of the native HKT] transcript. These
lines showed signilicantly less “Na uptake and enhanced growth under salinity
when compared with the control (Laurie et al, 2002). These results suggest that
HETI mediates sodium uptake under salinity, and salt tolerance can be improved
by downregulation of HKT/ expression. Consistent with this observation, a sup-
pressor genetic screen for the sos3 mutation revealed that functional disruption of
AtHKT! could suppress the salt-sensitive phenotype of sos3. In addition, the
athks] mutation alleviates the K -deficient phenotype of the sos3 mutant (Rus et
al. 2001a), which suggests that the K -deficient phenotype of the sos3 mutant
might be due to an excess of cytoplasmic Ma', as so5d impairs the Na© efflux me-
diated by SOS1. These results suggest that ATHKT! might function as low affin-
ity Na~ transparter that is mvolved in Na' influx under salinityv. Significant
amounts of Na” enter plant roots through voltage independent channels, which are
probably regulated by Ca™ concentrations (Tyerman and Skerret 1999), We do
not know whether activity of these channels and their gene expression are also
regulated by the calcium dependent SOS3-8052 kinase complex. Thus, the S5053-
SOS2 kinase complex positively regulates Na© efflux by activating SOSI and
upregulating the SOS! transcript level, and may nepatively regulate Na© influx by
downregulating low affinity Na™ transporter (HKTT) genes Lo restore cellular on
homeostzsis under salt stress in plants (Fig. |; Zho 2002)

9.6 Osmotic stress management

Plant survival depends on maintaining a positive turgor, which is indispensahle [or
expansion growth of cells and stomatal opening. A decrease in water availability
under soil salinity causes osmotic stress, which leads (o decreased mrgor. Osmalic
adjustment 15 one of the vital cellular tolerance process to osmotic stress, con-
served in both halophytic and glycophytic plants. Osmotic stress may induce jon
(Na' & K") uptake and compartmentalization into the vacuole, and synthesis of
organic compatible solutes such as proline, betaine, polyols, and soluble sugars,
Use of ions for osmotic adjustment may be energetically more favorable than or-
ganic osmolyte biosynthesis under stress, as ion uplake and sequestration into the
vacuole may cost only 3-4 moles of ATP compared with the 30-30 moles of ATP
needed for synthesis of one mele of organic osmolytes (Raven 1983).

9.6.1 Sedium sequestration inte the vacuole

Cytoplasmic ion homeostasis by exclusion of excess Na" from the cvtoplasm may
necessitate the plant to synthesize compatible asmolytes to reduce the osmotic po-
tential, which is required for water uptake under salt stress. Hence, compartmenta-
tion of Na© in the vacuole is an important strategy for plants. o maintain a lower
Na  concentration at the sites of biochemical reactions in the cytosol and yet
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maintain a lower overall osmotic potential. Active ransport of solutes across bio-
logical membranes utilizes the electrochemical gradient gencrsted by Ptype H'-
ATPases (plasma membrane H -ATPases), V-type H-ATPases (vacuolar H'-
ATPase) and H'-pyrophosphatase (vacuolar H -PPase). The sodium efflux plasma
membrane Na'/H' antiporters use a proton electrochemical gradient generated by
the plasma membrane H'-ATPase, which is upregulated under salimity. A salt-
tolerant mutant of rice showed higher induction of the plasma membrane H'-
ATPase gene 0843 in roots than that of the wild type (Zhang et al 1999} Influx
of Na' into the vacuole occurs through Na'/H™ antiporters. which use the praton
gradient generated by V-type H -ATPase and H'-PPase (Apse et al. 1999). Thus,
Nz’ sequestration into the vacunole depends upon the expression and activily of
Na/H’ antiporters as well as V-type H'-ATPase and H'-PPase. Salinity upregu-
lates the expression of a V-tvpe H-ATPase gene (Golldack and Diew 2001 ) and a
vacuolar Na'/H' antiporter gene (Gaxiola et al. 1999; Shi and Zhu 2002). To in-
vestigaiz the role of tonoplast H™-PPase in salinity tolerance, the AFPI gene
{(vacuolar H -pyrophosphatase) was overexpressed in Arabidopsis. The transgen-
1cs showed increased sequestration of Na™ into the vacuole, maintzined higher
relative water content in leaves and were more tolerant to salt and drought stress
than the wild type was {Gaxiola et al. 2001},

In Arabidopsis, the AeNHX! gene encodes a tonoplast Na'/H™ antiporter, Ex-
pression of ALNHAY in the veast nhat mutant suppressed some of the mutant phe-
notypes. Salinity induces NHXT expression in Arobidopsis (Gaxiola et al. 1999;
Shi and Zhu 2002} and rice (Fukuda et al. 1999). Transgenic Arabidopsis plants
that overesxpress ArNHXT showed significantly higher salt tolerance than wild tyvpe
plants (Apse et al. 1999) Similarly, transgenic tomaio and canola (Brassico
s ) plants overexpressing AANHET sccumulated high concentrations of sodium
in leaves but not in fruits/seeds. These transgenics were shown to be highly toler-
ant to salt stress at the same time they maintained the quality of fruit in tomato and
il in canola (Zhang and Blumwald 2001; Zhang el al. 2001). These studies con-
firm that sequestration of Wa~ into the vacuole 15 an important trait of salt tolerance
in plants.

9.6.2 K* Uptake

Plants maintain a high cylosolic K™/Na" ratio under optimal conditions. Salt stress
induced decrease in the K'/Na™ ratio is inimical to cellular biochemical processes.
In addition to this, K provides necessary osmotic potential for water uptake by
plant cefls (Keller and Van Volkenburgh 1996; Claussen et al. 1997). Thus, K up-
take is pivotal for cell turgor and maintenance of biochemical processes under sa-
linity. In plants, Na~ competes with K for uptake under saline conditions. The
Mesembrvanthenum crysiallinwm ¥ wransporter genes, McoHAK] and McHAK2,
are upregulated under K starvation and NaCl stress in both roots and leaves (Su et
al. 2002). Low K concentration in the growth medium inhibits the growth of sos
mutants. The sos3 mutant could be tescued by inereasing Ca™ in a low K me-
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dium {Zhu et al. 1998). Hence, expression of transport systems specific for K™ up-
take might help in maintaining ionic balance,

Overexpression of AtHAL3a (a regulator of K transport) in veast and Arabi-
dopsis conferred increased salt tolerance (Espinosa-Ruiz et al. 1999), as did trans-
genic melon plants expressing the HAL] gene (Bordds etal. 1997). To investigate
the role of HALI in vivo, tomato plants were engineered to overexpress the veast
HALI gene. This transgenic plant showed increased K’ accumulation under NaCl
stress (Rus et al. 2001b). Transgenics showed better salt tolerance than the codtrol
plants (Gisbert et al. 2000; Fus et al. 2001b), suggesting that K accumulation is
an important trait of salt tolerance. Further, the Arabidopsis sos4 mutant defective
in the pyridoxal kinase gene showed hypersensitive-root growth under NaCl and
KCl stresses and accumulated more Ma® but less K. Pyridoxal-3-phosphate and
its derivatives act as ligands for P2X receptor jon channels in ammals. ATP is re-
guired for K~ channel activity and a cyclic nucleotide-binding site is required for
K' channel (KATI) lunction. Thus regulation of K' and Na ~ channels or trans-
poriers by pyridoxal-5-phosphate and its derivatives may be important in plant salt
tolerance (Table 1; Shi et al. 2002h)

2.6.3 Osmoprotectant biosynthesis

Organic compatible solutes/osmoprotectants protect plants from stress by (1) 0s-
maotic adjustment which helps in murgor maintenance (2) detoxification of reactive
oxygen species and (3) stabilization of the quatemary struciure of proteins
(Yancey et al. 1982; Bohnert and Jensen 1996). Genes involved in osmoprotectant
biosynthesis are upregulated under szlt and drought stresses (Zhu 2002; Xiong et
al. 2001a). Enhanced tolerance to salt stress was observed in transgenic plants en-
gineered to over-accumulate mannitol (Tarczynski et al. 1993; Karakas et al,
1997; Sheveleva et al. 1997, Shen et al. 1997), glyeine betaine {Holmstrom et al,
2000; Havashi et al. 1997; Sakamoto et al. 1998 Kishitani <t al. 2000 Prasad et
al. 2000), and proline (Kishor et al. 1995; Zhu et al, 1998: Nanjo et al. 1999; Hong
et al. 2000). Transgenic rice plants expressing a peroxisomal betaine aldehyde de-
hydrogenase of barley accumulated fewer Na® and Cl ™ ions and more K ions (Ki-
shitani et al. 2000).

Further evidence for the involvement of osmoprotectants in salt tolerance came
from analysis of the drobidopsis mutant. 365, m which the S-adencsyl-L-
methioning phosphoethanolamine N-methvltransferase (PEAMT) gene is silenced
(Table 1}. The PEAMT protein catalyzes all three methylation steps required to
conver: phosphoethanolamine to phosphocholine, which is a precursor of choline
biosynthesis. Some plants synthesize the osmoprotectant glycinebetaine from cho-
line. The £365 mutants produced significantly less choline and showed hypersensi-
tivity to salinity in addition to temperature-sensitive male sterility (Mou et al.
2002}, which supports the importance of osmoprotectant in salt wolerance. The ec-
topic expression studies showed that osmoprotectants increase sall stress tolerance
mainly by protection of membranes and proteins against reactive oxvgen species
(ROS) rather than by increasing osmotic adjustment. ABA regulzstes the P3CS
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gene involved in proline biosynthesis under osmotic stress (Xiong et al. 2001a). A
signaling cascade similar to that of the yeast MAPK HOG! pathway mav also
regulate osmolyte biosynthesis.

9.7 Stress damage control and repair

8.7.1 Salt stress induced proteins

In higher plants, osmolic stress induces several proteins in vegetative tissues,
which are related to late-embryogenesis-abundant (LEA) proteins. The correlation
hetween LEA prolein accumulation in vegetative tissues and stress tolerance in
various plant species indicates its protective role under dehvdration stress (re-
viewed by Ingram & Bartels 1996). Engineered rice plants oversxprassing a barley
LEA gene, HVA!, under control of the rice actin 1 promoter showed better stress
tolerance under 200 mM NaCl and drought stress than did the wild type (Xu et al.
1996). Arahidopsis LEA-like stress proteins are encoded by COR genes (RD204,
COR4?, CORIS, KINI, KiN2) which are induced by cold; dehydration (due to wa-
ter deficit or high salt), or ABA. Promoter analysis of the COR genes showed that
many of them contain dehydration responsive elemems (DRE) or C-Repeat
(CRT). as well as ABA-responsive elements or ABREs. Transcription factors that
regulate the LEA-like genes include CBFs (C-repeat Binding Proteins, also known
as Dehvdration Responsive Element Binding Proteins, DREBs) and bZIP proteins.
The expression of COR genes is regulated by both ABA dependent and independ-
ent pathways (lshitani et al. 1997; Shinozaki and Yamaguchi-Shinozaki 2000).
Constitutive overexpression of CBF3 or stress induced expression of CEF3 driven
by the RD294 promoter resulted in enhanced expression of COR genes under
cold, dehydration, and salt stresses in transgenic Arabidopsis and also conferred
higher osmotic stress tolerance (Kasuga et al. 1999). CBFi-oversxpression in
Arabidopsis also resulted m elevated accumulation of proline and total soluble
sugars, including sucrose. raffinose. glucose. and fructose. The Increase in proline
levels was due to increased expression of the key proline biosymthetic enzyme Al
pyrroline-S—carboxylate synthase (Gilmour et al. 2000). Thus, LEA-like proteins
appear to protect plants under salt stress. Osmotic or salt stress-induced caleium
signals may activate the LEA-like genes through DREEB2 transenption factors,
while salt stress induced ABA sccumulation appears to induce the genes through
ABA responsive element binding factors (Xiong et al. 2002b; Zha 2002).

The 4lfinl gene of Medicago sativa encodes a member of the zinc-finger fam-
ily transcription factors, and its expression is comelated with NaCl tolerance
(Winicov and Bastala 1999, Winicov 2000). fxr virre, Allinl binds to the promoter
of MsPRPZ which encodes 2 salt siress inducible root-specific cell wall protein.
The Alfinl gene appears to be conserved in alfalfa, rice. and drabidopsis, The role
of Alfinl in sall stress tolerance was 2xamined in transgenic alfalfa expressing A1
finl driven by the CaMV 355 promoter in the sense and antisense onentations. Al-
though overexpression lines did not show any growth defect. the anhisense rans-
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genic plants grew poorly in soil in a normal environment, demonstrating that 4/-
finl expression is essential for normal plant development. Alfin/ oVergxpression
enhanced the root growth significantly both under normal and saline conditions,
while the antisense plants showed poor root growth (Winicov and Bastola 1999:
Winicov 2000). The tobacco-stress-induced-gene 1 (T5if) encodes a DNA-binding
protein with an EREBP/AP2 DNA binding matif, which is involved in defense-
and drought-responsive gene expression. Tsi/ gene expression was rapidly in-
duced by salt stress but not by drought or ABA. Overexpression of 757/ in tobacco
enhanced retention of chlorophyll content when the leaves were floated on 400
mM NaCl solution for 48 or 72 hr (Park et al. 2001). Further studies are needed to
assess the role of Alfinl and TSIT in salt stress tolerance, as it is not clear at pre-
sent whether these proteins and their targets are involved in ion/osmotic homeo-
stasis or in detoxification,

9.8 Oxidative stress management

Reactive oxyvgen specics (ROS) namely, superoxide radicals ("), hydrogen per-
oxide {H;0:), and hydroxy! radicals (OH ) are produced in aerobic cellular proc-
esses such as mitochondrial and chloroplast electron transport, or oxidation of gly-
colate (photorespiration), xanthine, and glucose, Due to metabolic disturbance
under stress conditions, ROS production increases under abiotic stresses including
salinity (Smirnoff 1993; Gomez et al. 1999; Hemandez et al. 2001). The ROS
causes oxidative damage to membrane lipids, proteins and nucleic acids. Hence,
ROS detoxification forms an important defense against abiotic stresses. The anti-
oxidants employed by plants are ascorbate, glutathione, c-tocopherol, and carote-
noids. Detoxifying enzymes include superoxide dismutase (S0D), catalase, and
enzymes of the ascorbate- plutathione cycle. The Arabidopsis salt olerant mutant
pstl (Tor photoautotrophic salt tolerancel) is more tolerant to oxidative stress than
is the wild type (Table 1}. The pst! mutant did not differ in proline accumulation
or monovalent cation (sodium, potassium) accumulation when compared to the
wild type. Under salt stress, the ps7/ mutant showed significantly higher activity of
superoxide dismutase and ascorbate peroxidase than that of wild tvpe Arabidopsis
(Tsugane et al. 1999). Overexpressing the tobacco NGSTYGPY gene ( encoding an
enzyme with both glutathione S-transferase and glutathione peroxidase activity) in
transgenic tobacco plants improved salt and chilling stress tolerance due to en-
hanced ROS scavenging and prevention of membrane damage (Roxas et al. 1997
Roxas et al. 2000). Transgenic tobacco plants expressing the constitutively active
MAPKEE, ANPL, show an activated MAPE cascade Uhat activates the glutathione
S-transferase 6 (GST4) gene promoier. These transgenic plants were also tolerant
to salt and other abiotic stresses (Kovtun et al, 2000). Components of MAPK cas-
cades arc activated by ROS and salinity as discussed earlier. Thus, it appears ROS
management under salt stress through the induction of genes encoding antioxidant
enzymes may be controlled by a MAPK signaling cascade (Fig. 2).
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9.9 Growth regulation

Maintenance of root growth at law water potential is an adaptive trait of osmotic
siress tolerance. In maize rools, salt stress increased ABA accumulation up to 10-
fold (Jia et al. 2002). Root elongation at low watet polential might be achieved by
an increase in the activity af the putative wall loosening enzyme xyloglucan en-
dotransglycosylase (Wu &t 4], 1994) and proline accumulation {Ober and Sharp
1994, which are regulated by ABA

Root elongation at low waler potential was impaired in the vp3 mutant. or by a
chemical inhibitor of ABA biosynthesis ( fluridone) in maize. However, this could
he restored by treatment of roots with a chemical that inhibits ethylene biosynthe-
gis or action. Maoredver. treatment of seedhings with fluridone resulted in an in-
crease in the rate of ethylenc production. These data sugeested that ABA-mediated
root cell elongation under psmotic siress might be due to its inhibition of ethylene
biosynthesis (Spollen et al. 2000).

In Arabidopsis, a null allele of the Ger gene impaired cell division (Ullah et al.
2001) and ABA inhibition of stomatal closure (Wang et al. 2001} A loss-of-
function allele of another ABA signaling locus encoding & SNARE protein, asml,
also showed impaired roof growth under salt and osmoiic sress (#hu et al. 2002).
‘Ihis sugzests that ABA may regulate cell division under osmotic stress. Consis-
tent with this, the transeripts of 2 cyclin-dependent kinase (4rCDC2a) and two mi-
totic cvelin (ACyeB! and ArCycAZ) genes wele diminished initially but induced
subsequently in the shoot apex during salt stress adaptation (Burssens et al: 20009,
SIMK is activated and wanslocated into the nucles in suspension-cultured alfalfa
cells under salt stress (Baluska et al. 2000). In the rool elongation zond, epidermal
cells contained much higher SIMK protsin than in corex cells. SIMK showed a
cell cycle phase-dependent localization, being predominantly puclear in interphase
but associating with the cell plate and the newly formed cell wall in telophase and
early G1 phase (Baluska et al 2000y, It is not clear whether cell divi-
sion‘elongation is regulated through NAPK signaling under salt stress.

in the root tips of Arabidopsis, A1CDC2a. AtCycA2 and ArCyeBI expression
were diminished concomitant with inhibition of root growth under salt stress
(Burssens et al. 2000). The activity of CDC2a 18 negatively regulared by a cyclin-
dependent protein kinase inhibitor, ICK1. The expression of JCK] is upregulated
by ABA in Arabidopsis (Wang et al. 1998). The knowledge of tissue- and plant
species-specific regulation of cell division/elongation by ABA under salt stress is
still in 1ts infancy.

9.10 Conclusions and perspectives

Although a salt slress sensor i« vel to be identified, some of the components of salt
stress signaling and plant salt tolerance are known today. Genetic evidence der-
snstratzd that a sall stress induced calcium signal i transducad at least in part
through the 083-8052 kinase complex. which activate SOS1, a plasma mem-
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brane Na”/H" antiporter. In addition. the S0S83-$0S2 kinase complex positively
regulates the SO87 transcnpt level, Corelative evidence implicates the involve-
ment of a putative osmosensory histidine kinase {AtHEK1) and a MAPK cascade in
osmoprotectant biosynthesis under salt stress, Responses 1o ion toxicity, osmotic
stress and oxidative stress may be integrated by signaling pathwavs including
MAFPK and its negative regulator MAPK phosphatase. Except for the 8083 path-
way, salt stress signaling pathways are not yet understood in terms of their com-
ponents and targets. Moreover, the evidence sunmarized here is mainly derived
from studying Arabidopsis, a glyvcophyiic plant and henee further analysis of salt
tolerance mechanisms in halophytic plants is also warranted. Chamcterization of
chloride and sulfate transporters and their regulation under salt stress is also the
need of the hour. Sall tolerance varies with plant development, and 1t is imperative
to understand the lissue and developmental specificity of salt stress tolerance.
Availability of whole genome sequences m Arabidopsis and rice, as well as the
use of microarrays to analyze the transcriptome response will faeilitate the identi-
fication of genes involved in salt wlerance, which can be validated by ENA inter-
ference and/or T-DMNA/transposon/EMS mutational studies. Continued genetic and
biochemical dissection of salt wlerance in the near future mav provide us a clear
picture of salt tolerance in plants, which will help to engineer agronomically use-
ful salt tolerant crop varieties,
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